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What is the key to scaling neural networks  
in practice?



Deep learning timeline 

1940            1950            1960            1970            1980             1990            2000            2010             2020

Large language  
models

Deep learning

Convolutional NNs

Backpropagation

Multilayer  
perceptron

Neurons
Perceptron

LSTMs

6



Types of quantum models



Parameterized quantum models
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Parameterized operations acting on an initial state, measure some Hermitian observable 

 

Parameterized quantum models

<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
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Parameterized operations acting on an initial state, measure some Hermitian observable 

 

Parameterized quantum models

<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i

1



Parameterized operations acting on an initial state, measure some Hermitian observable 

• Quantum simulation 

- Simulate the dynamics of some target system 

- Approximate ground state energy/learn ground states (VQE) 

- Chemistry and material science 

Parameterized quantum models

<latexit sha1_base64="jiYLKK8iL4XZac1rLjE7qnmFRu8=">AAACAXicdVBNSwMxFMz6bf2qehG8BIvgaUmrtutN8OJRwarQLSWbvtZgNrskb8Wy1ot/xYsHRbz6L7z5b0xrBRUdCAwz7/EyE6VKWmTs3Rsbn5icmp6ZLczNLywuFZdXTm2SGQF1kajEnEfcgpIa6ihRwXlqgMeRgrPo8mDgn12BsTLRJ9hLoRnzrpYdKTg6qVVcuwlTK1t5iHCNudT9fmi47ipoFUvM36tVdoM9yvxqUGPVqiNsJ9gOGC37bIgSGeGoVXwL24nIYtAoFLe2UWYpNnNuUAoF/UKYWUi5uORdaDiqeQy2mQ8T9OmmU9q0kxj3NNKh+n0j57G1vThykzHHC/vbG4h/eY0MO0HT5UozBC0+D3UyRTGhgzpoWxoQqHqOcGGk+ysVF9xwga60givhKyn9n5xW/PKuz453SvuVUR0zZJ1skC1SJjWyTw7JEakTQW7JPXkkT96d9+A9ey+fo2PeaGeV/ID3+gGERpgv</latexit>

| ini

<latexit sha1_base64="YYPql+Mty2FCZ7EsdcMQ909x/4Y=">AAACAnicdVA9SwNBEN3z2/gVtRKbxSBYHZuoydkJNpYKRoVcCHubSVzc2zt258RwBhv/io2FIrb+Cjv/jZsYQUUfDDzem2FmXpQqaZGxd29sfGJyanpmtjA3v7C4VFxeObVJZgTURaIScx5xC0pqqKNEBeepAR5HCs6iy4OBf3YFxspEn2AvhWbMu1p2pODopFZx7SZMrWzlIcI15kmG/X5ouO4qaBVLzN+rVXaDPcr8alBj1aojbCfYDhgt+2yIEhnhqFV8C9uJyGLQKBS3tlFmKTZzblAKBf1CmFlIubjkXWg4qnkMtpkPX+jTTae0aScxrjTSofp9Iuextb04cp0xxwv72xuIf3mNDDtBM5c6zRC0+FzUyRTFhA7yoG1pQKDqOcKFke5WKi644QJdagUXwten9H9yWvHLuz473intV0ZxzJB1skG2SJnUyD45JEekTgS5JffkkTx5d96D9+y9fLaOeaOZVfID3usHeBeYug==</latexit>

| outi

<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
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Parameterized operations acting on an initial state, measure some Hermitian observable 

• Quantum optimization 

- Approximate solutions to large combinatorial problems (QAOA) 

- Logistics and finance 

Parameterized quantum models

<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
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Parameterized operations acting on an initial state, measure some Hermitian observable 

• Quantum machine learning 

- Output label or loss function 

- More expressive/interesting? 

Parameterized quantum models

<latexit sha1_base64="Eq/O87/X9JxsGYQ5SLsE5DXK45U=">AAAB6HicdVDJSgNBEO1xjXGLevTSGARPQydmmdwCXjwmYBZIhtDTqUna9Cx094hhyBd48aCIVz/Jm39jZxFU9EHB470qqup5seBKE/Jhra1vbG5tZ3ayu3v7B4e5o+O2ihLJoMUiEcmuRxUIHkJLcy2gG0uggSeg402u5n7nDqTiUXijpzG4AR2F3OeMaiM17we5PLFr1WLZqWFiV5wqqVQMISXn0iG4YJMF8miFxiD33h9GLAkg1ExQpXoFEms3pVJzJmCW7ScKYsomdAQ9Q0MagHLTxaEzfG6UIfYjaSrUeKF+n0hpoNQ08ExnQPVY/fbm4l9eL9G+46Y8jBMNIVsu8hOBdYTnX+Mhl8C0mBpCmeTmVszGVFKmTTZZE8LXp/h/0i7ahbJNmqV8vbiKI4NO0Rm6QAVURXV0jRqohRgC9ICe0LN1az1aL9brsnXNWs2coB+w3j4BblONUA==</latexit>x
<latexit sha1_base64="5Xcwcg050JUrLuwvzew1pLVxQs0=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjK1j+mu4MZlC/YB7VAyaaaNzWSGJCMMQ7/AjQtF3PpJ7vwb04egogcuHM65l3vv8WPOlEbow8ptbG5t7+R3C3v7B4dHxeOTrooSSWiHRDySfR8rypmgHc00p/1YUhz6nPb82fXC791TqVgkbnUaUy/EE8ECRrA2UjsdFUvIbtTLVbcBkV1z66hWMwRV3CsXQcdGS5TAGq1R8X04jkgSUqEJx0oNHBRrL8NSM8LpvDBMFI0xmeEJHRgqcEiVly0PncMLo4xhEElTQsOl+n0iw6FSaeibzhDrqfrtLcS/vEGiA9fLmIgTTQVZLQoSDnUEF1/DMZOUaJ4agolk5lZIplhiok02BRPC16fwf9It207VRu1KqVlex5EHZ+AcXAIH1EET3IAW6AACKHgAT+DZurMerRfrddWas9Yzp+AHrLdPb9eNUQ==</latexit>y

<latexit sha1_base64="iWgZPfZSrXSeLTs7iGhiIjtEYDU=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgaZmNuya5Bbx4jGAekIQwO5kkY2Znl5leIYT8gxcPinj1f7z5N04egooWNBRV3XR3hYkUBgj5cDJr6xubW9nt3M7u3v5B/vCoYeJUM15nsYx1K6SGS6F4HQRI3ko0p1EoeTMcX8395j3XRsTqFiYJ70Z0qMRAMApWanRgxIH28gXikqDil4qYuAHxKv6FJZVK2b8MsOeSBQpohVov/97pxyyNuAImqTFtjyTQnVINgkk+y3VSwxPKxnTI25YqGnHTnS6uneEzq/TxINa2FOCF+n1iSiNjJlFoOyMKI/Pbm4t/ee0UBuXuVKgkBa7YctEglRhiPH8d94XmDOTEEsq0sLdiNqKaMrAB5WwIX5/i/0mj6HqBS278QrW4iiOLTtApOkceKqEqukY1VEcM3aEH9ISendh5dF6c12VrxlnNHKMfcN4+ASJRj3Y=</latexit>

✓

<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
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Parameterized operations acting on an initial state, measure some Hermitian observable 

• In short, people care about these parameterized models 

 

Parameterized quantum models

<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
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Parameterized operations acting on an initial state, measure some Hermitian observable 

• In short, people care about these models 

• Need to be able to optimize them 

 

Parameterized quantum models

<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i

optimization
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Parameterized operations acting on an initial state, measure some Hermitian observable 

• In short, people care about these models 

• Need to be able to optimize them 

• Gradient-based methods 

 

Parameterized quantum models

<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i

optimization
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Gradient-based optimization  
in machine learning



● Recipe to compute gradients of a function

Backpropagation

5



● Recipe to compute gradients of a function 

● The first computationally efficient method to update 
parameters of a neural network 
 

Backpropagation

5



● Recipe to compute gradients of a function 

● The first computationally efficient method to update 
parameters of a neural network 
 

● As a neural network function is being computed, 
intermediate information is cleverly stored and reused 
for gradient computation 

● Not just “the chain rule”

Backpropagation

5



Backpropagation scaling



Backpropagation scaling
<latexit sha1_base64="1JTfGf5n2z8mG/W9fGqZeq63+Z8="></latexit>

Given a parameterized function, F (✓), ✓ 2 RM

Griewank, A., & Walther, A. (2008). Evaluating derivatives: principles and techniques of algorithmic differentiation. Society for industrial and 
applied mathematics. 7



Backpropagation scaling

<latexit sha1_base64="jgrbo0HQYvmyW+4LwxQHyYwZyVA="></latexit>

Let F 0(✓) be an estimate of the gradient vector, to within constant ✏ in the infinity norm

<latexit sha1_base64="1JTfGf5n2z8mG/W9fGqZeq63+Z8="></latexit>

Given a parameterized function, F (✓), ✓ 2 RM

Griewank, A., & Walther, A. (2008). Evaluating derivatives: principles and techniques of algorithmic differentiation. Society for industrial and 
applied mathematics. 7



Backpropagation scaling

<latexit sha1_base64="jgrbo0HQYvmyW+4LwxQHyYwZyVA="></latexit>

Let F 0(✓) be an estimate of the gradient vector, to within constant ✏ in the infinity norm

<latexit sha1_base64="1JTfGf5n2z8mG/W9fGqZeq63+Z8="></latexit>

Given a parameterized function, F (✓), ✓ 2 RM

<latexit sha1_base64="v4L/MmSuY+7M9OzCfGySgNYA+B4=">AAACGHicbVDLSgNBEJyN7/ha9ehlMBETD3FXED0KouhBUDAPyIYwO+kkQ2YfzvQKIfgZXvwVLx4U8erNv3ESF9TEgoaiqpvuLj+WQqPjfFqZqemZ2bn5hezi0vLKqr22XtFRojiUeSQjVfOZBilCKKNACbVYAQt8CVW/dzL0q3egtIjCG+zH0AhYJxRtwRkaqWnv3VxcnuYLZzsFD7uArFjM07wn4ZbyppunqftjNu2cU3JGoJPETUmOpLhq2h9eK+JJACFyybSuu06MjQFTKLiE+6yXaIgZ77EO1A0NWQC6MRg9dk+3jdKi7UiZCpGO1N8TAxZo3Q980xkw7Opxbyj+59UTbB81BiKME4SQfy9qJ5JiRIcp0ZZQwFH2DWFcCXMr5V2mGEeTZdaE4I6/PEkq+yX3oORc7+eOd9M45skm2SIF4pJDckzOyRUpE04eyBN5Ia/Wo/VsvVnv360ZK53ZIH9gfXwBMUCbbQ==</latexit>

TIME(F 0(✓))  c1 TIME(F (✓))

<latexit sha1_base64="H+3nwQS1bjqy17GB6CzHPd6021c=">AAACHHicbVDJSgNBEO1xjXGLevTSmIjRQ5iJiB4DongJLhijZELo6dSYxp7F7hohhHyIF3/FiwdFvHgQ/Bs7MbhEHxQ83quiqp4XS6HRtt+tkdGx8YnJ1FR6emZ2bj6zsHimo0RxqPBIRurcYxqkCKGCAiWcxwpY4Emoele7Pb96A0qLKDzFdgz1gF2GwhecoZEamc3yXvnw5CKX31/Lu9gCZOvrOZpzJVxT3ijm6Jf/bTcyWbtg90H/EmdAsmSAo0bm1W1GPAkgRC6Z1jXHjrHeYQoFl9BNu4mGmPErdgk1Q0MWgK53+s916apRmtSPlKkQaV/9OdFhgdbtwDOdAcOWHvZ64n9eLUF/p94RYZwghPxzkZ9IihHtJUWbQgFH2TaEcSXMrZS3mGIcTZ5pE4Iz/PJfclYsOFsF+7iYLW0M4kiRZbJC8sQh26REDsgRqRBObsk9eSRP1p31YD1bL5+tI9ZgZon8gvX2AQfmnOo=</latexit>

MEMORY(F 0
(✓))  c2 MEMORY(F (✓))

Griewank, A., & Walther, A. (2008). Evaluating derivatives: principles and techniques of algorithmic differentiation. Society for industrial and 
applied mathematics. 7



Backpropagation scaling

<latexit sha1_base64="jgrbo0HQYvmyW+4LwxQHyYwZyVA="></latexit>

Let F 0(✓) be an estimate of the gradient vector, to within constant ✏ in the infinity norm

<latexit sha1_base64="1JTfGf5n2z8mG/W9fGqZeq63+Z8="></latexit>

Given a parameterized function, F (✓), ✓ 2 RM

<latexit sha1_base64="v4L/MmSuY+7M9OzCfGySgNYA+B4=">AAACGHicbVDLSgNBEJyN7/ha9ehlMBETD3FXED0KouhBUDAPyIYwO+kkQ2YfzvQKIfgZXvwVLx4U8erNv3ESF9TEgoaiqpvuLj+WQqPjfFqZqemZ2bn5hezi0vLKqr22XtFRojiUeSQjVfOZBilCKKNACbVYAQt8CVW/dzL0q3egtIjCG+zH0AhYJxRtwRkaqWnv3VxcnuYLZzsFD7uArFjM07wn4ZbyppunqftjNu2cU3JGoJPETUmOpLhq2h9eK+JJACFyybSuu06MjQFTKLiE+6yXaIgZ77EO1A0NWQC6MRg9dk+3jdKi7UiZCpGO1N8TAxZo3Q980xkw7Opxbyj+59UTbB81BiKME4SQfy9qJ5JiRIcp0ZZQwFH2DWFcCXMr5V2mGEeTZdaE4I6/PEkq+yX3oORc7+eOd9M45skm2SIF4pJDckzOyRUpE04eyBN5Ia/Wo/VsvVnv360ZK53ZIH9gfXwBMUCbbQ==</latexit>

TIME(F 0(✓))  c1 TIME(F (✓))

<latexit sha1_base64="H+3nwQS1bjqy17GB6CzHPd6021c=">AAACHHicbVDJSgNBEO1xjXGLevTSmIjRQ5iJiB4DongJLhijZELo6dSYxp7F7hohhHyIF3/FiwdFvHgQ/Bs7MbhEHxQ83quiqp4XS6HRtt+tkdGx8YnJ1FR6emZ2bj6zsHimo0RxqPBIRurcYxqkCKGCAiWcxwpY4Emoele7Pb96A0qLKDzFdgz1gF2GwhecoZEamc3yXvnw5CKX31/Lu9gCZOvrOZpzJVxT3ijm6Jf/bTcyWbtg90H/EmdAsmSAo0bm1W1GPAkgRC6Z1jXHjrHeYQoFl9BNu4mGmPErdgk1Q0MWgK53+s916apRmtSPlKkQaV/9OdFhgdbtwDOdAcOWHvZ64n9eLUF/p94RYZwghPxzkZ9IihHtJUWbQgFH2TaEcSXMrZS3mGIcTZ5pE4Iz/PJfclYsOFsF+7iYLW0M4kiRZbJC8sQh26REDsgRqRBObsk9eSRP1p31YD1bL5+tI9ZgZon8gvX2AQfmnOo=</latexit>

MEMORY(F 0
(✓))  c2 MEMORY(F (✓))

<latexit sha1_base64="Kwps52R4pMFy/zKC9a1oCpCr4os=">AAACE3icbVDLSgMxFM3UV62vqks3wVaQUsrMQNFlQRCXFewDpsOQSTNtaCYZkoxShv6DG3/FjQtF3Lpx59+YPhbaejb3cM693HtPmDCqtG1/W7m19Y3Nrfx2YWd3b/+geHjUViKVmLSwYEJ2Q6QIo5y0NNWMdBNJUBwy0glHV1O/c0+kooLf6XFC/BgNOI0oRtpIQbFyLSTkJJWImaIfhBypKizjwKlCHLiwRzn03Cqs++WgWLJr9gxwlTgLUgILNIPiV68vcBoTrjFDSnmOnWg/Q1JTzMik0EsVSRAeoQHxDOUoJsrPZj9N4JlR+jAy10WCazhTf09kKFZqHIemM0Z6qJa9qfif56U6uvQzypNUE47ni6KUQS3gNCDYp5JgzcaGICypuRXiIZIIaxNjwYTgLL+8StpuzanX7Fu31Kgs4siDE3AKzoEDLkAD3IAmaAEMHsEzeAVv1pP1Yr1bH/PWnLWYOQZ/YH3+AIlQm0k=</latexit>

For neural networks, c1, c2 2 [2, 5]

Griewank, A., & Walther, A. (2008). Evaluating derivatives: principles and techniques of algorithmic differentiation. Society for industrial and 
applied mathematics. 7



“Quantum backpropagation” scaling

<latexit sha1_base64="jgrbo0HQYvmyW+4LwxQHyYwZyVA="></latexit>

Let F 0(✓) be an estimate of the gradient vector, to within constant ✏ in the infinity norm

<latexit sha1_base64="1JTfGf5n2z8mG/W9fGqZeq63+Z8="></latexit>

Given a parameterized function, F (✓), ✓ 2 RM

<latexit sha1_base64="v4L/MmSuY+7M9OzCfGySgNYA+B4=">AAACGHicbVDLSgNBEJyN7/ha9ehlMBETD3FXED0KouhBUDAPyIYwO+kkQ2YfzvQKIfgZXvwVLx4U8erNv3ESF9TEgoaiqpvuLj+WQqPjfFqZqemZ2bn5hezi0vLKqr22XtFRojiUeSQjVfOZBilCKKNACbVYAQt8CVW/dzL0q3egtIjCG+zH0AhYJxRtwRkaqWnv3VxcnuYLZzsFD7uArFjM07wn4ZbyppunqftjNu2cU3JGoJPETUmOpLhq2h9eK+JJACFyybSuu06MjQFTKLiE+6yXaIgZ77EO1A0NWQC6MRg9dk+3jdKi7UiZCpGO1N8TAxZo3Q980xkw7Opxbyj+59UTbB81BiKME4SQfy9qJ5JiRIcp0ZZQwFH2DWFcCXMr5V2mGEeTZdaE4I6/PEkq+yX3oORc7+eOd9M45skm2SIF4pJDckzOyRUpE04eyBN5Ia/Wo/VsvVnv360ZK53ZIH9gfXwBMUCbbQ==</latexit>

TIME(F 0(✓))  c1 TIME(F (✓))

<latexit sha1_base64="H+3nwQS1bjqy17GB6CzHPd6021c=">AAACHHicbVDJSgNBEO1xjXGLevTSmIjRQ5iJiB4DongJLhijZELo6dSYxp7F7hohhHyIF3/FiwdFvHgQ/Bs7MbhEHxQ83quiqp4XS6HRtt+tkdGx8YnJ1FR6emZ2bj6zsHimo0RxqPBIRurcYxqkCKGCAiWcxwpY4Emoele7Pb96A0qLKDzFdgz1gF2GwhecoZEamc3yXvnw5CKX31/Lu9gCZOvrOZpzJVxT3ijm6Jf/bTcyWbtg90H/EmdAsmSAo0bm1W1GPAkgRC6Z1jXHjrHeYQoFl9BNu4mGmPErdgk1Q0MWgK53+s916apRmtSPlKkQaV/9OdFhgdbtwDOdAcOWHvZ64n9eLUF/p94RYZwghPxzkZ9IihHtJUWbQgFH2TaEcSXMrZS3mGIcTZ5pE4Iz/PJfclYsOFsF+7iYLW0M4kiRZbJC8sQh26REDsgRqRBObsk9eSRP1p31YD1bL5+tI9ZgZon8gvX2AQfmnOo=</latexit>

MEMORY(F 0
(✓))  c2 MEMORY(F (✓))

7

For quantum models? 



“Quantum backpropagation” scaling

<latexit sha1_base64="jgrbo0HQYvmyW+4LwxQHyYwZyVA="></latexit>

Let F 0(✓) be an estimate of the gradient vector, to within constant ✏ in the infinity norm

<latexit sha1_base64="1JTfGf5n2z8mG/W9fGqZeq63+Z8="></latexit>

Given a parameterized function, F (✓), ✓ 2 RM

<latexit sha1_base64="v4L/MmSuY+7M9OzCfGySgNYA+B4=">AAACGHicbVDLSgNBEJyN7/ha9ehlMBETD3FXED0KouhBUDAPyIYwO+kkQ2YfzvQKIfgZXvwVLx4U8erNv3ESF9TEgoaiqpvuLj+WQqPjfFqZqemZ2bn5hezi0vLKqr22XtFRojiUeSQjVfOZBilCKKNACbVYAQt8CVW/dzL0q3egtIjCG+zH0AhYJxRtwRkaqWnv3VxcnuYLZzsFD7uArFjM07wn4ZbyppunqftjNu2cU3JGoJPETUmOpLhq2h9eK+JJACFyybSuu06MjQFTKLiE+6yXaIgZ77EO1A0NWQC6MRg9dk+3jdKi7UiZCpGO1N8TAxZo3Q980xkw7Opxbyj+59UTbB81BiKME4SQfy9qJ5JiRIcp0ZZQwFH2DWFcCXMr5V2mGEeTZdaE4I6/PEkq+yX3oORc7+eOd9M45skm2SIF4pJDckzOyRUpE04eyBN5Ia/Wo/VsvVnv360ZK53ZIH9gfXwBMUCbbQ==</latexit>

TIME(F 0(✓))  c1 TIME(F (✓))

<latexit sha1_base64="H+3nwQS1bjqy17GB6CzHPd6021c=">AAACHHicbVDJSgNBEO1xjXGLevTSmIjRQ5iJiB4DongJLhijZELo6dSYxp7F7hohhHyIF3/FiwdFvHgQ/Bs7MbhEHxQ83quiqp4XS6HRtt+tkdGx8YnJ1FR6emZ2bj6zsHimo0RxqPBIRurcYxqkCKGCAiWcxwpY4Emoele7Pb96A0qLKDzFdgz1gF2GwhecoZEamc3yXvnw5CKX31/Lu9gCZOvrOZpzJVxT3ijm6Jf/bTcyWbtg90H/EmdAsmSAo0bm1W1GPAkgRC6Z1jXHjrHeYQoFl9BNu4mGmPErdgk1Q0MWgK53+s916apRmtSPlKkQaV/9OdFhgdbtwDOdAcOWHvZ64n9eLUF/p94RYZwghPxzkZ9IihHtJUWbQgFH2TaEcSXMrZS3mGIcTZ5pE4Iz/PJfclYsOFsF+7iYLW0M4kiRZbJC8sQh26REDsgRqRBObsk9eSRP1p31YD1bL5+tI9ZgZon8gvX2AQfmnOo=</latexit>

MEMORY(F 0
(✓))  c2 MEMORY(F (✓))

7

For quantum models? 
<latexit sha1_base64="ZqlMEZJCTAcpJ+tzAm1cw8VwiYs=">AAACGnicbVDJSgNBEO2JW4xb1KMeGoMQQcJMcLsIQS9ehAhmgSQMPZ1O0qRneuiuEYchF7/DD/Cqn+BNvHrxC/wNO8vBJD4oeLxXRVU9LxRcg21/W6mFxaXllfRqZm19Y3Mru71T1TJSlFWoFFLVPaKZ4AGrAAfB6qFixPcEq3n966Ffe2BKcxncQxyylk+6Ae9wSsBIbnafus4xpm4RX+ImsEdIQiliIbuD/O2Rm83ZBXsEPE+cCcmhCcpu9qfZljTyWQBUEK0bjh1CKyEKOBVskGlGmoWE9kmXNQwNiM90Kxl9McCHRmnjjlSmAsAj9e9EQnytY98znT6Bnp71huJ/XiOCzkUr4UEYAQvoeFEnEhgkHkaC21wxCiI2hFDFza2Y9ogiFExwU1vCXqw51YOMScaZzWGeVIsF56xweneSK11NMkqjPXSA8shB56iEblAZVRBFT+gFvaI369l6tz6sz3FryprM7KIpWF+/+GagMg==</latexit>

c1, c2 = polylog(M)



“Quantum backpropagation” scaling

<latexit sha1_base64="jgrbo0HQYvmyW+4LwxQHyYwZyVA="></latexit>

Let F 0(✓) be an estimate of the gradient vector, to within constant ✏ in the infinity norm

<latexit sha1_base64="1JTfGf5n2z8mG/W9fGqZeq63+Z8="></latexit>

Given a parameterized function, F (✓), ✓ 2 RM

<latexit sha1_base64="v4L/MmSuY+7M9OzCfGySgNYA+B4=">AAACGHicbVDLSgNBEJyN7/ha9ehlMBETD3FXED0KouhBUDAPyIYwO+kkQ2YfzvQKIfgZXvwVLx4U8erNv3ESF9TEgoaiqpvuLj+WQqPjfFqZqemZ2bn5hezi0vLKqr22XtFRojiUeSQjVfOZBilCKKNACbVYAQt8CVW/dzL0q3egtIjCG+zH0AhYJxRtwRkaqWnv3VxcnuYLZzsFD7uArFjM07wn4ZbyppunqftjNu2cU3JGoJPETUmOpLhq2h9eK+JJACFyybSuu06MjQFTKLiE+6yXaIgZ77EO1A0NWQC6MRg9dk+3jdKi7UiZCpGO1N8TAxZo3Q980xkw7Opxbyj+59UTbB81BiKME4SQfy9qJ5JiRIcp0ZZQwFH2DWFcCXMr5V2mGEeTZdaE4I6/PEkq+yX3oORc7+eOd9M45skm2SIF4pJDckzOyRUpE04eyBN5Ia/Wo/VsvVnv360ZK53ZIH9gfXwBMUCbbQ==</latexit>

TIME(F 0(✓))  c1 TIME(F (✓))

<latexit sha1_base64="H+3nwQS1bjqy17GB6CzHPd6021c=">AAACHHicbVDJSgNBEO1xjXGLevTSmIjRQ5iJiB4DongJLhijZELo6dSYxp7F7hohhHyIF3/FiwdFvHgQ/Bs7MbhEHxQ83quiqp4XS6HRtt+tkdGx8YnJ1FR6emZ2bj6zsHimo0RxqPBIRurcYxqkCKGCAiWcxwpY4Emoele7Pb96A0qLKDzFdgz1gF2GwhecoZEamc3yXvnw5CKX31/Lu9gCZOvrOZpzJVxT3ijm6Jf/bTcyWbtg90H/EmdAsmSAo0bm1W1GPAkgRC6Z1jXHjrHeYQoFl9BNu4mGmPErdgk1Q0MWgK53+s916apRmtSPlKkQaV/9OdFhgdbtwDOdAcOWHvZ64n9eLUF/p94RYZwghPxzkZ9IihHtJUWbQgFH2TaEcSXMrZS3mGIcTZ5pE4Iz/PJfclYsOFsF+7iYLW0M4kiRZbJC8sQh26REDsgRqRBObsk9eSRP1p31YD1bL5+tI9ZgZon8gvX2AQfmnOo=</latexit>

MEMORY(F 0
(✓))  c2 MEMORY(F (✓))

7

For quantum models? 

All quantum gradient methods in literature do not achieve this  

<latexit sha1_base64="ZqlMEZJCTAcpJ+tzAm1cw8VwiYs=">AAACGnicbVDJSgNBEO2JW4xb1KMeGoMQQcJMcLsIQS9ehAhmgSQMPZ1O0qRneuiuEYchF7/DD/Cqn+BNvHrxC/wNO8vBJD4oeLxXRVU9LxRcg21/W6mFxaXllfRqZm19Y3Mru71T1TJSlFWoFFLVPaKZ4AGrAAfB6qFixPcEq3n966Ffe2BKcxncQxyylk+6Ae9wSsBIbnafus4xpm4RX+ImsEdIQiliIbuD/O2Rm83ZBXsEPE+cCcmhCcpu9qfZljTyWQBUEK0bjh1CKyEKOBVskGlGmoWE9kmXNQwNiM90Kxl9McCHRmnjjlSmAsAj9e9EQnytY98znT6Bnp71huJ/XiOCzkUr4UEYAQvoeFEnEhgkHkaC21wxCiI2hFDFza2Y9ogiFExwU1vCXqw51YOMScaZzWGeVIsF56xweneSK11NMkqjPXSA8shB56iEblAZVRBFT+gFvaI369l6tz6sz3FryprM7KIpWF+/+GagMg==</latexit>

c1, c2 = polylog(M)



Nuance of quantum gradients



<latexit sha1_base64="RR+f+PnmIakKA6rFdy1cwrXdAjo=">AAACKnicbVDJSgNBFOxxjXGLevTSGIQIGmaCohch4MVjBLNAJoaezkvSpGeh+40QhvkJv8MP8Kqf4C14FfwNO8vBJBY0FFX1eK/Li6TQaNsja2V1bX1jM7OV3d7Z3dvPHRzWdBgrDlUeylA1PKZBigCqKFBCI1LAfE9C3Rvcjf36MygtwuARhxG0fNYLRFdwhkZq587dAWDiRloUXOwDsrOU3lJ4Si4EnQq0kdJJyE7bubxdtCegy8SZkTyZodLO/bidkMc+BMgl07rp2BG2EqZQcAlp1o01RIwPWA+ahgbMB91KJr9K6alROrQbKvMCpBP170TCfK2HvmeSPsO+XvTG4n9eM8buTSsRQRQjBHy6qBtLiiEdV0Q7QgFHOTSEcSXMrZT3mWIcTZFzW6L+UAuu06xpxlnsYZnUSkXnqmg/XObLpVlHGXJMTkiBOOSalMk9qZAq4eSFvJF38mG9Wp/WyPqaRles2cwRmYP1/QtI3acS</latexit>

| (✓)i = e�i✓X |0i

The nuance of quantum gradients

9



<latexit sha1_base64="RR+f+PnmIakKA6rFdy1cwrXdAjo=">AAACKnicbVDJSgNBFOxxjXGLevTSGIQIGmaCohch4MVjBLNAJoaezkvSpGeh+40QhvkJv8MP8Kqf4C14FfwNO8vBJBY0FFX1eK/Li6TQaNsja2V1bX1jM7OV3d7Z3dvPHRzWdBgrDlUeylA1PKZBigCqKFBCI1LAfE9C3Rvcjf36MygtwuARhxG0fNYLRFdwhkZq587dAWDiRloUXOwDsrOU3lJ4Si4EnQq0kdJJyE7bubxdtCegy8SZkTyZodLO/bidkMc+BMgl07rp2BG2EqZQcAlp1o01RIwPWA+ahgbMB91KJr9K6alROrQbKvMCpBP170TCfK2HvmeSPsO+XvTG4n9eM8buTSsRQRQjBHy6qBtLiiEdV0Q7QgFHOTSEcSXMrZT3mWIcTZFzW6L+UAuu06xpxlnsYZnUSkXnqmg/XObLpVlHGXJMTkiBOOSalMk9qZAq4eSFvJF38mG9Wp/WyPqaRles2cwRmYP1/QtI3acS</latexit>

| (✓)i = e�i✓X |0i
<latexit sha1_base64="1ZV00Vg2TJgAhxS2FFTj0z4ZcqQ=">AAACBXicbVDLSgNBEOyNrxhfUY9eBhPBU9gNiB4DXjxGMA9JljA7mSRDZmaXmVlhWfbsB3jVT/AmXv0Ov8DfcJLswSQWNBRV3XR3BRFn2rjut1PY2Nza3inulvb2Dw6PyscnbR3GitAWCXmougHWlDNJW4YZTruRolgEnHaC6e3M7zxRpVkoH0wSUV/gsWQjRrCx0mO1P6UmdbPqoFxxa+4caJ14OalAjuag/NMfhiQWVBrCsdY9z42Mn2JlGOE0K/VjTSNMpnhMe5ZKLKj20/nBGbqwyhCNQmVLGjRX/06kWGidiMB2CmwmetWbif95vdiMbvyUySg2VJLFolHMkQnR7Hs0ZIoSwxNLMFHM3orIBCtMjM1oaUs0STQjOivZZLzVHNZJu17zrmrufb3SqOcZFeEMzuESPLiGBtxBE1pAQMALvMKb8+y8Ox/O56K14OQzp7AE5+sXHf6Yzg==</latexit>

|0i
<latexit sha1_base64="UZFGsFjlUFf5H1yngCYePCJJ3ZM=">AAACCXicbVDLSsNAFJ3UV62vqks3g61QNyUpiC4LblxWsQ9oQ5lMJ83QySTO3Agh9Av8ALf6Ce7ErV/hF/gbTtsstPXAhcM593Iux4sF12DbX1ZhbX1jc6u4XdrZ3ds/KB8edXSUKMraNBKR6nlEM8ElawMHwXqxYiT0BOt6k+uZ331kSvNI3kMaMzckY8l9TgkYya3eDXu1AQQMyHl1WK7YdXsOvEqcnFRQjtaw/D0YRTQJmQQqiNZ9x47BzYgCTgWblgaJZjGhEzJmfUMlCZl2s/nTU3xmlBH2I2VGAp6rvy8yEmqdhp7ZDAkEetmbif95/QT8KzfjMk6ASboI8hOBIcKzBvCIK0ZBpIYQqrj5FdOAKELB9PQnJQ5SzamelkwzznIPq6TTqDsXdfu2UWk28o6K6ASdohpy0CVqohvUQm1E0QN6Ri/o1Xqy3qx362OxWrDym2P0B9bnD13Wmfo=</latexit>

RX(✓)

The nuance of quantum gradients
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<latexit sha1_base64="RR+f+PnmIakKA6rFdy1cwrXdAjo=">AAACKnicbVDJSgNBFOxxjXGLevTSGIQIGmaCohch4MVjBLNAJoaezkvSpGeh+40QhvkJv8MP8Kqf4C14FfwNO8vBJBY0FFX1eK/Li6TQaNsja2V1bX1jM7OV3d7Z3dvPHRzWdBgrDlUeylA1PKZBigCqKFBCI1LAfE9C3Rvcjf36MygtwuARhxG0fNYLRFdwhkZq587dAWDiRloUXOwDsrOU3lJ4Si4EnQq0kdJJyE7bubxdtCegy8SZkTyZodLO/bidkMc+BMgl07rp2BG2EqZQcAlp1o01RIwPWA+ahgbMB91KJr9K6alROrQbKvMCpBP170TCfK2HvmeSPsO+XvTG4n9eM8buTSsRQRQjBHy6qBtLiiEdV0Q7QgFHOTSEcSXMrZT3mWIcTZFzW6L+UAuu06xpxlnsYZnUSkXnqmg/XObLpVlHGXJMTkiBOOSalMk9qZAq4eSFvJF38mG9Wp/WyPqaRles2cwRmYP1/QtI3acS</latexit>

| (✓)i = e�i✓X |0i
<latexit sha1_base64="/oADwz8lA/bIrSHd+zn1XLebnWo="></latexit>

r✓ | (✓)i = (�iX)e�i✓X |0i

<latexit sha1_base64="1ZV00Vg2TJgAhxS2FFTj0z4ZcqQ=">AAACBXicbVDLSgNBEOyNrxhfUY9eBhPBU9gNiB4DXjxGMA9JljA7mSRDZmaXmVlhWfbsB3jVT/AmXv0Ov8DfcJLswSQWNBRV3XR3BRFn2rjut1PY2Nza3inulvb2Dw6PyscnbR3GitAWCXmougHWlDNJW4YZTruRolgEnHaC6e3M7zxRpVkoH0wSUV/gsWQjRrCx0mO1P6UmdbPqoFxxa+4caJ14OalAjuag/NMfhiQWVBrCsdY9z42Mn2JlGOE0K/VjTSNMpnhMe5ZKLKj20/nBGbqwyhCNQmVLGjRX/06kWGidiMB2CmwmetWbif95vdiMbvyUySg2VJLFolHMkQnR7Hs0ZIoSwxNLMFHM3orIBCtMjM1oaUs0STQjOivZZLzVHNZJu17zrmrufb3SqOcZFeEMzuESPLiGBtxBE1pAQMALvMKb8+y8Ox/O56K14OQzp7AE5+sXHf6Yzg==</latexit>

|0i
<latexit sha1_base64="UZFGsFjlUFf5H1yngCYePCJJ3ZM=">AAACCXicbVDLSsNAFJ3UV62vqks3g61QNyUpiC4LblxWsQ9oQ5lMJ83QySTO3Agh9Av8ALf6Ce7ErV/hF/gbTtsstPXAhcM593Iux4sF12DbX1ZhbX1jc6u4XdrZ3ds/KB8edXSUKMraNBKR6nlEM8ElawMHwXqxYiT0BOt6k+uZ331kSvNI3kMaMzckY8l9TgkYya3eDXu1AQQMyHl1WK7YdXsOvEqcnFRQjtaw/D0YRTQJmQQqiNZ9x47BzYgCTgWblgaJZjGhEzJmfUMlCZl2s/nTU3xmlBH2I2VGAp6rvy8yEmqdhp7ZDAkEetmbif95/QT8KzfjMk6ASboI8hOBIcKzBvCIK0ZBpIYQqrj5FdOAKELB9PQnJQ5SzamelkwzznIPq6TTqDsXdfu2UWk28o6K6ASdohpy0CVqohvUQm1E0QN6Ri/o1Xqy3qx362OxWrDym2P0B9bnD13Wmfo=</latexit>

RX(✓)

The nuance of quantum gradients

9



<latexit sha1_base64="RR+f+PnmIakKA6rFdy1cwrXdAjo=">AAACKnicbVDJSgNBFOxxjXGLevTSGIQIGmaCohch4MVjBLNAJoaezkvSpGeh+40QhvkJv8MP8Kqf4C14FfwNO8vBJBY0FFX1eK/Li6TQaNsja2V1bX1jM7OV3d7Z3dvPHRzWdBgrDlUeylA1PKZBigCqKFBCI1LAfE9C3Rvcjf36MygtwuARhxG0fNYLRFdwhkZq587dAWDiRloUXOwDsrOU3lJ4Si4EnQq0kdJJyE7bubxdtCegy8SZkTyZodLO/bidkMc+BMgl07rp2BG2EqZQcAlp1o01RIwPWA+ahgbMB91KJr9K6alROrQbKvMCpBP170TCfK2HvmeSPsO+XvTG4n9eM8buTSsRQRQjBHy6qBtLiiEdV0Q7QgFHOTSEcSXMrZT3mWIcTZFzW6L+UAuu06xpxlnsYZnUSkXnqmg/XObLpVlHGXJMTkiBOOSalMk9qZAq4eSFvJF38mG9Wp/WyPqaRles2cwRmYP1/QtI3acS</latexit>

| (✓)i = e�i✓X |0i
<latexit sha1_base64="/oADwz8lA/bIrSHd+zn1XLebnWo="></latexit>

r✓ | (✓)i = (�iX)e�i✓X |0i
<latexit sha1_base64="SEK1RNYtdT5T82OFJwRC9pR2Ij8=">AAACKnicbVDLSgMxFM3Ud31VXboJVsGFlJmCKK4Kbly4ULAPbEvJpHdsMJMMyZ1CKf0Jv8MPcKuf4E7cCv6GaZ2FbT0QOJxzT25ywkQKi77/4eUWFpeWV1bX8usbm1vbhZ3dmtWp4VDlWmrTCJkFKRRUUaCERmKAxaGEevh4OfbrfTBWaHWHgwTaMXtQIhKcoZM6hZNrQOouozq0YPrM5aiOqFAIBizSEOjh/eEJxR6oi06h6Jf8Ceg8CTJSJBluOoXvVlfzNAaFXDJrm4GfYHvIDAouYZRvpRYSxh/ZAzQdVSwG2x5OfjWiR07p0kgbdxTSifo3MWSxtYM4dJMxw56d9cbif14zxei8PRQqSREU/10UpZKipuOKaFcY4CgHjjBuhHsr5T1mGHedTG9JegMruB3lXTPBbA/zpFYuBacl/7ZcrPhZR6tknxyQYxKQM1IhV+SGVAknT+SFvJI379l79z68z9/RnJdl9sgUvK8fdoGmjA==</latexit>

Let our observable of interest be Z, then:

<latexit sha1_base64="1ZV00Vg2TJgAhxS2FFTj0z4ZcqQ=">AAACBXicbVDLSgNBEOyNrxhfUY9eBhPBU9gNiB4DXjxGMA9JljA7mSRDZmaXmVlhWfbsB3jVT/AmXv0Ov8DfcJLswSQWNBRV3XR3BRFn2rjut1PY2Nza3inulvb2Dw6PyscnbR3GitAWCXmougHWlDNJW4YZTruRolgEnHaC6e3M7zxRpVkoH0wSUV/gsWQjRrCx0mO1P6UmdbPqoFxxa+4caJ14OalAjuag/NMfhiQWVBrCsdY9z42Mn2JlGOE0K/VjTSNMpnhMe5ZKLKj20/nBGbqwyhCNQmVLGjRX/06kWGidiMB2CmwmetWbif95vdiMbvyUySg2VJLFolHMkQnR7Hs0ZIoSwxNLMFHM3orIBCtMjM1oaUs0STQjOivZZLzVHNZJu17zrmrufb3SqOcZFeEMzuESPLiGBtxBE1pAQMALvMKb8+y8Ox/O56K14OQzp7AE5+sXHf6Yzg==</latexit>

|0i
<latexit sha1_base64="UZFGsFjlUFf5H1yngCYePCJJ3ZM=">AAACCXicbVDLSsNAFJ3UV62vqks3g61QNyUpiC4LblxWsQ9oQ5lMJ83QySTO3Agh9Av8ALf6Ce7ErV/hF/gbTtsstPXAhcM593Iux4sF12DbX1ZhbX1jc6u4XdrZ3ds/KB8edXSUKMraNBKR6nlEM8ElawMHwXqxYiT0BOt6k+uZ331kSvNI3kMaMzckY8l9TgkYya3eDXu1AQQMyHl1WK7YdXsOvEqcnFRQjtaw/D0YRTQJmQQqiNZ9x47BzYgCTgWblgaJZjGhEzJmfUMlCZl2s/nTU3xmlBH2I2VGAp6rvy8yEmqdhp7ZDAkEetmbif95/QT8KzfjMk6ASboI8hOBIcKzBvCIK0ZBpIYQqrj5FdOAKELB9PQnJQ5SzamelkwzznIPq6TTqDsXdfu2UWk28o6K6ASdohpy0CVqohvUQm1E0QN6Ri/o1Xqy3qx362OxWrDym2P0B9bnD13Wmfo=</latexit>

RX(✓)

The nuance of quantum gradients
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<latexit sha1_base64="RR+f+PnmIakKA6rFdy1cwrXdAjo=">AAACKnicbVDJSgNBFOxxjXGLevTSGIQIGmaCohch4MVjBLNAJoaezkvSpGeh+40QhvkJv8MP8Kqf4C14FfwNO8vBJBY0FFX1eK/Li6TQaNsja2V1bX1jM7OV3d7Z3dvPHRzWdBgrDlUeylA1PKZBigCqKFBCI1LAfE9C3Rvcjf36MygtwuARhxG0fNYLRFdwhkZq587dAWDiRloUXOwDsrOU3lJ4Si4EnQq0kdJJyE7bubxdtCegy8SZkTyZodLO/bidkMc+BMgl07rp2BG2EqZQcAlp1o01RIwPWA+ahgbMB91KJr9K6alROrQbKvMCpBP170TCfK2HvmeSPsO+XvTG4n9eM8buTSsRQRQjBHy6qBtLiiEdV0Q7QgFHOTSEcSXMrZT3mWIcTZFzW6L+UAuu06xpxlnsYZnUSkXnqmg/XObLpVlHGXJMTkiBOOSalMk9qZAq4eSFvJF38mG9Wp/WyPqaRles2cwRmYP1/QtI3acS</latexit>

| (✓)i = e�i✓X |0i
<latexit sha1_base64="/oADwz8lA/bIrSHd+zn1XLebnWo="></latexit>

r✓ | (✓)i = (�iX)e�i✓X |0i
<latexit sha1_base64="SEK1RNYtdT5T82OFJwRC9pR2Ij8=">AAACKnicbVDLSgMxFM3Ud31VXboJVsGFlJmCKK4Kbly4ULAPbEvJpHdsMJMMyZ1CKf0Jv8MPcKuf4E7cCv6GaZ2FbT0QOJxzT25ywkQKi77/4eUWFpeWV1bX8usbm1vbhZ3dmtWp4VDlWmrTCJkFKRRUUaCERmKAxaGEevh4OfbrfTBWaHWHgwTaMXtQIhKcoZM6hZNrQOouozq0YPrM5aiOqFAIBizSEOjh/eEJxR6oi06h6Jf8Ceg8CTJSJBluOoXvVlfzNAaFXDJrm4GfYHvIDAouYZRvpRYSxh/ZAzQdVSwG2x5OfjWiR07p0kgbdxTSifo3MWSxtYM4dJMxw56d9cbif14zxei8PRQqSREU/10UpZKipuOKaFcY4CgHjjBuhHsr5T1mGHedTG9JegMruB3lXTPBbA/zpFYuBacl/7ZcrPhZR6tknxyQYxKQM1IhV+SGVAknT+SFvJI379l79z68z9/RnJdl9sgUvK8fdoGmjA==</latexit>

Let our observable of interest be Z, then:

<latexit sha1_base64="5sOYR21veY1P+cuAZDIfvzzJ2XQ="></latexit>

F (✓) = h0| ei✓XZe�i✓X |0i

<latexit sha1_base64="1ZV00Vg2TJgAhxS2FFTj0z4ZcqQ=">AAACBXicbVDLSgNBEOyNrxhfUY9eBhPBU9gNiB4DXjxGMA9JljA7mSRDZmaXmVlhWfbsB3jVT/AmXv0Ov8DfcJLswSQWNBRV3XR3BRFn2rjut1PY2Nza3inulvb2Dw6PyscnbR3GitAWCXmougHWlDNJW4YZTruRolgEnHaC6e3M7zxRpVkoH0wSUV/gsWQjRrCx0mO1P6UmdbPqoFxxa+4caJ14OalAjuag/NMfhiQWVBrCsdY9z42Mn2JlGOE0K/VjTSNMpnhMe5ZKLKj20/nBGbqwyhCNQmVLGjRX/06kWGidiMB2CmwmetWbif95vdiMbvyUySg2VJLFolHMkQnR7Hs0ZIoSwxNLMFHM3orIBCtMjM1oaUs0STQjOivZZLzVHNZJu17zrmrufb3SqOcZFeEMzuESPLiGBtxBE1pAQMALvMKb8+y8Ox/O56K14OQzp7AE5+sXHf6Yzg==</latexit>

|0i
<latexit sha1_base64="UZFGsFjlUFf5H1yngCYePCJJ3ZM=">AAACCXicbVDLSsNAFJ3UV62vqks3g61QNyUpiC4LblxWsQ9oQ5lMJ83QySTO3Agh9Av8ALf6Ce7ErV/hF/gbTtsstPXAhcM593Iux4sF12DbX1ZhbX1jc6u4XdrZ3ds/KB8edXSUKMraNBKR6nlEM8ElawMHwXqxYiT0BOt6k+uZ331kSvNI3kMaMzckY8l9TgkYya3eDXu1AQQMyHl1WK7YdXsOvEqcnFRQjtaw/D0YRTQJmQQqiNZ9x47BzYgCTgWblgaJZjGhEzJmfUMlCZl2s/nTU3xmlBH2I2VGAp6rvy8yEmqdhp7ZDAkEetmbif95/QT8KzfjMk6ASboI8hOBIcKzBvCIK0ZBpIYQqrj5FdOAKELB9PQnJQ5SzamelkwzznIPq6TTqDsXdfu2UWk28o6K6ASdohpy0CVqohvUQm1E0QN6Ri/o1Xqy3qx362OxWrDym2P0B9bnD13Wmfo=</latexit>

RX(✓)

The nuance of quantum gradients
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<latexit sha1_base64="RR+f+PnmIakKA6rFdy1cwrXdAjo=">AAACKnicbVDJSgNBFOxxjXGLevTSGIQIGmaCohch4MVjBLNAJoaezkvSpGeh+40QhvkJv8MP8Kqf4C14FfwNO8vBJBY0FFX1eK/Li6TQaNsja2V1bX1jM7OV3d7Z3dvPHRzWdBgrDlUeylA1PKZBigCqKFBCI1LAfE9C3Rvcjf36MygtwuARhxG0fNYLRFdwhkZq587dAWDiRloUXOwDsrOU3lJ4Si4EnQq0kdJJyE7bubxdtCegy8SZkTyZodLO/bidkMc+BMgl07rp2BG2EqZQcAlp1o01RIwPWA+ahgbMB91KJr9K6alROrQbKvMCpBP170TCfK2HvmeSPsO+XvTG4n9eM8buTSsRQRQjBHy6qBtLiiEdV0Q7QgFHOTSEcSXMrZT3mWIcTZFzW6L+UAuu06xpxlnsYZnUSkXnqmg/XObLpVlHGXJMTkiBOOSalMk9qZAq4eSFvJF38mG9Wp/WyPqaRles2cwRmYP1/QtI3acS</latexit>

| (✓)i = e�i✓X |0i
<latexit sha1_base64="/oADwz8lA/bIrSHd+zn1XLebnWo="></latexit>

r✓ | (✓)i = (�iX)e�i✓X |0i
<latexit sha1_base64="SEK1RNYtdT5T82OFJwRC9pR2Ij8=">AAACKnicbVDLSgMxFM3Ud31VXboJVsGFlJmCKK4Kbly4ULAPbEvJpHdsMJMMyZ1CKf0Jv8MPcKuf4E7cCv6GaZ2FbT0QOJxzT25ywkQKi77/4eUWFpeWV1bX8usbm1vbhZ3dmtWp4VDlWmrTCJkFKRRUUaCERmKAxaGEevh4OfbrfTBWaHWHgwTaMXtQIhKcoZM6hZNrQOouozq0YPrM5aiOqFAIBizSEOjh/eEJxR6oi06h6Jf8Ceg8CTJSJBluOoXvVlfzNAaFXDJrm4GfYHvIDAouYZRvpRYSxh/ZAzQdVSwG2x5OfjWiR07p0kgbdxTSifo3MWSxtYM4dJMxw56d9cbif14zxei8PRQqSREU/10UpZKipuOKaFcY4CgHjjBuhHsr5T1mGHedTG9JegMruB3lXTPBbA/zpFYuBacl/7ZcrPhZR6tknxyQYxKQM1IhV+SGVAknT+SFvJI379l79z68z9/RnJdl9sgUvK8fdoGmjA==</latexit>

Let our observable of interest be Z, then:

<latexit sha1_base64="5sOYR21veY1P+cuAZDIfvzzJ2XQ="></latexit>

F (✓) = h0| ei✓XZe�i✓X |0i
<latexit sha1_base64="S2CHxz1Pof5xiEoHAIxu/rnrs7s="></latexit>

r✓F (✓) = h0| ei✓XZ(�iX)e�i✓X |0i+ h0| (iX)ei✓XZe�i✓X |0i

<latexit sha1_base64="1ZV00Vg2TJgAhxS2FFTj0z4ZcqQ=">AAACBXicbVDLSgNBEOyNrxhfUY9eBhPBU9gNiB4DXjxGMA9JljA7mSRDZmaXmVlhWfbsB3jVT/AmXv0Ov8DfcJLswSQWNBRV3XR3BRFn2rjut1PY2Nza3inulvb2Dw6PyscnbR3GitAWCXmougHWlDNJW4YZTruRolgEnHaC6e3M7zxRpVkoH0wSUV/gsWQjRrCx0mO1P6UmdbPqoFxxa+4caJ14OalAjuag/NMfhiQWVBrCsdY9z42Mn2JlGOE0K/VjTSNMpnhMe5ZKLKj20/nBGbqwyhCNQmVLGjRX/06kWGidiMB2CmwmetWbif95vdiMbvyUySg2VJLFolHMkQnR7Hs0ZIoSwxNLMFHM3orIBCtMjM1oaUs0STQjOivZZLzVHNZJu17zrmrufb3SqOcZFeEMzuESPLiGBtxBE1pAQMALvMKb8+y8Ox/O56K14OQzp7AE5+sXHf6Yzg==</latexit>

|0i
<latexit sha1_base64="UZFGsFjlUFf5H1yngCYePCJJ3ZM=">AAACCXicbVDLSsNAFJ3UV62vqks3g61QNyUpiC4LblxWsQ9oQ5lMJ83QySTO3Agh9Av8ALf6Ce7ErV/hF/gbTtsstPXAhcM593Iux4sF12DbX1ZhbX1jc6u4XdrZ3ds/KB8edXSUKMraNBKR6nlEM8ElawMHwXqxYiT0BOt6k+uZ331kSvNI3kMaMzckY8l9TgkYya3eDXu1AQQMyHl1WK7YdXsOvEqcnFRQjtaw/D0YRTQJmQQqiNZ9x47BzYgCTgWblgaJZjGhEzJmfUMlCZl2s/nTU3xmlBH2I2VGAp6rvy8yEmqdhp7ZDAkEetmbif95/QT8KzfjMk6ASboI8hOBIcKzBvCIK0ZBpIYQqrj5FdOAKELB9PQnJQ5SzamelkwzznIPq6TTqDsXdfu2UWk28o6K6ASdohpy0CVqohvUQm1E0QN6Ri/o1Xqy3qx362OxWrDym2P0B9bnD13Wmfo=</latexit>

RX(✓)

The nuance of quantum gradients
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<latexit sha1_base64="RR+f+PnmIakKA6rFdy1cwrXdAjo=">AAACKnicbVDJSgNBFOxxjXGLevTSGIQIGmaCohch4MVjBLNAJoaezkvSpGeh+40QhvkJv8MP8Kqf4C14FfwNO8vBJBY0FFX1eK/Li6TQaNsja2V1bX1jM7OV3d7Z3dvPHRzWdBgrDlUeylA1PKZBigCqKFBCI1LAfE9C3Rvcjf36MygtwuARhxG0fNYLRFdwhkZq587dAWDiRloUXOwDsrOU3lJ4Si4EnQq0kdJJyE7bubxdtCegy8SZkTyZodLO/bidkMc+BMgl07rp2BG2EqZQcAlp1o01RIwPWA+ahgbMB91KJr9K6alROrQbKvMCpBP170TCfK2HvmeSPsO+XvTG4n9eM8buTSsRQRQjBHy6qBtLiiEdV0Q7QgFHOTSEcSXMrZT3mWIcTZFzW6L+UAuu06xpxlnsYZnUSkXnqmg/XObLpVlHGXJMTkiBOOSalMk9qZAq4eSFvJF38mG9Wp/WyPqaRles2cwRmYP1/QtI3acS</latexit>

| (✓)i = e�i✓X |0i
<latexit sha1_base64="/oADwz8lA/bIrSHd+zn1XLebnWo="></latexit>

r✓ | (✓)i = (�iX)e�i✓X |0i
<latexit sha1_base64="SEK1RNYtdT5T82OFJwRC9pR2Ij8=">AAACKnicbVDLSgMxFM3Ud31VXboJVsGFlJmCKK4Kbly4ULAPbEvJpHdsMJMMyZ1CKf0Jv8MPcKuf4E7cCv6GaZ2FbT0QOJxzT25ywkQKi77/4eUWFpeWV1bX8usbm1vbhZ3dmtWp4VDlWmrTCJkFKRRUUaCERmKAxaGEevh4OfbrfTBWaHWHgwTaMXtQIhKcoZM6hZNrQOouozq0YPrM5aiOqFAIBizSEOjh/eEJxR6oi06h6Jf8Ceg8CTJSJBluOoXvVlfzNAaFXDJrm4GfYHvIDAouYZRvpRYSxh/ZAzQdVSwG2x5OfjWiR07p0kgbdxTSifo3MWSxtYM4dJMxw56d9cbif14zxei8PRQqSREU/10UpZKipuOKaFcY4CgHjjBuhHsr5T1mGHedTG9JegMruB3lXTPBbA/zpFYuBacl/7ZcrPhZR6tknxyQYxKQM1IhV+SGVAknT+SFvJI379l79z68z9/RnJdl9sgUvK8fdoGmjA==</latexit>

Let our observable of interest be Z, then:

<latexit sha1_base64="5sOYR21veY1P+cuAZDIfvzzJ2XQ="></latexit>

F (✓) = h0| ei✓XZe�i✓X |0i
<latexit sha1_base64="S2CHxz1Pof5xiEoHAIxu/rnrs7s="></latexit>

r✓F (✓) = h0| ei✓XZ(�iX)e�i✓X |0i+ h0| (iX)ei✓XZe�i✓X |0i

<latexit sha1_base64="eRJrV2R5WtdPaNuUl5cTPnSF4Pw="></latexit>

r✓=0F (0) = 2 Re(h0|Z(�iX) |0i) = 2 Im(h0|ZX |0i)

<latexit sha1_base64="1ZV00Vg2TJgAhxS2FFTj0z4ZcqQ=">AAACBXicbVDLSgNBEOyNrxhfUY9eBhPBU9gNiB4DXjxGMA9JljA7mSRDZmaXmVlhWfbsB3jVT/AmXv0Ov8DfcJLswSQWNBRV3XR3BRFn2rjut1PY2Nza3inulvb2Dw6PyscnbR3GitAWCXmougHWlDNJW4YZTruRolgEnHaC6e3M7zxRpVkoH0wSUV/gsWQjRrCx0mO1P6UmdbPqoFxxa+4caJ14OalAjuag/NMfhiQWVBrCsdY9z42Mn2JlGOE0K/VjTSNMpnhMe5ZKLKj20/nBGbqwyhCNQmVLGjRX/06kWGidiMB2CmwmetWbif95vdiMbvyUySg2VJLFolHMkQnR7Hs0ZIoSwxNLMFHM3orIBCtMjM1oaUs0STQjOivZZLzVHNZJu17zrmrufb3SqOcZFeEMzuESPLiGBtxBE1pAQMALvMKb8+y8Ox/O56K14OQzp7AE5+sXHf6Yzg==</latexit>

|0i
<latexit sha1_base64="UZFGsFjlUFf5H1yngCYePCJJ3ZM=">AAACCXicbVDLSsNAFJ3UV62vqks3g61QNyUpiC4LblxWsQ9oQ5lMJ83QySTO3Agh9Av8ALf6Ce7ErV/hF/gbTtsstPXAhcM593Iux4sF12DbX1ZhbX1jc6u4XdrZ3ds/KB8edXSUKMraNBKR6nlEM8ElawMHwXqxYiT0BOt6k+uZ331kSvNI3kMaMzckY8l9TgkYya3eDXu1AQQMyHl1WK7YdXsOvEqcnFRQjtaw/D0YRTQJmQQqiNZ9x47BzYgCTgWblgaJZjGhEzJmfUMlCZl2s/nTU3xmlBH2I2VGAp6rvy8yEmqdhp7ZDAkEetmbif95/QT8KzfjMk6ASboI8hOBIcKzBvCIK0ZBpIYQqrj5FdOAKELB9PQnJQ5SzamelkwzznIPq6TTqDsXdfu2UWk28o6K6ASdohpy0CVqohvUQm1E0QN6Ri/o1Xqy3qx362OxWrDym2P0B9bnD13Wmfo=</latexit>

RX(✓)

The nuance of quantum gradients

<latexit sha1_base64="eRJrV2R5WtdPaNuUl5cTPnSF4Pw="></latexit>

r✓=0F (0) = 2 Re(h0|Z(�iX) |0i) = 2 Im(h0|ZX |0i)
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<latexit sha1_base64="21/AYStvLISqrcqVpofLVyBQH3Q="></latexit>

| (✓)i = e�i✓2Xe�i✓1Y |0i
<latexit sha1_base64="1ZV00Vg2TJgAhxS2FFTj0z4ZcqQ=">AAACBXicbVDLSgNBEOyNrxhfUY9eBhPBU9gNiB4DXjxGMA9JljA7mSRDZmaXmVlhWfbsB3jVT/AmXv0Ov8DfcJLswSQWNBRV3XR3BRFn2rjut1PY2Nza3inulvb2Dw6PyscnbR3GitAWCXmougHWlDNJW4YZTruRolgEnHaC6e3M7zxRpVkoH0wSUV/gsWQjRrCx0mO1P6UmdbPqoFxxa+4caJ14OalAjuag/NMfhiQWVBrCsdY9z42Mn2JlGOE0K/VjTSNMpnhMe5ZKLKj20/nBGbqwyhCNQmVLGjRX/06kWGidiMB2CmwmetWbif95vdiMbvyUySg2VJLFolHMkQnR7Hs0ZIoSwxNLMFHM3orIBCtMjM1oaUs0STQjOivZZLzVHNZJu17zrmrufb3SqOcZFeEMzuESPLiGBtxBE1pAQMALvMKb8+y8Ox/O56K14OQzp7AE5+sXHf6Yzg==</latexit>

|0i
<latexit sha1_base64="TcY71ptvru14edwo77AmOSl9ln0=">AAACDXicbVDLSsNAFJ34rPXRqEs3g61QNyUJiC4LblxWsQ9oQ5hMJ+3QyYOZGyGEfoMf4FY/wZ249Rv8An/DaZuFbT1w4XDOvZzL8RPBFVjWt7GxubW9s1vaK+8fHB5VzOOTjopTSVmbxiKWPZ8oJnjE2sBBsF4iGQl9wbr+5Hbmd5+YVDyOHiFLmBuSUcQDTgloyTMrtQevVx/AmAHxnMuaZ1athjUHXid2QaqoQMszfwbDmKYhi4AKolTfthJwcyKBU8Gm5UGqWELohIxYX9OIhEy5+fzxKb7QyhAHsdQTAZ6rfy9yEiqVhb7eDAmM1ao3E//z+ikEN27OoyQFFtFFUJAKDDGetYCHXDIKItOEUMn1r5iOiSQUdFdLKck4U5yqaVk3Y6/2sE46TsO+alj3TrXpFB2V0Bk6R3Vko2vURHeohdqIohS9oFf0Zjwb78aH8blY3TCKm1O0BOPrFxMQmtA=</latexit>

RX(✓2)
<latexit sha1_base64="xazZUp85w4nWwQ3U91dBgHWwsQE=">AAACDXicbVDLSsNAFJ3UV62PRl26CbZC3ZSkILosuHFZxT6kDWEynbRDJ5MwcyOE0G/wA9zqJ7gTt36DX+BvOG2zsK0HLhzOuZdzOX7MmQLb/jYKG5tb2zvF3dLe/sFh2Tw67qgokYS2ScQj2fOxopwJ2gYGnPZiSXHoc9r1Jzczv/tEpWKReIA0pm6IR4IFjGDQkmeWq/feY20AYwrYcy6qnlmx6/Yc1jpxclJBOVqe+TMYRiQJqQDCsVJ9x47BzbAERjidlgaJojEmEzyifU0FDqlys/njU+tcK0MriKQeAdZc/XuR4VCpNPT1ZohhrFa9mfif108guHYzJuIEqCCLoCDhFkTWrAVryCQlwFNNMJFM/2qRMZaYgO5qKSUep4oRNS3pZpzVHtZJp1F3Luv2XaPSbOQdFdEpOkM15KAr1ES3qIXaiKAEvaBX9GY8G+/Gh/G5WC0Y+c0JWoLx9QsTGZrQ</latexit>

RY (✓1)

The nuance of quantum gradients
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<latexit sha1_base64="SEK1RNYtdT5T82OFJwRC9pR2Ij8=">AAACKnicbVDLSgMxFM3Ud31VXboJVsGFlJmCKK4Kbly4ULAPbEvJpHdsMJMMyZ1CKf0Jv8MPcKuf4E7cCv6GaZ2FbT0QOJxzT25ywkQKi77/4eUWFpeWV1bX8usbm1vbhZ3dmtWp4VDlWmrTCJkFKRRUUaCERmKAxaGEevh4OfbrfTBWaHWHgwTaMXtQIhKcoZM6hZNrQOouozq0YPrM5aiOqFAIBizSEOjh/eEJxR6oi06h6Jf8Ceg8CTJSJBluOoXvVlfzNAaFXDJrm4GfYHvIDAouYZRvpRYSxh/ZAzQdVSwG2x5OfjWiR07p0kgbdxTSifo3MWSxtYM4dJMxw56d9cbif14zxei8PRQqSREU/10UpZKipuOKaFcY4CgHjjBuhHsr5T1mGHedTG9JegMruB3lXTPBbA/zpFYuBacl/7ZcrPhZR6tknxyQYxKQM1IhV+SGVAknT+SFvJI379l79z68z9/RnJdl9sgUvK8fdoGmjA==</latexit>

Let our observable of interest be Z, then:

<latexit sha1_base64="21/AYStvLISqrcqVpofLVyBQH3Q="></latexit>

| (✓)i = e�i✓2Xe�i✓1Y |0i

<latexit sha1_base64="qTGvlhpquKEyK8uIr4G3F+XSFFg="></latexit>

r✓1F (✓) = 2 Re(h0| ei✓1Y ei✓2XZe�i✓2X(�iY )e�i✓1Y |0i)
<latexit sha1_base64="eM7l3T9gzh/AsQMKbpenLxsH9d0="></latexit>

r✓2F (✓) = 2 Re(h0| ei✓1Y ei✓2XZ(�iX)e�i✓2Xe�i✓1Y |0i)

<latexit sha1_base64="1ZV00Vg2TJgAhxS2FFTj0z4ZcqQ=">AAACBXicbVDLSgNBEOyNrxhfUY9eBhPBU9gNiB4DXjxGMA9JljA7mSRDZmaXmVlhWfbsB3jVT/AmXv0Ov8DfcJLswSQWNBRV3XR3BRFn2rjut1PY2Nza3inulvb2Dw6PyscnbR3GitAWCXmougHWlDNJW4YZTruRolgEnHaC6e3M7zxRpVkoH0wSUV/gsWQjRrCx0mO1P6UmdbPqoFxxa+4caJ14OalAjuag/NMfhiQWVBrCsdY9z42Mn2JlGOE0K/VjTSNMpnhMe5ZKLKj20/nBGbqwyhCNQmVLGjRX/06kWGidiMB2CmwmetWbif95vdiMbvyUySg2VJLFolHMkQnR7Hs0ZIoSwxNLMFHM3orIBCtMjM1oaUs0STQjOivZZLzVHNZJu17zrmrufb3SqOcZFeEMzuESPLiGBtxBE1pAQMALvMKb8+y8Ox/O56K14OQzp7AE5+sXHf6Yzg==</latexit>

|0i
<latexit sha1_base64="TcY71ptvru14edwo77AmOSl9ln0=">AAACDXicbVDLSsNAFJ34rPXRqEs3g61QNyUJiC4LblxWsQ9oQ5hMJ+3QyYOZGyGEfoMf4FY/wZ249Rv8An/DaZuFbT1w4XDOvZzL8RPBFVjWt7GxubW9s1vaK+8fHB5VzOOTjopTSVmbxiKWPZ8oJnjE2sBBsF4iGQl9wbr+5Hbmd5+YVDyOHiFLmBuSUcQDTgloyTMrtQevVx/AmAHxnMuaZ1athjUHXid2QaqoQMszfwbDmKYhi4AKolTfthJwcyKBU8Gm5UGqWELohIxYX9OIhEy5+fzxKb7QyhAHsdQTAZ6rfy9yEiqVhb7eDAmM1ao3E//z+ikEN27OoyQFFtFFUJAKDDGetYCHXDIKItOEUMn1r5iOiSQUdFdLKck4U5yqaVk3Y6/2sE46TsO+alj3TrXpFB2V0Bk6R3Vko2vURHeohdqIohS9oFf0Zjwb78aH8blY3TCKm1O0BOPrFxMQmtA=</latexit>

RX(✓2)
<latexit sha1_base64="xazZUp85w4nWwQ3U91dBgHWwsQE=">AAACDXicbVDLSsNAFJ3UV62PRl26CbZC3ZSkILosuHFZxT6kDWEynbRDJ5MwcyOE0G/wA9zqJ7gTt36DX+BvOG2zsK0HLhzOuZdzOX7MmQLb/jYKG5tb2zvF3dLe/sFh2Tw67qgokYS2ScQj2fOxopwJ2gYGnPZiSXHoc9r1Jzczv/tEpWKReIA0pm6IR4IFjGDQkmeWq/feY20AYwrYcy6qnlmx6/Yc1jpxclJBOVqe+TMYRiQJqQDCsVJ9x47BzbAERjidlgaJojEmEzyifU0FDqlys/njU+tcK0MriKQeAdZc/XuR4VCpNPT1ZohhrFa9mfif108guHYzJuIEqCCLoCDhFkTWrAVryCQlwFNNMJFM/2qRMZaYgO5qKSUep4oRNS3pZpzVHtZJp1F3Luv2XaPSbOQdFdEpOkM15KAr1ES3qIXaiKAEvaBX9GY8G+/Gh/G5WC0Y+c0JWoLx9QsTGZrQ</latexit>

RY (✓1)

The nuance of quantum gradients
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<latexit sha1_base64="SEK1RNYtdT5T82OFJwRC9pR2Ij8=">AAACKnicbVDLSgMxFM3Ud31VXboJVsGFlJmCKK4Kbly4ULAPbEvJpHdsMJMMyZ1CKf0Jv8MPcKuf4E7cCv6GaZ2FbT0QOJxzT25ywkQKi77/4eUWFpeWV1bX8usbm1vbhZ3dmtWp4VDlWmrTCJkFKRRUUaCERmKAxaGEevh4OfbrfTBWaHWHgwTaMXtQIhKcoZM6hZNrQOouozq0YPrM5aiOqFAIBizSEOjh/eEJxR6oi06h6Jf8Ceg8CTJSJBluOoXvVlfzNAaFXDJrm4GfYHvIDAouYZRvpRYSxh/ZAzQdVSwG2x5OfjWiR07p0kgbdxTSifo3MWSxtYM4dJMxw56d9cbif14zxei8PRQqSREU/10UpZKipuOKaFcY4CgHjjBuhHsr5T1mGHedTG9JegMruB3lXTPBbA/zpFYuBacl/7ZcrPhZR6tknxyQYxKQM1IhV+SGVAknT+SFvJI379l79z68z9/RnJdl9sgUvK8fdoGmjA==</latexit>

Let our observable of interest be Z, then:

<latexit sha1_base64="21/AYStvLISqrcqVpofLVyBQH3Q="></latexit>

| (✓)i = e�i✓2Xe�i✓1Y |0i

<latexit sha1_base64="qTGvlhpquKEyK8uIr4G3F+XSFFg="></latexit>

r✓1F (✓) = 2 Re(h0| ei✓1Y ei✓2XZe�i✓2X(�iY )e�i✓1Y |0i)
<latexit sha1_base64="eM7l3T9gzh/AsQMKbpenLxsH9d0="></latexit>

r✓2F (✓) = 2 Re(h0| ei✓1Y ei✓2XZ(�iX)e�i✓2Xe�i✓1Y |0i)
<latexit sha1_base64="EwIqK/aaPGcVQuccwheBl6w2DQ4=">AAACHXicbZDJSgNBEIZ7XGPcoh492JgInsJMQPQiBLzoLYJZMBNCT6eSNOlZ6K4RwzBHn8MH8KqP4E28ik/ga9hZDibxh4aPv6qo6t+LpNBo29/W0vLK6tp6ZiO7ubW9s5vb26/pMFYcqjyUoWp4TIMUAVRRoIRGpID5noS6N7ga1esPoLQIgzscRtDyWS8QXcEZGqudOypcllzqIjxicuOnrqdYYqf3DXcAaKDQzuXtoj0WXQRnCnkyVaWd+3E7IY99CJBLpnXTsSNsJUyh4BLSrBtriBgfsB40DQbMB91Kxh9J6YlxOrQbKvMCpGP370TCfK2Hvmc6fYZ9PV8bmf/VmjF2L1qJCKIYIeCTRd1YUgzpKBXaEQo4yqEBxpUwt1LeZ4pxNNnNbIn6Qy24TrMmGWc+h0WolYrOWdG+LeXLpWlGGXJIjskpccg5KZNrUiFVwskTeSGv5M16tt6tD+tz0rpkTWcOyIysr19kU6IA</latexit>

= 2 Im h0|ZX |0i

<latexit sha1_base64="uH+HOK1eiOsqaMMdiw2DvWapKxU=">AAACHXicbZDJSgNBEIZ7XGPcoh492JgInsJMQPQiBLzoLYJZNBNCT6eSNOlZ6K4RwzBHn8MH8KqP4E28ik/ga9hZDib6Q8PHX1VU9e9FUmi07S9rYXFpeWU1s5Zd39jc2s7t7NZ0GCsOVR7KUDU8pkGKAKooUEIjUsB8T0LdG1yM6vV7UFqEwQ0OI2j5rBeIruAMjdXOHRTOSy51ER4wufJT11MssdO7W3cAaKDQzuXtoj0W/QvOFPJkqko79+12Qh77ECCXTOumY0fYSphCwSWkWTfWEDE+YD1oGgyYD7qVjD+S0iPjdGg3VOYFSMfu74mE+VoPfc90+gz7er42Mv+rNWPsnrUSEUQxQsAni7qxpBjSUSq0IxRwlEMDjCthbqW8zxTjaLKb2RL1h1pwnWZNMs58Dn+hVio6J0X7upQvl6YZZcg+OSTHxCGnpEwuSYVUCSeP5Jm8kFfryXqz3q2PSeuCNZ3ZIzOyPn8AZfSiAQ==</latexit>

= 2 Im h0|ZY |0i

<latexit sha1_base64="1ZV00Vg2TJgAhxS2FFTj0z4ZcqQ=">AAACBXicbVDLSgNBEOyNrxhfUY9eBhPBU9gNiB4DXjxGMA9JljA7mSRDZmaXmVlhWfbsB3jVT/AmXv0Ov8DfcJLswSQWNBRV3XR3BRFn2rjut1PY2Nza3inulvb2Dw6PyscnbR3GitAWCXmougHWlDNJW4YZTruRolgEnHaC6e3M7zxRpVkoH0wSUV/gsWQjRrCx0mO1P6UmdbPqoFxxa+4caJ14OalAjuag/NMfhiQWVBrCsdY9z42Mn2JlGOE0K/VjTSNMpnhMe5ZKLKj20/nBGbqwyhCNQmVLGjRX/06kWGidiMB2CmwmetWbif95vdiMbvyUySg2VJLFolHMkQnR7Hs0ZIoSwxNLMFHM3orIBCtMjM1oaUs0STQjOivZZLzVHNZJu17zrmrufb3SqOcZFeEMzuESPLiGBtxBE1pAQMALvMKb8+y8Ox/O56K14OQzp7AE5+sXHf6Yzg==</latexit>

|0i
<latexit sha1_base64="TcY71ptvru14edwo77AmOSl9ln0=">AAACDXicbVDLSsNAFJ34rPXRqEs3g61QNyUJiC4LblxWsQ9oQ5hMJ+3QyYOZGyGEfoMf4FY/wZ249Rv8An/DaZuFbT1w4XDOvZzL8RPBFVjWt7GxubW9s1vaK+8fHB5VzOOTjopTSVmbxiKWPZ8oJnjE2sBBsF4iGQl9wbr+5Hbmd5+YVDyOHiFLmBuSUcQDTgloyTMrtQevVx/AmAHxnMuaZ1athjUHXid2QaqoQMszfwbDmKYhi4AKolTfthJwcyKBU8Gm5UGqWELohIxYX9OIhEy5+fzxKb7QyhAHsdQTAZ6rfy9yEiqVhb7eDAmM1ao3E//z+ikEN27OoyQFFtFFUJAKDDGetYCHXDIKItOEUMn1r5iOiSQUdFdLKck4U5yqaVk3Y6/2sE46TsO+alj3TrXpFB2V0Bk6R3Vko2vURHeohdqIohS9oFf0Zjwb78aH8blY3TCKm1O0BOPrFxMQmtA=</latexit>

RX(✓2)
<latexit sha1_base64="xazZUp85w4nWwQ3U91dBgHWwsQE=">AAACDXicbVDLSsNAFJ3UV62PRl26CbZC3ZSkILosuHFZxT6kDWEynbRDJ5MwcyOE0G/wA9zqJ7gTt36DX+BvOG2zsK0HLhzOuZdzOX7MmQLb/jYKG5tb2zvF3dLe/sFh2Tw67qgokYS2ScQj2fOxopwJ2gYGnPZiSXHoc9r1Jzczv/tEpWKReIA0pm6IR4IFjGDQkmeWq/feY20AYwrYcy6qnlmx6/Yc1jpxclJBOVqe+TMYRiQJqQDCsVJ9x47BzbAERjidlgaJojEmEzyifU0FDqlys/njU+tcK0MriKQeAdZc/XuR4VCpNPT1ZohhrFa9mfif108guHYzJuIEqCCLoCDhFkTWrAVryCQlwFNNMJFM/2qRMZaYgO5qKSUep4oRNS3pZpzVHtZJp1F3Luv2XaPSbOQdFdEpOkM15KAr1ES3qIXaiKAEvaBX9GY8G+/Gh/G5WC0Y+c0JWoLx9QsTGZrQ</latexit>

RY (✓1)

The nuance of quantum gradients

<latexit sha1_base64="g/2Qb9WZ6TvWFuzg/MeSuSy4iqk=">AAACHnicbZDNSkJBFMfn2pfZl9WyzZAGLULuFaI2gdSmpVF+gIrMHY86OHfuZebcQMRtz9EDtK1HaBdt6wl6jUa9i9T+MPDjf87hnPn7kRQGXffbSa2srq1vpDczW9s7u3vZ/YOqCWPNocJDGeq6zwxIoaCCAiXUIw0s8CXU/MHNpF57BG1EqB5wGEErYD0luoIztFY7S+8BUagezTexD8ja3hlNqEivqJtvZ3NuwZ2KLoOXQI4kKrezP81OyOMAFHLJjGl4boStEdMouIRxphkbiBgfsB40LCoWgGmNpj8Z0xPrdGg31PYppFP378SIBcYMA992Bgz7ZrE2Mf+rNWLsXrZGQkUxguKzRd1YUgzpJBbaERo4yqEFxrWwt1LeZ5pxtOHNbYn6QyO4GWdsMt5iDstQLRa884J7V8yVrpOM0uSIHJNT4pELUiK3pEwqhJMn8kJeyZvz7Lw7H87nrDXlJDOHZE7O1y8adKEp</latexit>

Setting ✓1, ✓2 = 0
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<latexit sha1_base64="SEK1RNYtdT5T82OFJwRC9pR2Ij8=">AAACKnicbVDLSgMxFM3Ud31VXboJVsGFlJmCKK4Kbly4ULAPbEvJpHdsMJMMyZ1CKf0Jv8MPcKuf4E7cCv6GaZ2FbT0QOJxzT25ywkQKi77/4eUWFpeWV1bX8usbm1vbhZ3dmtWp4VDlWmrTCJkFKRRUUaCERmKAxaGEevh4OfbrfTBWaHWHgwTaMXtQIhKcoZM6hZNrQOouozq0YPrM5aiOqFAIBizSEOjh/eEJxR6oi06h6Jf8Ceg8CTJSJBluOoXvVlfzNAaFXDJrm4GfYHvIDAouYZRvpRYSxh/ZAzQdVSwG2x5OfjWiR07p0kgbdxTSifo3MWSxtYM4dJMxw56d9cbif14zxei8PRQqSREU/10UpZKipuOKaFcY4CgHjjBuhHsr5T1mGHedTG9JegMruB3lXTPBbA/zpFYuBacl/7ZcrPhZR6tknxyQYxKQM1IhV+SGVAknT+SFvJI379l79z68z9/RnJdl9sgUvK8fdoGmjA==</latexit>

Let our observable of interest be Z, then:

<latexit sha1_base64="21/AYStvLISqrcqVpofLVyBQH3Q="></latexit>

| (✓)i = e�i✓2Xe�i✓1Y |0i

<latexit sha1_base64="qTGvlhpquKEyK8uIr4G3F+XSFFg="></latexit>

r✓1F (✓) = 2 Re(h0| ei✓1Y ei✓2XZe�i✓2X(�iY )e�i✓1Y |0i)
<latexit sha1_base64="eM7l3T9gzh/AsQMKbpenLxsH9d0="></latexit>

r✓2F (✓) = 2 Re(h0| ei✓1Y ei✓2XZ(�iX)e�i✓2Xe�i✓1Y |0i)
<latexit sha1_base64="EwIqK/aaPGcVQuccwheBl6w2DQ4=">AAACHXicbZDJSgNBEIZ7XGPcoh492JgInsJMQPQiBLzoLYJZMBNCT6eSNOlZ6K4RwzBHn8MH8KqP4E28ik/ga9hZDibxh4aPv6qo6t+LpNBo29/W0vLK6tp6ZiO7ubW9s5vb26/pMFYcqjyUoWp4TIMUAVRRoIRGpID5noS6N7ga1esPoLQIgzscRtDyWS8QXcEZGqudOypcllzqIjxicuOnrqdYYqf3DXcAaKDQzuXtoj0WXQRnCnkyVaWd+3E7IY99CJBLpnXTsSNsJUyh4BLSrBtriBgfsB40DQbMB91Kxh9J6YlxOrQbKvMCpGP370TCfK2Hvmc6fYZ9PV8bmf/VmjF2L1qJCKIYIeCTRd1YUgzpKBXaEQo4yqEBxpUwt1LeZ4pxNNnNbIn6Qy24TrMmGWc+h0WolYrOWdG+LeXLpWlGGXJIjskpccg5KZNrUiFVwskTeSGv5M16tt6tD+tz0rpkTWcOyIysr19kU6IA</latexit>

= 2 Im h0|ZX |0i

<latexit sha1_base64="uH+HOK1eiOsqaMMdiw2DvWapKxU=">AAACHXicbZDJSgNBEIZ7XGPcoh492JgInsJMQPQiBLzoLYJZNBNCT6eSNOlZ6K4RwzBHn8MH8KqP4E28ik/ga9hZDib6Q8PHX1VU9e9FUmi07S9rYXFpeWU1s5Zd39jc2s7t7NZ0GCsOVR7KUDU8pkGKAKooUEIjUsB8T0LdG1yM6vV7UFqEwQ0OI2j5rBeIruAMjdXOHRTOSy51ER4wufJT11MssdO7W3cAaKDQzuXtoj0W/QvOFPJkqko79+12Qh77ECCXTOumY0fYSphCwSWkWTfWEDE+YD1oGgyYD7qVjD+S0iPjdGg3VOYFSMfu74mE+VoPfc90+gz7er42Mv+rNWPsnrUSEUQxQsAni7qxpBjSUSq0IxRwlEMDjCthbqW8zxTjaLKb2RL1h1pwnWZNMs58Dn+hVio6J0X7upQvl6YZZcg+OSTHxCGnpEwuSYVUCSeP5Jm8kFfryXqz3q2PSeuCNZ3ZIzOyPn8AZfSiAQ==</latexit>

= 2 Im h0|ZY |0i

<latexit sha1_base64="1ZV00Vg2TJgAhxS2FFTj0z4ZcqQ=">AAACBXicbVDLSgNBEOyNrxhfUY9eBhPBU9gNiB4DXjxGMA9JljA7mSRDZmaXmVlhWfbsB3jVT/AmXv0Ov8DfcJLswSQWNBRV3XR3BRFn2rjut1PY2Nza3inulvb2Dw6PyscnbR3GitAWCXmougHWlDNJW4YZTruRolgEnHaC6e3M7zxRpVkoH0wSUV/gsWQjRrCx0mO1P6UmdbPqoFxxa+4caJ14OalAjuag/NMfhiQWVBrCsdY9z42Mn2JlGOE0K/VjTSNMpnhMe5ZKLKj20/nBGbqwyhCNQmVLGjRX/06kWGidiMB2CmwmetWbif95vdiMbvyUySg2VJLFolHMkQnR7Hs0ZIoSwxNLMFHM3orIBCtMjM1oaUs0STQjOivZZLzVHNZJu17zrmrufb3SqOcZFeEMzuESPLiGBtxBE1pAQMALvMKb8+y8Ox/O56K14OQzp7AE5+sXHf6Yzg==</latexit>

|0i
<latexit sha1_base64="TcY71ptvru14edwo77AmOSl9ln0=">AAACDXicbVDLSsNAFJ34rPXRqEs3g61QNyUJiC4LblxWsQ9oQ5hMJ+3QyYOZGyGEfoMf4FY/wZ249Rv8An/DaZuFbT1w4XDOvZzL8RPBFVjWt7GxubW9s1vaK+8fHB5VzOOTjopTSVmbxiKWPZ8oJnjE2sBBsF4iGQl9wbr+5Hbmd5+YVDyOHiFLmBuSUcQDTgloyTMrtQevVx/AmAHxnMuaZ1athjUHXid2QaqoQMszfwbDmKYhi4AKolTfthJwcyKBU8Gm5UGqWELohIxYX9OIhEy5+fzxKb7QyhAHsdQTAZ6rfy9yEiqVhb7eDAmM1ao3E//z+ikEN27OoyQFFtFFUJAKDDGetYCHXDIKItOEUMn1r5iOiSQUdFdLKck4U5yqaVk3Y6/2sE46TsO+alj3TrXpFB2V0Bk6R3Vko2vURHeohdqIohS9oFf0Zjwb78aH8blY3TCKm1O0BOPrFxMQmtA=</latexit>

RX(✓2)
<latexit sha1_base64="xazZUp85w4nWwQ3U91dBgHWwsQE=">AAACDXicbVDLSsNAFJ3UV62PRl26CbZC3ZSkILosuHFZxT6kDWEynbRDJ5MwcyOE0G/wA9zqJ7gTt36DX+BvOG2zsK0HLhzOuZdzOX7MmQLb/jYKG5tb2zvF3dLe/sFh2Tw67qgokYS2ScQj2fOxopwJ2gYGnPZiSXHoc9r1Jzczv/tEpWKReIA0pm6IR4IFjGDQkmeWq/feY20AYwrYcy6qnlmx6/Yc1jpxclJBOVqe+TMYRiQJqQDCsVJ9x47BzbAERjidlgaJojEmEzyifU0FDqlys/njU+tcK0MriKQeAdZc/XuR4VCpNPT1ZohhrFa9mfif108guHYzJuIEqCCLoCDhFkTWrAVryCQlwFNNMJFM/2qRMZaYgO5qKSUep4oRNS3pZpzVHtZJp1F3Luv2XaPSbOQdFdEpOkM15KAr1ES3qIXaiKAEvaBX9GY8G+/Gh/G5WC0Y+c0JWoLx9QsTGZrQ</latexit>

RY (✓1)

The nuance of quantum gradients

<latexit sha1_base64="g/2Qb9WZ6TvWFuzg/MeSuSy4iqk=">AAACHnicbZDNSkJBFMfn2pfZl9WyzZAGLULuFaI2gdSmpVF+gIrMHY86OHfuZebcQMRtz9EDtK1HaBdt6wl6jUa9i9T+MPDjf87hnPn7kRQGXffbSa2srq1vpDczW9s7u3vZ/YOqCWPNocJDGeq6zwxIoaCCAiXUIw0s8CXU/MHNpF57BG1EqB5wGEErYD0luoIztFY7S+8BUagezTexD8ja3hlNqEivqJtvZ3NuwZ2KLoOXQI4kKrezP81OyOMAFHLJjGl4boStEdMouIRxphkbiBgfsB40LCoWgGmNpj8Z0xPrdGg31PYppFP378SIBcYMA992Bgz7ZrE2Mf+rNWLsXrZGQkUxguKzRd1YUgzpJBbaERo4yqEFxrWwt1LeZ5pxtOHNbYn6QyO4GWdsMt5iDstQLRa884J7V8yVrpOM0uSIHJNT4pELUiK3pEwqhJMn8kJeyZvz7Lw7H87nrDXlJDOHZE7O1y8adKEp</latexit>
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<latexit sha1_base64="K9gWbzDlwiqAf+LyAT0Q98YWaG8=">AAACCnicbZBLSgNBEIZr4ivGV9Slm8ZEEBdxJiC6DLhxI0QwD0jG0NPpSRp7epruHmEYcgMP4FaP4E7ceglP4DXsPBYm8YeCj7+qqOIPJGfauO63k1tZXVvfyG8WtrZ3dveK+wdNHSeK0AaJeazaAdaUM0EbhhlO21JRHAWctoLH63G/9USVZrG4N6mkfoQHgoWMYGOth/LteZdKzbjlarlXLLkVdyK0DN4MSjBTvVf86fZjkkRUGMKx1h3PlcbPsDKMcDoqdBNNJSaPeEA7FgWOqPazydcjdGKdPgpjZUsYNHH/bmQ40jqNAjsZYTPUi72x+V+vk5jwys+YkImhgkwPhQlHJkbjCFCfKUoMTy1gopj9FZEhVpgYG9TcFTlMNSN6VLDJeIs5LEOzWvEuKu5dtVQ7m2WUhyM4hlPw4BJqcAN1aAABBS/wCm/Os/PufDif09GcM9s5hDk5X791lpqS</latexit>

M/✏2

<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]

for a single component!

11



Cost model

<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)

Each parameterized operation and its inverse = unit cost

<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j) ~
<latexit sha1_base64="RoOqhAooIIfDQ1D4SXkp+p3iuIE=">AAAB/3icbVDLSsNAFL2pr1pfVZduBltBXJSkILosuHEjVLQPaEOZTCft0MkkzEyEELrwA9zqJ7gTt36KX+BvOE2zsK0HLhzOuZd77/EizpS27W+rsLa+sblV3C7t7O7tH5QPj9oqjCWhLRLyUHY9rChngrY005x2I0lx4HHa8SY3M7/zRKVioXjUSUTdAI8E8xnB2kgP1bvqoFyxa3YGtEqcnFQgR3NQ/ukPQxIHVGjCsVI9x460m2KpGeF0WurHikaYTPCI9gwVOKDKTbNTp+jMKEPkh9KU0ChT/06kOFAqCTzTGWA9VsveTPzP68Xav3ZTJqJYU0Hmi/yYIx2i2d9oyCQlmieGYCKZuRWRMZaYaJPOwpZonChG1LRkknGWc1gl7XrNuazZ9/VK4yLPqAgncArn4MAVNOAWmtACAiN4gVd4s56td+vD+py3Fqx85hgWYH39AjsUlg8=</latexit>

M

<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i ~
<latexit sha1_base64="K9gWbzDlwiqAf+LyAT0Q98YWaG8=">AAACCnicbZBLSgNBEIZr4ivGV9Slm8ZEEBdxJiC6DLhxI0QwD0jG0NPpSRp7epruHmEYcgMP4FaP4E7ceglP4DXsPBYm8YeCj7+qqOIPJGfauO63k1tZXVvfyG8WtrZ3dveK+wdNHSeK0AaJeazaAdaUM0EbhhlO21JRHAWctoLH63G/9USVZrG4N6mkfoQHgoWMYGOth/LteZdKzbjlarlXLLkVdyK0DN4MSjBTvVf86fZjkkRUGMKx1h3PlcbPsDKMcDoqdBNNJSaPeEA7FgWOqPazydcjdGKdPgpjZUsYNHH/bmQ40jqNAjsZYTPUi72x+V+vk5jwys+YkImhgkwPhQlHJkbjCFCfKUoMTy1gopj9FZEhVpgYG9TcFTlMNSN6VLDJeIs5LEOzWvEuKu5dtVQ7m2WUhyM4hlPw4BJqcAN1aAABBS/wCm/Os/PufDif09GcM9s5hDk5X791lpqS</latexit>

M/✏2

<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i] ~
<latexit sha1_base64="K9gWbzDlwiqAf+LyAT0Q98YWaG8=">AAACCnicbZBLSgNBEIZr4ivGV9Slm8ZEEBdxJiC6DLhxI0QwD0jG0NPpSRp7epruHmEYcgMP4FaP4E7ceglP4DXsPBYm8YeCj7+qqOIPJGfauO63k1tZXVvfyG8WtrZ3dveK+wdNHSeK0AaJeazaAdaUM0EbhhlO21JRHAWctoLH63G/9USVZrG4N6mkfoQHgoWMYGOth/LteZdKzbjlarlXLLkVdyK0DN4MSjBTvVf86fZjkkRUGMKx1h3PlcbPsDKMcDoqdBNNJSaPeEA7FgWOqPazydcjdGKdPgpjZUsYNHH/bmQ40jqNAjsZYTPUi72x+V+vk5jwys+YkImhgkwPhQlHJkbjCFCfKUoMTy1gopj9FZEhVpgYG9TcFTlMNSN6VLDJeIs5LEOzWvEuKu5dtVQ7m2WUhyM4hlPw4BJqcAN1aAABBS/wCm/Os/PufDif09GcM9s5hDk5X791lpqS</latexit>

M/✏2

<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]

for a single component!

<latexit sha1_base64="r1RpiWVioqRbMKbNyzHCj6Dyues=">AAACDnicbVDLSsNAFJ3UV62vqEs3g60gLmoSEF0W3LgRKtgHtGmZTCft4GQmzEwKIfQf/AC3+gnuxK2/4Bf4G07bLGzrgQuHc+7lXE4QM6q043xbhbX1jc2t4nZpZ3dv/8A+PGoqkUhMGlgwIdsBUoRRThqaakbasSQoChhpBU+3U781JlJRwR91GhM/QkNOQ4qRNlLftiv3Pe+yS2JFmeA9r9K3y07VmQGuEjcnZZCj3rd/ugOBk4hwjRlSquM6sfYzJDXFjExK3USRGOEnNCQdQzmKiPKz2ecTeGaUAQyFNMM1nKl/LzIUKZVGgdmMkB6pZW8q/ud1Eh3e+BnlcaIJx/OgMGFQCzitAQ6oJFiz1BCEJTW/QjxCEmFtylpIiUepolhNSqYZd7mHVdL0qu5V1XnwyrWLvKMiOAGn4By44BrUwB2ogwbAYAxewCt4s56td+vD+pyvFqz85hgswPr6BShLm2c=</latexit>

M2/✏2~ for full gradient

11



Cost model

<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)

Each parameterized operation and its inverse = unit cost

<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j) ~
<latexit sha1_base64="RoOqhAooIIfDQ1D4SXkp+p3iuIE=">AAAB/3icbVDLSsNAFL2pr1pfVZduBltBXJSkILosuHEjVLQPaEOZTCft0MkkzEyEELrwA9zqJ7gTt36KX+BvOE2zsK0HLhzOuZd77/EizpS27W+rsLa+sblV3C7t7O7tH5QPj9oqjCWhLRLyUHY9rChngrY005x2I0lx4HHa8SY3M7/zRKVioXjUSUTdAI8E8xnB2kgP1bvqoFyxa3YGtEqcnFQgR3NQ/ukPQxIHVGjCsVI9x460m2KpGeF0WurHikaYTPCI9gwVOKDKTbNTp+jMKEPkh9KU0ChT/06kOFAqCTzTGWA9VsveTPzP68Xav3ZTJqJYU0Hmi/yYIx2i2d9oyCQlmieGYCKZuRWRMZaYaJPOwpZonChG1LRkknGWc1gl7XrNuazZ9/VK4yLPqAgncArn4MAVNOAWmtACAiN4gVd4s56td+vD+py3Fqx85hgWYH39AjsUlg8=</latexit>

M

<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i ~
<latexit sha1_base64="K9gWbzDlwiqAf+LyAT0Q98YWaG8=">AAACCnicbZBLSgNBEIZr4ivGV9Slm8ZEEBdxJiC6DLhxI0QwD0jG0NPpSRp7epruHmEYcgMP4FaP4E7ceglP4DXsPBYm8YeCj7+qqOIPJGfauO63k1tZXVvfyG8WtrZ3dveK+wdNHSeK0AaJeazaAdaUM0EbhhlO21JRHAWctoLH63G/9USVZrG4N6mkfoQHgoWMYGOth/LteZdKzbjlarlXLLkVdyK0DN4MSjBTvVf86fZjkkRUGMKx1h3PlcbPsDKMcDoqdBNNJSaPeEA7FgWOqPazydcjdGKdPgpjZUsYNHH/bmQ40jqNAjsZYTPUi72x+V+vk5jwys+YkImhgkwPhQlHJkbjCFCfKUoMTy1gopj9FZEhVpgYG9TcFTlMNSN6VLDJeIs5LEOzWvEuKu5dtVQ7m2WUhyM4hlPw4BJqcAN1aAABBS/wCm/Os/PufDif09GcM9s5hDk5X791lpqS</latexit>

M/✏2

<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i] ~
<latexit sha1_base64="K9gWbzDlwiqAf+LyAT0Q98YWaG8=">AAACCnicbZBLSgNBEIZr4ivGV9Slm8ZEEBdxJiC6DLhxI0QwD0jG0NPpSRp7epruHmEYcgMP4FaP4E7ceglP4DXsPBYm8YeCj7+qqOIPJGfauO63k1tZXVvfyG8WtrZ3dveK+wdNHSeK0AaJeazaAdaUM0EbhhlO21JRHAWctoLH63G/9USVZrG4N6mkfoQHgoWMYGOth/LteZdKzbjlarlXLLkVdyK0DN4MSjBTvVf86fZjkkRUGMKx1h3PlcbPsDKMcDoqdBNNJSaPeEA7FgWOqPazydcjdGKdPgpjZUsYNHH/bmQ40jqNAjsZYTPUi72x+V+vk5jwys+YkImhgkwPhQlHJkbjCFCfKUoMTy1gopj9FZEhVpgYG9TcFTlMNSN6VLDJeIs5LEOzWvEuKu5dtVQ7m2WUhyM4hlPw4BJqcAN1aAABBS/wCm/Os/PufDif09GcM9s5hDk5X791lpqS</latexit>

M/✏2

<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]

for a single component!

<latexit sha1_base64="r1RpiWVioqRbMKbNyzHCj6Dyues=">AAACDnicbVDLSsNAFJ3UV62vqEs3g60gLmoSEF0W3LgRKtgHtGmZTCft4GQmzEwKIfQf/AC3+gnuxK2/4Bf4G07bLGzrgQuHc+7lXE4QM6q043xbhbX1jc2t4nZpZ3dv/8A+PGoqkUhMGlgwIdsBUoRRThqaakbasSQoChhpBU+3U781JlJRwR91GhM/QkNOQ4qRNlLftiv3Pe+yS2JFmeA9r9K3y07VmQGuEjcnZZCj3rd/ugOBk4hwjRlSquM6sfYzJDXFjExK3USRGOEnNCQdQzmKiPKz2ecTeGaUAQyFNMM1nKl/LzIUKZVGgdmMkB6pZW8q/ud1Eh3e+BnlcaIJx/OgMGFQCzitAQ6oJFiz1BCEJTW/QjxCEmFtylpIiUepolhNSqYZd7mHVdL0qu5V1XnwyrWLvKMiOAGn4By44BrUwB2ogwbAYAxewCt4s56td+vD+pyvFqz85hgswPr6BShLm2c=</latexit>

M2/✏2~ for full gradient

<latexit sha1_base64="owwSg/xHM6x5sEhQK2dQiVqhSQg="></latexit>

TIME(F 0(✓)) = M2 = M TIME(F (✓))

11



Cost model

<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)

Each parameterized operation and its inverse = unit cost

<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j) ~
<latexit sha1_base64="RoOqhAooIIfDQ1D4SXkp+p3iuIE=">AAAB/3icbVDLSsNAFL2pr1pfVZduBltBXJSkILosuHEjVLQPaEOZTCft0MkkzEyEELrwA9zqJ7gTt36KX+BvOE2zsK0HLhzOuZd77/EizpS27W+rsLa+sblV3C7t7O7tH5QPj9oqjCWhLRLyUHY9rChngrY005x2I0lx4HHa8SY3M7/zRKVioXjUSUTdAI8E8xnB2kgP1bvqoFyxa3YGtEqcnFQgR3NQ/ukPQxIHVGjCsVI9x460m2KpGeF0WurHikaYTPCI9gwVOKDKTbNTp+jMKEPkh9KU0ChT/06kOFAqCTzTGWA9VsveTPzP68Xav3ZTJqJYU0Hmi/yYIx2i2d9oyCQlmieGYCKZuRWRMZaYaJPOwpZonChG1LRkknGWc1gl7XrNuazZ9/VK4yLPqAgncArn4MAVNOAWmtACAiN4gVd4s56td+vD+py3Fqx85hgWYH39AjsUlg8=</latexit>

M

<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i ~
<latexit sha1_base64="K9gWbzDlwiqAf+LyAT0Q98YWaG8=">AAACCnicbZBLSgNBEIZr4ivGV9Slm8ZEEBdxJiC6DLhxI0QwD0jG0NPpSRp7epruHmEYcgMP4FaP4E7ceglP4DXsPBYm8YeCj7+qqOIPJGfauO63k1tZXVvfyG8WtrZ3dveK+wdNHSeK0AaJeazaAdaUM0EbhhlO21JRHAWctoLH63G/9USVZrG4N6mkfoQHgoWMYGOth/LteZdKzbjlarlXLLkVdyK0DN4MSjBTvVf86fZjkkRUGMKx1h3PlcbPsDKMcDoqdBNNJSaPeEA7FgWOqPazydcjdGKdPgpjZUsYNHH/bmQ40jqNAjsZYTPUi72x+V+vk5jwys+YkImhgkwPhQlHJkbjCFCfKUoMTy1gopj9FZEhVpgYG9TcFTlMNSN6VLDJeIs5LEOzWvEuKu5dtVQ7m2WUhyM4hlPw4BJqcAN1aAABBS/wCm/Os/PufDif09GcM9s5hDk5X791lpqS</latexit>

M/✏2

<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i] ~
<latexit sha1_base64="K9gWbzDlwiqAf+LyAT0Q98YWaG8=">AAACCnicbZBLSgNBEIZr4ivGV9Slm8ZEEBdxJiC6DLhxI0QwD0jG0NPpSRp7epruHmEYcgMP4FaP4E7ceglP4DXsPBYm8YeCj7+qqOIPJGfauO63k1tZXVvfyG8WtrZ3dveK+wdNHSeK0AaJeazaAdaUM0EbhhlO21JRHAWctoLH63G/9USVZrG4N6mkfoQHgoWMYGOth/LteZdKzbjlarlXLLkVdyK0DN4MSjBTvVf86fZjkkRUGMKx1h3PlcbPsDKMcDoqdBNNJSaPeEA7FgWOqPazydcjdGKdPgpjZUsYNHH/bmQ40jqNAjsZYTPUi72x+V+vk5jwys+YkImhgkwPhQlHJkbjCFCfKUoMTy1gopj9FZEhVpgYG9TcFTlMNSN6VLDJeIs5LEOzWvEuKu5dtVQ7m2WUhyM4hlPw4BJqcAN1aAABBS/wCm/Os/PufDif09GcM9s5hDk5X791lpqS</latexit>

M/✏2

<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]

for a single component!

<latexit sha1_base64="r1RpiWVioqRbMKbNyzHCj6Dyues=">AAACDnicbVDLSsNAFJ3UV62vqEs3g60gLmoSEF0W3LgRKtgHtGmZTCft4GQmzEwKIfQf/AC3+gnuxK2/4Bf4G07bLGzrgQuHc+7lXE4QM6q043xbhbX1jc2t4nZpZ3dv/8A+PGoqkUhMGlgwIdsBUoRRThqaakbasSQoChhpBU+3U781JlJRwR91GhM/QkNOQ4qRNlLftiv3Pe+yS2JFmeA9r9K3y07VmQGuEjcnZZCj3rd/ugOBk4hwjRlSquM6sfYzJDXFjExK3USRGOEnNCQdQzmKiPKz2ecTeGaUAQyFNMM1nKl/LzIUKZVGgdmMkB6pZW8q/ud1Eh3e+BnlcaIJx/OgMGFQCzitAQ6oJFiz1BCEJTW/QjxCEmFtylpIiUepolhNSqYZd7mHVdL0qu5V1XnwyrWLvKMiOAGn4By44BrUwB2ogwbAYAxewCt4s56td+vD+pyvFqz85hgswPr6BShLm2c=</latexit>

M2/✏2~ for full gradient

<latexit sha1_base64="owwSg/xHM6x5sEhQK2dQiVqhSQg="></latexit>

TIME(F 0(✓)) = M2 = M TIME(F (✓))
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Cost model

<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)

Each parameterized operation and its inverse = unit cost

<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j) ~
<latexit sha1_base64="RoOqhAooIIfDQ1D4SXkp+p3iuIE=">AAAB/3icbVDLSsNAFL2pr1pfVZduBltBXJSkILosuHEjVLQPaEOZTCft0MkkzEyEELrwA9zqJ7gTt36KX+BvOE2zsK0HLhzOuZd77/EizpS27W+rsLa+sblV3C7t7O7tH5QPj9oqjCWhLRLyUHY9rChngrY005x2I0lx4HHa8SY3M7/zRKVioXjUSUTdAI8E8xnB2kgP1bvqoFyxa3YGtEqcnFQgR3NQ/ukPQxIHVGjCsVI9x460m2KpGeF0WurHikaYTPCI9gwVOKDKTbNTp+jMKEPkh9KU0ChT/06kOFAqCTzTGWA9VsveTPzP68Xav3ZTJqJYU0Hmi/yYIx2i2d9oyCQlmieGYCKZuRWRMZaYaJPOwpZonChG1LRkknGWc1gl7XrNuazZ9/VK4yLPqAgncArn4MAVNOAWmtACAiN4gVd4s56td+vD+py3Fqx85hgWYH39AjsUlg8=</latexit>

M

~
<latexit sha1_base64="K9gWbzDlwiqAf+LyAT0Q98YWaG8=">AAACCnicbZBLSgNBEIZr4ivGV9Slm8ZEEBdxJiC6DLhxI0QwD0jG0NPpSRp7epruHmEYcgMP4FaP4E7ceglP4DXsPBYm8YeCj7+qqOIPJGfauO63k1tZXVvfyG8WtrZ3dveK+wdNHSeK0AaJeazaAdaUM0EbhhlO21JRHAWctoLH63G/9USVZrG4N6mkfoQHgoWMYGOth/LteZdKzbjlarlXLLkVdyK0DN4MSjBTvVf86fZjkkRUGMKx1h3PlcbPsDKMcDoqdBNNJSaPeEA7FgWOqPazydcjdGKdPgpjZUsYNHH/bmQ40jqNAjsZYTPUi72x+V+vk5jwys+YkImhgkwPhQlHJkbjCFCfKUoMTy1gopj9FZEhVpgYG9TcFTlMNSN6VLDJeIs5LEOzWvEuKu5dtVQ7m2WUhyM4hlPw4BJqcAN1aAABBS/wCm/Os/PufDif09GcM9s5hDk5X791lpqS</latexit>

M/✏2

<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i] ~
<latexit sha1_base64="K9gWbzDlwiqAf+LyAT0Q98YWaG8=">AAACCnicbZBLSgNBEIZr4ivGV9Slm8ZEEBdxJiC6DLhxI0QwD0jG0NPpSRp7epruHmEYcgMP4FaP4E7ceglP4DXsPBYm8YeCj7+qqOIPJGfauO63k1tZXVvfyG8WtrZ3dveK+wdNHSeK0AaJeazaAdaUM0EbhhlO21JRHAWctoLH63G/9USVZrG4N6mkfoQHgoWMYGOth/LteZdKzbjlarlXLLkVdyK0DN4MSjBTvVf86fZjkkRUGMKx1h3PlcbPsDKMcDoqdBNNJSaPeEA7FgWOqPazydcjdGKdPgpjZUsYNHH/bmQ40jqNAjsZYTPUi72x+V+vk5jwys+YkImhgkwPhQlHJkbjCFCfKUoMTy1gopj9FZEhVpgYG9TcFTlMNSN6VLDJeIs5LEOzWvEuKu5dtVQ7m2WUhyM4hlPw4BJqcAN1aAABBS/wCm/Os/PufDif09GcM9s5hDk5X791lpqS</latexit>

M/✏2

<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]

for a single component!

<latexit sha1_base64="r1RpiWVioqRbMKbNyzHCj6Dyues=">AAACDnicbVDLSsNAFJ3UV62vqEs3g60gLmoSEF0W3LgRKtgHtGmZTCft4GQmzEwKIfQf/AC3+gnuxK2/4Bf4G07bLGzrgQuHc+7lXE4QM6q043xbhbX1jc2t4nZpZ3dv/8A+PGoqkUhMGlgwIdsBUoRRThqaakbasSQoChhpBU+3U781JlJRwR91GhM/QkNOQ4qRNlLftiv3Pe+yS2JFmeA9r9K3y07VmQGuEjcnZZCj3rd/ugOBk4hwjRlSquM6sfYzJDXFjExK3USRGOEnNCQdQzmKiPKz2ecTeGaUAQyFNMM1nKl/LzIUKZVGgdmMkB6pZW8q/ud1Eh3e+BnlcaIJx/OgMGFQCzitAQ6oJFiz1BCEJTW/QjxCEmFtylpIiUepolhNSqYZd7mHVdL0qu5V1XnwyrWLvKMiOAGn4By44BrUwB2ogwbAYAxewCt4s56td+vD+pyvFqz85hgswPr6BShLm2c=</latexit>

M2/✏2~ for full gradient

<latexit sha1_base64="nr9R96FQ+VDBZ7V5HD5givhSZmQ=">AAACK3icbVDLSgNBEJz1GeMr6tHLYCImgmE3IHoURNGDoGAekF3C7GRihszuDjO94hLyFX6HH+BVP8GT4lX8DSdxERMtaCiquunu8qXgGmz71Zqanpmdm88sZBeXlldWc2vrNR3FirIqjUSkGj7RTPCQVYGDYA2pGAl8wep+73jo12+Z0jwKryGRzAvITcg7nBIwUiu3d31+cVIonu4UXegyIKUSdomUKrpzcSH1fqxCK5e3y/YI+C9xUpJHKS5buU+3HdE4YCFQQbRuOrYEr08UcCrYIOvGmklCe+SGNQ0NScC01x+9NcDbRmnjTqRMhYBH6u+JPgm0TgLfdAYEunrSG4r/ec0YOoden4cyBhbS70WdWGCI8DAj3OaKURCJIYQqbm7FtEsUoWCSHNsiu4nmVA+yJhlnMoe/pFYpO/tl+6qSP9pNM8qgTbSFishBB+gInaFLVEUU3aNH9ISerQfrxXqz3r9bp6x0ZgONwfr4AmAUpKo=</latexit>

TIME(F 0(✓)) ⇡ TIME(F (✓)) Classical
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It is a big deal

1 0 2

1 0 3

1 0 4

1 0 5

1 0 6

1 0 7

Time 

N
um

be
r 

of
 p

ar
am

et
er

s

10 seconds 1 minute 1 hour 1 day 10 days

100 

750 

3650 

240 

2 000 

9 000 

30 000

150 000 

3 000 000 

25 000 000 Quantum backpropagation

Parameter-shift rule

Babbush, Ryan, Jarrod R. McClean, Michael Newman, Craig Gidney, Sergio Boixo, and Hartmut Neven. "Focus beyond quadratic speedups for error-corrected quantum 
advantage." PRX Quantum 2, no. 1 (2021): 010103.
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Quantum model settings
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Quantum model settings

1. Input state is known
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Quantum model settings

1. Input state is known

<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)
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Quantum model settings

1. Input state is known 2. Input state is unknown

<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)
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Quantum model settings

1. Input state is known 2. Input state is unknown

<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)
<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
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Quantum model settings

1. Input state is known 2. Input state is unknown

<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)
<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i

…

a) Single copy access

<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i

14



Quantum model settings

1. Input state is known 2. Input state is unknown

<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)
<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i

……

a) Single copy access b) Multi-copy access

<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
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Quantum model settings

1. Input state is known 2. Input state is unknown

<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)
<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i

……

a) Single copy access b) Multi-copy access

<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
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1. Input state is known 2. Input state is unknown

<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)
<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i

……

a) Single copy access b) Multi-copy access

<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i

Backpropagation scaling is not possible
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1. Input state is known 2. Input state is unknown

<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)
<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i

……

a) Single copy access b) Multi-copy access

<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i

Backpropagation scaling is not possible

S. Chen, J. Cotler, H. -Y. Huang and J. Li, "Exponential Separations Between Learning With and Without Quantum Memory," 2021 IEEE 62nd 
Annual Symposium on Foundations of Computer Science (FOCS), Denver, CO, USA, 2022, pp. 574-585, doi: 10.1109/FOCS52979.2021.00063.
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<latexit sha1_base64="2N7Ytntd47IzcnSSpJiT5LJIy4s="></latexit>

Let O = I and U(✓) =
QM

j=1 e
�i✓jPj , then F (✓) =tr[U(✓)⇢U(✓)†]

and then set  θ = 0



1. Input state is known 2. Input state is unknown

<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)
<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i

……

a) Single copy access b) Multi-copy access

<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i

Backpropagation scaling is not possible

S. Chen, J. Cotler, H. -Y. Huang and J. Li, "Exponential Separations Between Learning With and Without Quantum Memory," 2021 IEEE 62nd 
Annual Symposium on Foundations of Computer Science (FOCS), Denver, CO, USA, 2022, pp. 574-585, doi: 10.1109/FOCS52979.2021.00063.
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1. Input state is known 2. Input state is unknown

<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)
<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i

……

a) Single copy access b) Multi-copy access

<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i

Backpropagation scaling is not possible

S. Chen, J. Cotler, H. -Y. Huang and J. Li, "Exponential Separations Between Learning With and Without Quantum Memory," 2021 IEEE 62nd 
Annual Symposium on Foundations of Computer Science (FOCS), Denver, CO, USA, 2022, pp. 574-585, doi: 10.1109/FOCS52979.2021.00063.

<latexit sha1_base64="owwSg/xHM6x5sEhQK2dQiVqhSQg="></latexit>

TIME(F 0(✓)) = M2 = M TIME(F (✓))
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1. Input state is known 2. Input state is unknown

<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)
<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i

……

a) Single copy access b) Multi-copy access

<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i

Backpropagation scaling is not possible
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1. Input state is known 2. Input state is unknown

<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)
<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i

……

a) Single copy access b) Multi-copy access

<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i

Quantum model settings
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1. Input state is known 2. Input state is unknown

<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)
<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i

……

a) Single copy access b) Multi-copy access

<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
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F (✓) = h (✓)|O| (✓)i

Huang, Hsin-Yuan, Richard Kueng, and John Preskill. "Predicting many properties of a quantum system from very few measurements." Nature Physics 16.10 (2020): 1050-1057.

Ji, Zhengfeng, Yi-Kai Liu, and Fang Song. "Pseudorandom quantum states." Advances in Cryptology–CRYPTO 2018: 38th Annual International Cryptology 
Conference, Santa Barbara, CA, USA, August 19–23, 2018, Proceedings, Part III 38. Springer International Publishing, 2018.

Quantum model settings
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Single copies, pure state of poly complexity
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<latexit sha1_base64="rOpGyGd8B5i0heCaQ67TASdTnAY="></latexit>

Let ⇢ = | ih |, where | i is a state generated from a polynomial complexity circuit

Single copies, pure state of poly complexity
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<latexit sha1_base64="rOpGyGd8B5i0heCaQ67TASdTnAY="></latexit>

Let ⇢ = | ih |, where | i is a state generated from a polynomial complexity circuit

Single copies, pure state of poly complexity

1. Can learn the circuit efficiently info-theoretically (using classical shadows) 
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<latexit sha1_base64="rOpGyGd8B5i0heCaQ67TASdTnAY="></latexit>

Let ⇢ = | ih |, where | i is a state generated from a polynomial complexity circuit

Single copies, pure state of poly complexity

1. Can learn the circuit efficiently info-theoretically (using classical shadows) 

2. Cannot determine said state efficiently, computationally (in general)
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<latexit sha1_base64="kXq1g3kL8syPRhknMKTneND97nw="></latexit>

K = (nG)2p(n) possible circuits

<latexit sha1_base64="rOpGyGd8B5i0heCaQ67TASdTnAY="></latexit>

Let ⇢ = | ih |, where | i is a state generated from a polynomial complexity circuit
<latexit sha1_base64="Fj8rH4tdI5tj7bIfAUl/V0SYuK0=">AAACEHicbVDLTgIxFO3gC/E14tJNI5igCzJDYnRJ4sYlJvJIYCSdUqCh02najmEymZ/wA9zqJ7gzbv0Dv8DfsMAsBDzJTU7OuTfn5viCUaUd59vKbWxube/kdwt7+weHR/ZxsaXCSGLSxCELZcdHijDKSVNTzUhHSIICn5G2P7md+e0nIhUN+YOOBfECNOJ0SDHSRurbxXIPCSHDKeSPiajwi7Tct0tO1ZkDrhM3IyWQodG3f3qDEEcB4RozpFTXdYT2EiQ1xYykhV6kiEB4gkakayhHAVFeMv89hedGGcBhKM1wDefq34sEBUrFgW82A6THatWbif953UgPb7yEchFpwvEiaBgxqEM4KwIOqCRYs9gQhCU1v0I8RhJhbepaShHjWFGs0oJpxl3tYZ20alX3qurc10r1y6yjPDgFZ6ACXHAN6uAONEATYDAFL+AVvFnP1rv1YX0uVnNWdnMClmB9/QJCLpyS</latexit>

⇡ np(n)

Single copies, pure state of poly complexity
<latexit sha1_base64="26gJ/if1JY3aAkRvE/paW8A15Sk="></latexit>

possible circuits. Denote the states by |�1i , |�2i , ..., |�Ki

17



<latexit sha1_base64="kXq1g3kL8syPRhknMKTneND97nw="></latexit>

K = (nG)2p(n) possible circuits
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⇡ np(n)

Single copies, pure state of poly complexity
<latexit sha1_base64="26gJ/if1JY3aAkRvE/paW8A15Sk="></latexit>

possible circuits. Denote the states by |�1i , |�2i , ..., |�Ki
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<latexit sha1_base64="kXq1g3kL8syPRhknMKTneND97nw="></latexit>

K = (nG)2p(n) possible circuits

Huang, Hsin-Yuan, Richard Kueng, and John Preskill. "Predicting many properties of a quantum system from very few measurements." Nature 
Physics 16.10 (2020): 1050-1057.

<latexit sha1_base64="rOpGyGd8B5i0heCaQ67TASdTnAY="></latexit>

Let ⇢ = | ih |, where | i is a state generated from a polynomial complexity circuit

Classical shadows method to estimate the fidelity w.r.t. all K states using a “shadow” of ρ
<latexit sha1_base64="63THGDCun6Ub3lV6DYShg/4l+qg=">AAACG3icbZDLSsNAFIYn9VbrLepShGAriIuSFESXBTcuK9gLNDFMppNm6CQZZiZCSLPyOXwAt/oI7sStC5/A13DSZmGrPwx8/OcczpnfY5QIaZpfWmVldW19o7pZ29re2d3T9w96Ik44wl0U05gPPCgwJRHuSiIpHjCOYehR3Pcm10W9/4C5IHF0J1OGnRCOI+ITBKWyXP24MbU9DjObBcS1cnuCpWJB8ul9q1Fz9brZNGcy/oJVQh2U6rj6tz2KURLiSCIKhRhaJpNOBrkkiOK8ZicCM4gmcIyHCiMYYuFks2/kxqlyRoYfc/Uiaczc3xMZDIVIQ091hlAGYrlWmP/Vhon0r5yMRCyROELzRX5CDRkbRSbGiHCMJE0VQMSJutVAAeQQSZXcwhYWpIIgkRfJWMs5/IVeq2ldNM3bVr19XmZUBUfgBJwBC1yCNrgBHdAFCDyCZ/ACXrUn7U171z7mrRWtnDkEC9I+fwBxgaF/</latexit>

| h�1| i |2
<latexit sha1_base64="SbDgqn+hInLNmwrGZCv27Ug3QGo=">AAACG3icbZDLSsNAFIYn9VbrLepShGAriIuSBESXBTcuK9gLNDFMppNm6GQSZiZCSLPyOXwAt/oI7sStC5/A13DSdmGrPwx8/OcczpnfTygR0jS/tMrK6tr6RnWztrW9s7un7x90RZxyhDsopjHv+1BgShjuSCIp7iccw8inuOePr8t67wFzQWJ2J7MEuxEcMRIQBKWyPP24MXF8DnMnCYlnF84YS8WCFJN7u1Hz9LrZNKcy/oI1hzqYq+3p384wRmmEmUQUCjGwzES6OeSSIIqLmpMKnEA0hiM8UMhghIWbT79RGKfKGRpBzNVj0pi6vydyGAmRRb7qjKAMxXKtNP+rDVIZXLk5YUkqMUOzRUFKDRkbZSbGkHCMJM0UQMSJutVAIeQQSZXcwpYkzARBoiiTsZZz+Atdu2ldNM1bu946n2dUBUfgBJwBC1yCFrgBbdABCDyCZ/ACXrUn7U171z5mrRVtPnMIFqR9/gBzKqGA</latexit>

| h�2| i |2

<latexit sha1_base64="e6B6Xo0Cm6yhxKA2aX4mkTmrCyg=">AAACG3icbZDLSsNAFIYn9VbrLepShGAriIuSFESXBTeCmwr2Ak0Mk+mkHTpJhpmJENKsfA4fwK0+gjtx68In8DWctFnY1h8GPv5zDufM7zFKhDTNb620srq2vlHerGxt7+zu6fsHHRHFHOE2imjEex4UmJIQtyWRFPcYxzDwKO564+u83n3EXJAovJcJw04AhyHxCYJSWa5+XJvYHoepzUbEvc3sMZaKBckmD41axdWrZt2cylgGq4AqKNRy9R97EKE4wKFEFArRt0wmnRRySRDFWcWOBWYQjeEQ9xWGMMDCSaffyIxT5QwMP+LqhdKYun8nUhgIkQSe6gygHInFWm7+V+vH0r9yUhKyWOIQzRb5MTVkZOSZGAPCMZI0UQARJ+pWA40gh0iq5Oa2sFEiCBJZnoy1mMMydBp166Ju3jWqzfMiozI4AifgDFjgEjTBDWiBNkDgCbyAV/CmPWvv2of2OWstacXMIZiT9vULnKuhmQ==</latexit>

| h�K | i |2

<latexit sha1_base64="TuLZs9Pw0TXUNI+jd7MLkzYsuks=">AAACBXicbVDLSsNAFJ3UV62vqks3g60gLkpSEF0W3LisYB/ShjKZTNqh8wgzk0IoXfsBbvUT3Ilbv8Mv8DectFnY1gMXDufcy733BDGj2rjut1PY2Nza3inulvb2Dw6PyscnbS0ThUkLSyZVN0CaMCpIy1DDSDdWBPGAkU4wvsv8zoQoTaV4NGlMfI6GgkYUI2Olp2p/Ekqjq6VBueLW3DngOvFyUgE5moPyTz+UOOFEGMyQ1j3PjY0/RcpQzMis1E80iREeoyHpWSoQJ9qfzg+ewQurhDCSypYwcK7+nZgirnXKA9vJkRnpVS8T//N6iYlu/SkVcWKIwItFUcKgkTD7HoZUEWxYagnCitpbIR4hhbCxGS1tiUeppljPsmS81RzWSbte865r7kO90rjKMyqCM3AOLoEHbkAD3IMmaAEMOHgBr+DNeXbenQ/nc9FacPKZU7AE5+sXy+aYlA==</latexit>...

<latexit sha1_base64="Fj8rH4tdI5tj7bIfAUl/V0SYuK0=">AAACEHicbVDLTgIxFO3gC/E14tJNI5igCzJDYnRJ4sYlJvJIYCSdUqCh02najmEymZ/wA9zqJ7gzbv0Dv8DfsMAsBDzJTU7OuTfn5viCUaUd59vKbWxube/kdwt7+weHR/ZxsaXCSGLSxCELZcdHijDKSVNTzUhHSIICn5G2P7md+e0nIhUN+YOOBfECNOJ0SDHSRurbxXIPCSHDKeSPiajwi7Tct0tO1ZkDrhM3IyWQodG3f3qDEEcB4RozpFTXdYT2EiQ1xYykhV6kiEB4gkakayhHAVFeMv89hedGGcBhKM1wDefq34sEBUrFgW82A6THatWbif953UgPb7yEchFpwvEiaBgxqEM4KwIOqCRYs9gQhCU1v0I8RhJhbepaShHjWFGs0oJpxl3tYZ20alX3qurc10r1y6yjPDgFZ6ACXHAN6uAONEATYDAFL+AVvFnP1rv1YX0uVnNWdnMClmB9/QJCLpyS</latexit>

⇡ np(n)

Single copies, pure state of poly complexity
<latexit sha1_base64="26gJ/if1JY3aAkRvE/paW8A15Sk="></latexit>

possible circuits. Denote the states by |�1i , |�2i , ..., |�Ki

17



<latexit sha1_base64="kXq1g3kL8syPRhknMKTneND97nw="></latexit>

K = (nG)2p(n) possible circuits

Huang, Hsin-Yuan, Richard Kueng, and John Preskill. "Predicting many properties of a quantum system from very few measurements." Nature 
Physics 16.10 (2020): 1050-1057.

<latexit sha1_base64="rOpGyGd8B5i0heCaQ67TASdTnAY="></latexit>

Let ⇢ = | ih |, where | i is a state generated from a polynomial complexity circuit

Classical shadows method to estimate the fidelity w.r.t. all K states using a “shadow” of ρ

<latexit sha1_base64="xsOoILLf85yN3tWiR0h/pKdv5S8=">AAACGnicbVDLSgNBEJz1GeMr6lEPi4mQeIi7AdFjwIvgwQjmAdk1zE46yZDZmWVmVlhCLn6HH+BVP8GbePXiF/gbTh4Hk1jQUFR1090VRIwq7Tjf1tLyyuraemojvbm1vbOb2duvKRFLAlUimJCNACtglENVU82gEUnAYcCgHvSvRn79EaSigt/rJAI/xF1OO5RgbaRW5ijn3YbQxXmPiW7+pnDmQaQoE/yhVMi1Mlmn6IxhLxJ3SrJoikor8+O1BYlD4JowrFTTdSLtD7DUlDAYpr1YQYRJH3ehaSjHISh/MP5iaJ8YpW13hDTFtT1W/04McKhUEgamM8S6p+a9kfif14x159IfUB7FGjiZLOrEzNbCHkVit6kEolliCCaSmltt0sMSE22Cm9kS9RJFiRqmTTLufA6LpFYquudF566ULZ9OM0qhQ3SM8shFF6iMrlEFVRFBT+gFvaI369l6tz6sz0nrkjWdOUAzsL5+AY6vn9I=</latexit>

⌦(log(K)/✏2)

<latexit sha1_base64="63THGDCun6Ub3lV6DYShg/4l+qg=">AAACG3icbZDLSsNAFIYn9VbrLepShGAriIuSFESXBTcuK9gLNDFMppNm6CQZZiZCSLPyOXwAt/oI7sStC5/A13DSZmGrPwx8/OcczpnfY5QIaZpfWmVldW19o7pZ29re2d3T9w96Ik44wl0U05gPPCgwJRHuSiIpHjCOYehR3Pcm10W9/4C5IHF0J1OGnRCOI+ITBKWyXP24MbU9DjObBcS1cnuCpWJB8ul9q1Fz9brZNGcy/oJVQh2U6rj6tz2KURLiSCIKhRhaJpNOBrkkiOK8ZicCM4gmcIyHCiMYYuFks2/kxqlyRoYfc/Uiaczc3xMZDIVIQ091hlAGYrlWmP/Vhon0r5yMRCyROELzRX5CDRkbRSbGiHCMJE0VQMSJutVAAeQQSZXcwhYWpIIgkRfJWMs5/IVeq2ldNM3bVr19XmZUBUfgBJwBC1yCNrgBHdAFCDyCZ/ACXrUn7U171z7mrRWtnDkEC9I+fwBxgaF/</latexit>

| h�1| i |2
<latexit sha1_base64="SbDgqn+hInLNmwrGZCv27Ug3QGo=">AAACG3icbZDLSsNAFIYn9VbrLepShGAriIuSBESXBTcuK9gLNDFMppNm6GQSZiZCSLPyOXwAt/oI7sStC5/A13DSdmGrPwx8/OcczpnfTygR0jS/tMrK6tr6RnWztrW9s7un7x90RZxyhDsopjHv+1BgShjuSCIp7iccw8inuOePr8t67wFzQWJ2J7MEuxEcMRIQBKWyPP24MXF8DnMnCYlnF84YS8WCFJN7u1Hz9LrZNKcy/oI1hzqYq+3p384wRmmEmUQUCjGwzES6OeSSIIqLmpMKnEA0hiM8UMhghIWbT79RGKfKGRpBzNVj0pi6vydyGAmRRb7qjKAMxXKtNP+rDVIZXLk5YUkqMUOzRUFKDRkbZSbGkHCMJM0UQMSJutVAIeQQSZXcwpYkzARBoiiTsZZz+Atdu2ldNM1bu946n2dUBUfgBJwBC1yCFrgBbdABCDyCZ/ACXrUn7U171z5mrRVtPnMIFqR9/gBzKqGA</latexit>

| h�2| i |2

<latexit sha1_base64="e6B6Xo0Cm6yhxKA2aX4mkTmrCyg=">AAACG3icbZDLSsNAFIYn9VbrLepShGAriIuSFESXBTeCmwr2Ak0Mk+mkHTpJhpmJENKsfA4fwK0+gjtx68In8DWctFnY1h8GPv5zDufM7zFKhDTNb620srq2vlHerGxt7+zu6fsHHRHFHOE2imjEex4UmJIQtyWRFPcYxzDwKO564+u83n3EXJAovJcJw04AhyHxCYJSWa5+XJvYHoepzUbEvc3sMZaKBckmD41axdWrZt2cylgGq4AqKNRy9R97EKE4wKFEFArRt0wmnRRySRDFWcWOBWYQjeEQ9xWGMMDCSaffyIxT5QwMP+LqhdKYun8nUhgIkQSe6gygHInFWm7+V+vH0r9yUhKyWOIQzRb5MTVkZOSZGAPCMZI0UQARJ+pWA40gh0iq5Oa2sFEiCBJZnoy1mMMydBp166Ju3jWqzfMiozI4AifgDFjgEjTBDWiBNkDgCbyAV/CmPWvv2of2OWstacXMIZiT9vULnKuhmQ==</latexit>

| h�K | i |2

<latexit sha1_base64="TuLZs9Pw0TXUNI+jd7MLkzYsuks=">AAACBXicbVDLSsNAFJ3UV62vqks3g60gLkpSEF0W3LisYB/ShjKZTNqh8wgzk0IoXfsBbvUT3Ilbv8Mv8DectFnY1gMXDufcy733BDGj2rjut1PY2Nza3inulvb2Dw6PyscnbS0ThUkLSyZVN0CaMCpIy1DDSDdWBPGAkU4wvsv8zoQoTaV4NGlMfI6GgkYUI2Olp2p/Ekqjq6VBueLW3DngOvFyUgE5moPyTz+UOOFEGMyQ1j3PjY0/RcpQzMis1E80iREeoyHpWSoQJ9qfzg+ewQurhDCSypYwcK7+nZgirnXKA9vJkRnpVS8T//N6iYlu/SkVcWKIwItFUcKgkTD7HoZUEWxYagnCitpbIR4hhbCxGS1tiUeppljPsmS81RzWSbte865r7kO90rjKMyqCM3AOLoEHbkAD3IMmaAEMOHgBr+DNeXbenQ/nc9FacPKZU7AE5+sXy+aYlA==</latexit>... }
<latexit sha1_base64="Fj8rH4tdI5tj7bIfAUl/V0SYuK0=">AAACEHicbVDLTgIxFO3gC/E14tJNI5igCzJDYnRJ4sYlJvJIYCSdUqCh02najmEymZ/wA9zqJ7gzbv0Dv8DfsMAsBDzJTU7OuTfn5viCUaUd59vKbWxube/kdwt7+weHR/ZxsaXCSGLSxCELZcdHijDKSVNTzUhHSIICn5G2P7md+e0nIhUN+YOOBfECNOJ0SDHSRurbxXIPCSHDKeSPiajwi7Tct0tO1ZkDrhM3IyWQodG3f3qDEEcB4RozpFTXdYT2EiQ1xYykhV6kiEB4gkakayhHAVFeMv89hedGGcBhKM1wDefq34sEBUrFgW82A6THatWbif953UgPb7yEchFpwvEiaBgxqEM4KwIOqCRYs9gQhCU1v0I8RhJhbepaShHjWFGs0oJpxl3tYZ20alX3qurc10r1y6yjPDgFZ6ACXHAN6uAONEATYDAFL+AVvFnP1rv1YX0uVnNWdnMClmB9/QJCLpyS</latexit>

⇡ np(n)

Single copies, pure state of poly complexity
<latexit sha1_base64="26gJ/if1JY3aAkRvE/paW8A15Sk="></latexit>

possible circuits. Denote the states by |�1i , |�2i , ..., |�Ki

measurements
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<latexit sha1_base64="kXq1g3kL8syPRhknMKTneND97nw="></latexit>

K = (nG)2p(n) possible circuits

Huang, Hsin-Yuan, Richard Kueng, and John Preskill. "Predicting many properties of a quantum system from very few measurements." Nature 
Physics 16.10 (2020): 1050-1057.

<latexit sha1_base64="rOpGyGd8B5i0heCaQ67TASdTnAY="></latexit>

Let ⇢ = | ih |, where | i is a state generated from a polynomial complexity circuit

Classical shadows method to estimate the fidelity w.r.t. all K states using a “shadow” of ρ

<latexit sha1_base64="xsOoILLf85yN3tWiR0h/pKdv5S8=">AAACGnicbVDLSgNBEJz1GeMr6lEPi4mQeIi7AdFjwIvgwQjmAdk1zE46yZDZmWVmVlhCLn6HH+BVP8GbePXiF/gbTh4Hk1jQUFR1090VRIwq7Tjf1tLyyuraemojvbm1vbOb2duvKRFLAlUimJCNACtglENVU82gEUnAYcCgHvSvRn79EaSigt/rJAI/xF1OO5RgbaRW5ijn3YbQxXmPiW7+pnDmQaQoE/yhVMi1Mlmn6IxhLxJ3SrJoikor8+O1BYlD4JowrFTTdSLtD7DUlDAYpr1YQYRJH3ehaSjHISh/MP5iaJ8YpW13hDTFtT1W/04McKhUEgamM8S6p+a9kfif14x159IfUB7FGjiZLOrEzNbCHkVit6kEolliCCaSmltt0sMSE22Cm9kS9RJFiRqmTTLufA6LpFYquudF566ULZ9OM0qhQ3SM8shFF6iMrlEFVRFBT+gFvaI369l6tz6sz0nrkjWdOUAzsL5+AY6vn9I=</latexit>

⌦(log(K)/✏2)

<latexit sha1_base64="63THGDCun6Ub3lV6DYShg/4l+qg=">AAACG3icbZDLSsNAFIYn9VbrLepShGAriIuSFESXBTcuK9gLNDFMppNm6CQZZiZCSLPyOXwAt/oI7sStC5/A13DSZmGrPwx8/OcczpnfY5QIaZpfWmVldW19o7pZ29re2d3T9w96Ik44wl0U05gPPCgwJRHuSiIpHjCOYehR3Pcm10W9/4C5IHF0J1OGnRCOI+ITBKWyXP24MbU9DjObBcS1cnuCpWJB8ul9q1Fz9brZNGcy/oJVQh2U6rj6tz2KURLiSCIKhRhaJpNOBrkkiOK8ZicCM4gmcIyHCiMYYuFks2/kxqlyRoYfc/Uiaczc3xMZDIVIQ091hlAGYrlWmP/Vhon0r5yMRCyROELzRX5CDRkbRSbGiHCMJE0VQMSJutVAAeQQSZXcwhYWpIIgkRfJWMs5/IVeq2ldNM3bVr19XmZUBUfgBJwBC1yCNrgBHdAFCDyCZ/ACXrUn7U171z7mrRWtnDkEC9I+fwBxgaF/</latexit>

| h�1| i |2
<latexit sha1_base64="SbDgqn+hInLNmwrGZCv27Ug3QGo=">AAACG3icbZDLSsNAFIYn9VbrLepShGAriIuSBESXBTcuK9gLNDFMppNm6GQSZiZCSLPyOXwAt/oI7sStC5/A13DSdmGrPwx8/OcczpnfTygR0jS/tMrK6tr6RnWztrW9s7un7x90RZxyhDsopjHv+1BgShjuSCIp7iccw8inuOePr8t67wFzQWJ2J7MEuxEcMRIQBKWyPP24MXF8DnMnCYlnF84YS8WCFJN7u1Hz9LrZNKcy/oI1hzqYq+3p384wRmmEmUQUCjGwzES6OeSSIIqLmpMKnEA0hiM8UMhghIWbT79RGKfKGRpBzNVj0pi6vydyGAmRRb7qjKAMxXKtNP+rDVIZXLk5YUkqMUOzRUFKDRkbZSbGkHCMJM0UQMSJutVAIeQQSZXcwpYkzARBoiiTsZZz+Atdu2ldNM1bu946n2dUBUfgBJwBC1yCFrgBbdABCDyCZ/ACXrUn7U171z5mrRVtPnMIFqR9/gBzKqGA</latexit>

| h�2| i |2

<latexit sha1_base64="e6B6Xo0Cm6yhxKA2aX4mkTmrCyg=">AAACG3icbZDLSsNAFIYn9VbrLepShGAriIuSFESXBTeCmwr2Ak0Mk+mkHTpJhpmJENKsfA4fwK0+gjtx68In8DWctFnY1h8GPv5zDufM7zFKhDTNb620srq2vlHerGxt7+zu6fsHHRHFHOE2imjEex4UmJIQtyWRFPcYxzDwKO564+u83n3EXJAovJcJw04AhyHxCYJSWa5+XJvYHoepzUbEvc3sMZaKBckmD41axdWrZt2cylgGq4AqKNRy9R97EKE4wKFEFArRt0wmnRRySRDFWcWOBWYQjeEQ9xWGMMDCSaffyIxT5QwMP+LqhdKYun8nUhgIkQSe6gygHInFWm7+V+vH0r9yUhKyWOIQzRb5MTVkZOSZGAPCMZI0UQARJ+pWA40gh0iq5Oa2sFEiCBJZnoy1mMMydBp166Ju3jWqzfMiozI4AifgDFjgEjTBDWiBNkDgCbyAV/CmPWvv2of2OWstacXMIZiT9vULnKuhmQ==</latexit>

| h�K | i |2

<latexit sha1_base64="TuLZs9Pw0TXUNI+jd7MLkzYsuks=">AAACBXicbVDLSsNAFJ3UV62vqks3g60gLkpSEF0W3LisYB/ShjKZTNqh8wgzk0IoXfsBbvUT3Ilbv8Mv8DectFnY1gMXDufcy733BDGj2rjut1PY2Nza3inulvb2Dw6PyscnbS0ThUkLSyZVN0CaMCpIy1DDSDdWBPGAkU4wvsv8zoQoTaV4NGlMfI6GgkYUI2Olp2p/Ekqjq6VBueLW3DngOvFyUgE5moPyTz+UOOFEGMyQ1j3PjY0/RcpQzMis1E80iREeoyHpWSoQJ9qfzg+ewQurhDCSypYwcK7+nZgirnXKA9vJkRnpVS8T//N6iYlu/SkVcWKIwItFUcKgkTD7HoZUEWxYagnCitpbIR4hhbCxGS1tiUeppljPsmS81RzWSbte865r7kO90rjKMyqCM3AOLoEHbkAD3IMmaAEMOHgBr+DNeXbenQ/nc9FacPKZU7AE5+sXy+aYlA==</latexit>... }
<latexit sha1_base64="Fj8rH4tdI5tj7bIfAUl/V0SYuK0=">AAACEHicbVDLTgIxFO3gC/E14tJNI5igCzJDYnRJ4sYlJvJIYCSdUqCh02najmEymZ/wA9zqJ7gzbv0Dv8DfsMAsBDzJTU7OuTfn5viCUaUd59vKbWxube/kdwt7+weHR/ZxsaXCSGLSxCELZcdHijDKSVNTzUhHSIICn5G2P7md+e0nIhUN+YOOBfECNOJ0SDHSRurbxXIPCSHDKeSPiajwi7Tct0tO1ZkDrhM3IyWQodG3f3qDEEcB4RozpFTXdYT2EiQ1xYykhV6kiEB4gkakayhHAVFeMv89hedGGcBhKM1wDefq34sEBUrFgW82A6THatWbif953UgPb7yEchFpwvEiaBgxqEM4KwIOqCRYs9gQhCU1v0I8RhJhbepaShHjWFGs0oJpxl3tYZ20alX3qurc10r1y6yjPDgFZ6ACXHAN6uAONEATYDAFL+AVvFnP1rv1YX0uVnNWdnMClmB9/QJCLpyS</latexit>

⇡ np(n)

Single copies, pure state of poly complexity
<latexit sha1_base64="26gJ/if1JY3aAkRvE/paW8A15Sk="></latexit>

possible circuits. Denote the states by |�1i , |�2i , ..., |�Ki

measurements

17
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<latexit sha1_base64="kXq1g3kL8syPRhknMKTneND97nw="></latexit>

K = (nG)2p(n) possible circuits

Huang, Hsin-Yuan, Richard Kueng, and John Preskill. "Predicting many properties of a quantum system from very few measurements." Nature 
Physics 16.10 (2020): 1050-1057.

<latexit sha1_base64="rOpGyGd8B5i0heCaQ67TASdTnAY="></latexit>

Let ⇢ = | ih |, where | i is a state generated from a polynomial complexity circuit

Classical shadows method to estimate the fidelity w.r.t. all K states using a “shadow” of ρ

<latexit sha1_base64="xsOoILLf85yN3tWiR0h/pKdv5S8=">AAACGnicbVDLSgNBEJz1GeMr6lEPi4mQeIi7AdFjwIvgwQjmAdk1zE46yZDZmWVmVlhCLn6HH+BVP8GbePXiF/gbTh4Hk1jQUFR1090VRIwq7Tjf1tLyyuraemojvbm1vbOb2duvKRFLAlUimJCNACtglENVU82gEUnAYcCgHvSvRn79EaSigt/rJAI/xF1OO5RgbaRW5ijn3YbQxXmPiW7+pnDmQaQoE/yhVMi1Mlmn6IxhLxJ3SrJoikor8+O1BYlD4JowrFTTdSLtD7DUlDAYpr1YQYRJH3ehaSjHISh/MP5iaJ8YpW13hDTFtT1W/04McKhUEgamM8S6p+a9kfif14x159IfUB7FGjiZLOrEzNbCHkVit6kEolliCCaSmltt0sMSE22Cm9kS9RJFiRqmTTLufA6LpFYquudF566ULZ9OM0qhQ3SM8shFF6iMrlEFVRFBT+gFvaI369l6tz6sz0nrkjWdOUAzsL5+AY6vn9I=</latexit>

⌦(log(K)/✏2)

<latexit sha1_base64="63THGDCun6Ub3lV6DYShg/4l+qg=">AAACG3icbZDLSsNAFIYn9VbrLepShGAriIuSFESXBTcuK9gLNDFMppNm6CQZZiZCSLPyOXwAt/oI7sStC5/A13DSZmGrPwx8/OcczpnfY5QIaZpfWmVldW19o7pZ29re2d3T9w96Ik44wl0U05gPPCgwJRHuSiIpHjCOYehR3Pcm10W9/4C5IHF0J1OGnRCOI+ITBKWyXP24MbU9DjObBcS1cnuCpWJB8ul9q1Fz9brZNGcy/oJVQh2U6rj6tz2KURLiSCIKhRhaJpNOBrkkiOK8ZicCM4gmcIyHCiMYYuFks2/kxqlyRoYfc/Uiaczc3xMZDIVIQ091hlAGYrlWmP/Vhon0r5yMRCyROELzRX5CDRkbRSbGiHCMJE0VQMSJutVAAeQQSZXcwhYWpIIgkRfJWMs5/IVeq2ldNM3bVr19XmZUBUfgBJwBC1yCNrgBHdAFCDyCZ/ACXrUn7U171z7mrRWtnDkEC9I+fwBxgaF/</latexit>

| h�1| i |2
<latexit sha1_base64="SbDgqn+hInLNmwrGZCv27Ug3QGo=">AAACG3icbZDLSsNAFIYn9VbrLepShGAriIuSBESXBTcuK9gLNDFMppNm6GQSZiZCSLPyOXwAt/oI7sStC5/A13DSdmGrPwx8/OcczpnfTygR0jS/tMrK6tr6RnWztrW9s7un7x90RZxyhDsopjHv+1BgShjuSCIp7iccw8inuOePr8t67wFzQWJ2J7MEuxEcMRIQBKWyPP24MXF8DnMnCYlnF84YS8WCFJN7u1Hz9LrZNKcy/oI1hzqYq+3p384wRmmEmUQUCjGwzES6OeSSIIqLmpMKnEA0hiM8UMhghIWbT79RGKfKGRpBzNVj0pi6vydyGAmRRb7qjKAMxXKtNP+rDVIZXLk5YUkqMUOzRUFKDRkbZSbGkHCMJM0UQMSJutVAIeQQSZXcwpYkzARBoiiTsZZz+Atdu2ldNM1bu946n2dUBUfgBJwBC1yCFrgBbdABCDyCZ/ACXrUn7U171z5mrRVtPnMIFqR9/gBzKqGA</latexit>

| h�2| i |2

<latexit sha1_base64="e6B6Xo0Cm6yhxKA2aX4mkTmrCyg=">AAACG3icbZDLSsNAFIYn9VbrLepShGAriIuSFESXBTeCmwr2Ak0Mk+mkHTpJhpmJENKsfA4fwK0+gjtx68In8DWctFnY1h8GPv5zDufM7zFKhDTNb620srq2vlHerGxt7+zu6fsHHRHFHOE2imjEex4UmJIQtyWRFPcYxzDwKO564+u83n3EXJAovJcJw04AhyHxCYJSWa5+XJvYHoepzUbEvc3sMZaKBckmD41axdWrZt2cylgGq4AqKNRy9R97EKE4wKFEFArRt0wmnRRySRDFWcWOBWYQjeEQ9xWGMMDCSaffyIxT5QwMP+LqhdKYun8nUhgIkQSe6gygHInFWm7+V+vH0r9yUhKyWOIQzRb5MTVkZOSZGAPCMZI0UQARJ+pWA40gh0iq5Oa2sFEiCBJZnoy1mMMydBp166Ju3jWqzfMiozI4AifgDFjgEjTBDWiBNkDgCbyAV/CmPWvv2of2OWstacXMIZiT9vULnKuhmQ==</latexit>

| h�K | i |2

<latexit sha1_base64="TuLZs9Pw0TXUNI+jd7MLkzYsuks=">AAACBXicbVDLSsNAFJ3UV62vqks3g60gLkpSEF0W3LisYB/ShjKZTNqh8wgzk0IoXfsBbvUT3Ilbv8Mv8DectFnY1gMXDufcy733BDGj2rjut1PY2Nza3inulvb2Dw6PyscnbS0ThUkLSyZVN0CaMCpIy1DDSDdWBPGAkU4wvsv8zoQoTaV4NGlMfI6GgkYUI2Olp2p/Ekqjq6VBueLW3DngOvFyUgE5moPyTz+UOOFEGMyQ1j3PjY0/RcpQzMis1E80iREeoyHpWSoQJ9qfzg+ewQurhDCSypYwcK7+nZgirnXKA9vJkRnpVS8T//N6iYlu/SkVcWKIwItFUcKgkTD7HoZUEWxYagnCitpbIR4hhbCxGS1tiUeppljPsmS81RzWSbte865r7kO90rjKMyqCM3AOLoEHbkAD3IMmaAEMOHgBr+DNeXbenQ/nc9FacPKZU7AE5+sXy+aYlA==</latexit>... }
Obtaining the maximum fidelity involves storing K values and searching over them

<latexit sha1_base64="Fj8rH4tdI5tj7bIfAUl/V0SYuK0=">AAACEHicbVDLTgIxFO3gC/E14tJNI5igCzJDYnRJ4sYlJvJIYCSdUqCh02najmEymZ/wA9zqJ7gzbv0Dv8DfsMAsBDzJTU7OuTfn5viCUaUd59vKbWxube/kdwt7+weHR/ZxsaXCSGLSxCELZcdHijDKSVNTzUhHSIICn5G2P7md+e0nIhUN+YOOBfECNOJ0SDHSRurbxXIPCSHDKeSPiajwi7Tct0tO1ZkDrhM3IyWQodG3f3qDEEcB4RozpFTXdYT2EiQ1xYykhV6kiEB4gkakayhHAVFeMv89hedGGcBhKM1wDefq34sEBUrFgW82A6THatWbif953UgPb7yEchFpwvEiaBgxqEM4KwIOqCRYs9gQhCU1v0I8RhJhbepaShHjWFGs0oJpxl3tYZ20alX3qurc10r1y6yjPDgFZ6ACXHAN6uAONEATYDAFL+AVvFnP1rv1YX0uVnNWdnMClmB9/QJCLpyS</latexit>

⇡ np(n)

Single copies, pure state of poly complexity
<latexit sha1_base64="26gJ/if1JY3aAkRvE/paW8A15Sk="></latexit>

possible circuits. Denote the states by |�1i , |�2i , ..., |�Ki

17

measurements



<latexit sha1_base64="rOpGyGd8B5i0heCaQ67TASdTnAY="></latexit>

Let ⇢ = | ih |, where | i is a state generated from a polynomial complexity circuit

Single copies, pure state of poly complexity

18



<latexit sha1_base64="rOpGyGd8B5i0heCaQ67TASdTnAY="></latexit>

Let ⇢ = | ih |, where | i is a state generated from a polynomial complexity circuit

Proposition: Under standard cryptographic assumptions, no efficient computational procedure 
exists to identify a pure state of polynomial complexity to trace distance ϵ

Single copies, pure state of poly complexity

18



<latexit sha1_base64="rOpGyGd8B5i0heCaQ67TASdTnAY="></latexit>

Let ⇢ = | ih |, where | i is a state generated from a polynomial complexity circuit

Proposition: Under standard cryptographic assumptions, no efficient computational procedure 
exists to identify a pure state of polynomial complexity to trace distance ϵ

Proof:  

1. A pseudo-random quantum state is defined to be a pure state of polynomial complexity  

2. No efficient computational algorithm given a polynomial number of copies of the state can 
distinguish from the Haar random state 

3. Classical shadows + classical search procedure recreates the state to trace distance  using a 
polynomial number copies of the state 

4. If this is computationally efficient, then the state can be cloned efficiently, violating the no-cloning 
theorem for pseudo-random states which rests upon standard cryptographic assumptions

ϵ

Ji, Zhengfeng, Yi-Kai Liu, and Fang Song. "Pseudorandom quantum states." Advances in Cryptology–CRYPTO 2018: 38th Annual International 
Cryptology Conference, Santa Barbara, CA, USA, August 19–23, 2018, Proceedings, Part III 38. Springer International Publishing, 2018.

Single copies, pure state of poly complexity

18



1. Input state is known 2. Input state is unknown

<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)
<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i

……

a) Single copy access b) Multi-copy access

<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
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1. Input state is known 2. Input state is unknown

<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)
<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i

……

a) Single copy access b) Multi-copy access

<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>
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Achieving backprop scaling seems unlikely with single copies
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Why is it not so straightforward?
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Allowing multi-copy access 
(Intuition)



 classical bits for N rounds creates Bell sketch of state 2n

n qubits

n qubits

Bell measurements

…

…

=

Huang, H.Y., Broughton, M., Cotler, J., Chen, S., Li, J., Mohseni, M., Neven, H., Babbush, R., Kueng, R., Preskill, J. and McClean, J.R., 2022. 
Quantum advantage in learning from experiments. Science, 376(6598), pp.1182-1186.

Multi-copy measurements
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Multi-copy measurements (restricted setting)
<latexit sha1_base64="2N7Ytntd47IzcnSSpJiT5LJIy4s="></latexit>

Let O = I and U(✓) =
QM

j=1 e
�i✓jPj , then F (✓) =tr[U(✓)⇢U(✓)†]
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Multi-copy measurements (restricted setting)
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All M gradient components can be estimated to within a fixed precision ✏ using O(log(M)/✏4) function calls
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<latexit sha1_base64="RC1bYnJJxurRTsEdbaCc9WZZq/s="></latexit>

All M gradient components can be estimated to within a fixed precision ✏ using O(log(M)/✏4) function calls

<latexit sha1_base64="AnbmAyUlMHhkR+XBCes0Zu8sQvM=">AAACKnicbVDLSgMxFM34rPU16tJNsBVHF2WmILoRKqLoolihD6FTSiZN29DMg+SOUIZ+jxt/xU0XSnHrh5g+EK0eCJycey733uNFgiuw7ZGxsLi0vLKaWkuvb2xubZs7u1UVxpKyCg1FKB89opjgAasAB8EeI8mI7wlW83pX43rtiUnFw6AM/Yg1fNIJeJtTAlpqmpdZ1yfQlX5SviteD6ybI8uFLgNyfIwv8L3lirBjFfVnzvbtyjbNjJ2zJ8B/iTMjGTRDqWkO3VZIY58FQAVRqu7YETQSIoFTwQZpN1YsIrRHOqyuaUB8phrJ5NQBPtRKC7dDqV8AeKL+7EiIr1Tf97RzvLCar43F/2r1GNrnjYQHUQwsoNNB7VhgCPE4N9ziklEQfU0IlVzvimmXSEJBp5vWITjzJ/8l1XzOOc3ZD/lM4WQWRwrtowNkIQedoQK6RSVUQRQ9o1f0ht6NF2NojIyPqXXBmPXsoV8wPr8A9Umj0w==</latexit>

TIME(F 0(✓)) = O(log(M))TIME(F (✓))

which is in line with our definition of backpropagation scaling! :) 

Huang, Hsin-Yuan, Richard Kueng, and John Preskill. "Information-theoretic bounds on quantum advantage in machine learning." Physical Review 
Letters 126.19 (2021): 190505.

<latexit sha1_base64="2N7Ytntd47IzcnSSpJiT5LJIy4s="></latexit>

Let O = I and U(✓) =
QM

j=1 e
�i✓jPj , then F (✓) =tr[U(✓)⇢U(✓)†]
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Move away from restricted setting?



Multiple copies (general setting)
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Multiple copies (general setting)
Shadow tomography: 

Aaronson, Scott. "Shadow tomography of quantum states." Proceedings of the 50th annual ACM SIGACT symposium on theory of computing. 2018.
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Multiple copies (general setting)
Shadow tomography: 
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Given m copies of an unknown n-qubit quantum state | i, and known measurements E1, . . . , EM 2 E
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Output estimates b1, . . . , bM 2 [�1, 1] such that |bk � h |Ek| i|  " 8k
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In particular, do this via a measurement of | i⌦m where m is as small as possible

Aaronson, Scott. "Shadow tomography of quantum states." Proceedings of the 50th annual ACM SIGACT symposium on theory of computing. 2018.
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Multiple copies (general setting)
Shadow tomography reduction: 

Abbas, Amira, Robbie King, Hsin-Yuan Huang, William J. Huggins, Ramis Movassagh, Dar Gilboa, and Jarrod R. McClean. "On quantum 
backpropagation, information reuse, and cheating measurement collapse." arXiv preprint arXiv:2305.13362 (2023).
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Quantum neural network:
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Multiple copies (general setting)
Shadow tomography reduction: 
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Suppose there is an algorithm which can estimate all gradient components to precision ", with m copies of | i
and with runtime T .
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Then, this gives an algorithm for shadow tomography of poly-time observables, to precision "
2 ,

with m copies of | i and runtime T

Quantum neural network:
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QNN~✓(| i) = h0|h |U†(~✓)Z0 U(~✓)|0i| i
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“Quantum-efficient” backpropagation:

Multiple copies (general setting)

Abbas, Amira, Robbie King, Hsin-Yuan Huang, William J. Huggins, Ramis Movassagh, Dar Gilboa, and Jarrod R. McClean. "On quantum 
backpropagation, information reuse, and cheating measurement collapse." arXiv preprint arXiv:2305.13362 (2023).
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“Quantum-efficient” backpropagation:

Multiple copies (general setting)

<latexit sha1_base64="PNhzkXirjFlPc2izUNMgmdFp8EA="></latexit>

There exists an explicit algorithm which produces estimates bk for all k = 1, ...,M such that

<latexit sha1_base64="wG8V4ylkavbFP9cmHXbpf+PPN1E="></latexit>

|bk � 1
2@✓kQNN~✓(| i)|  " 8k
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Multiple copies (general setting)

<latexit sha1_base64="PNhzkXirjFlPc2izUNMgmdFp8EA="></latexit>

There exists an explicit algorithm which produces estimates bk for all k = 1, ...,M such that
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Using only
<latexit sha1_base64="WJ+O2HepRQ16QeNoq3eiMqsPuDI="></latexit>

m = O

⇣
n log2 M

"4

⌘

<latexit sha1_base64="r7bdQlSRqNfshzuHaiQOPVyVLMI="></latexit>

copies of | i. Moreover, the required number of quantum operations for the proposed algorithm is Õ(mM)

<latexit sha1_base64="wG8V4ylkavbFP9cmHXbpf+PPN1E="></latexit>

|bk � 1
2@✓kQNN~✓(| i)|  " 8k
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“Quantum-efficient” backpropagation:

Multiple copies (general setting)

<latexit sha1_base64="PNhzkXirjFlPc2izUNMgmdFp8EA="></latexit>

There exists an explicit algorithm which produces estimates bk for all k = 1, ...,M such that

<latexit sha1_base64="ml9zrPVyF82z3UShLk24nuVJQCs=">AAACB3icbVDLSsNAFL2pr1pfVZduBosgLkpSEF0W3LisYNpCGspkOmmHTmbCzEQIoR/gB7jVT3Anbv0Mv8DfMGmzsK0HLhzOuZd77wlizrSx7W+rsrG5tb1T3a3t7R8cHtWPT7paJopQl0guVT/AmnImqGuY4bQfK4qjgNNeML0r/N4TVZpJ8WjSmPoRHgsWMoJNLnmuZmKMpOBpbVhv2E17DrROnJI0oERnWP8ZjCRJIioM4Vhrz7Fj42dYGUY4ndUGiaYxJlM8pl5OBY6o9rP5yTN0kSsjFEqVlzBorv6dyHCkdRoFeWeEzUSveoX4n+clJrz1MybixFBBFovChCMjUfE/GjFFieFpTjBRLL8VkQlWmJg8paUt8STVjOhZkYyzmsM66baaznXTfmg12ldlRlU4g3O4BAduoA330AEXCEh4gVd4s56td+vD+ly0Vqxy5hSWYH39AteWmbw=</latexit>

Using only
<latexit sha1_base64="WJ+O2HepRQ16QeNoq3eiMqsPuDI="></latexit>

m = O

⇣
n log2 M

"4

⌘

<latexit sha1_base64="r7bdQlSRqNfshzuHaiQOPVyVLMI="></latexit>

copies of | i. Moreover, the required number of quantum operations for the proposed algorithm is Õ(mM)

<latexit sha1_base64="wG8V4ylkavbFP9cmHXbpf+PPN1E="></latexit>

|bk � 1
2@✓kQNN~✓(| i)|  " 8k

<latexit sha1_base64="IBZJd5mKb/yu/VfDYbuJ7OBsyV8="></latexit>

TIME(F 0(✓)) ⇡ polylog(M) TIME(F (✓))
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“Quantum-efficient” backpropagation:

Multiple copies (general setting)

<latexit sha1_base64="PNhzkXirjFlPc2izUNMgmdFp8EA="></latexit>

There exists an explicit algorithm which produces estimates bk for all k = 1, ...,M such that

<latexit sha1_base64="ml9zrPVyF82z3UShLk24nuVJQCs=">AAACB3icbVDLSsNAFL2pr1pfVZduBosgLkpSEF0W3LisYNpCGspkOmmHTmbCzEQIoR/gB7jVT3Anbv0Mv8DfMGmzsK0HLhzOuZd77wlizrSx7W+rsrG5tb1T3a3t7R8cHtWPT7paJopQl0guVT/AmnImqGuY4bQfK4qjgNNeML0r/N4TVZpJ8WjSmPoRHgsWMoJNLnmuZmKMpOBpbVhv2E17DrROnJI0oERnWP8ZjCRJIioM4Vhrz7Fj42dYGUY4ndUGiaYxJlM8pl5OBY6o9rP5yTN0kSsjFEqVlzBorv6dyHCkdRoFeWeEzUSveoX4n+clJrz1MybixFBBFovChCMjUfE/GjFFieFpTjBRLL8VkQlWmJg8paUt8STVjOhZkYyzmsM66baaznXTfmg12ldlRlU4g3O4BAduoA330AEXCEh4gVd4s56td+vD+ly0Vqxy5hSWYH39AteWmbw=</latexit>

Using only
<latexit sha1_base64="WJ+O2HepRQ16QeNoq3eiMqsPuDI="></latexit>

m = O

⇣
n log2 M

"4

⌘

<latexit sha1_base64="r7bdQlSRqNfshzuHaiQOPVyVLMI="></latexit>

copies of | i. Moreover, the required number of quantum operations for the proposed algorithm is Õ(mM)

<latexit sha1_base64="wG8V4ylkavbFP9cmHXbpf+PPN1E="></latexit>

|bk � 1
2@✓kQNN~✓(| i)|  " 8k

Classical resources: M ⋅ 2Õ(n)

Abbas, Amira, Robbie King, Hsin-Yuan Huang, William J. Huggins, Ramis Movassagh, Dar Gilboa, and Jarrod R. McClean. "On quantum 
backpropagation, information reuse, and cheating measurement collapse." arXiv preprint arXiv:2305.13362 (2023).
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Multiple copies (general setting)
“Quantum-efficient” backpropagation: 

Aaronson, Scott, Xinyi Chen, Elad Hazan, Satyen Kale, and Ashwin Nayak. "Online learning of quantum states." Advances in neural information 
processing systems 31 (2018).

1

Bădescu, Costin, and Ryan O'Donnell. "Improved quantum data analysis." Proceedings of the 53rd Annual ACM SIGACT Symposium on Theory 
of Computing (2021).

2
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Takeaways

1. Input state is known 2. Input state is unknown

<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)
<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i

……

a) Single copy access b) Multi-copy access

<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
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Takeaways

1. Input state is known 2. Input state is unknown

<latexit sha1_base64="bdpA4Sv3uEf1YzMVBexqECK0bfo="></latexit>

[F 0(✓)]✓k = 2 Re[h0|U(✓)†O@✓kU(✓) |0i]
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="TldnVIE08uVUKcGxhOSOax5EZ74="></latexit>

U(✓) =
QM

j=1 Uj(✓j)
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i

……

a) Single copy access b) Multi-copy access

<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i

Computational arguments

<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
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Takeaways

1. Input state is known 2. Input state is unknown

……

a) Single copy access b) Multi-copy access

<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i

Computational arguments Info-theoretic lower bounds

<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
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Takeaways

1. Input state is known 2. Input state is unknown

……

a) Single copy access b) Multi-copy access

<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>

F (✓) = h (✓)|O| (✓)i
<latexit sha1_base64="qabwBkHV98Mf6CxtBfk4GsetV3g=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF1R7EUoCuJNBWsL3aVk09c2mM0uyVuhbP0rXvwrXjwo4k38M6a1SG0dCAwz83h5EyZSGHTdT2dmdm5+YXFpObeyura+kd/cujVxqjlUeSxjXQ+ZASkUVFGghHqigUWhhFp4dzbwa/egjYjVDfYSCCLWUaItOEMrNfPl86KPXUC2T0+oL5nqSKB+YsSv3KeX/XHB18NQM19wS+4QdJp4I1IgI1w18x9+K+ZpBAq5ZMY0PDfBIGMaBZfwkPNTAwnjd6wDDUsVi8AE2fDCB7pnlRZtx9o+hXSojk9kLDKmF4U2GTHsmklvIP7nNVJsl4NMqCRFUPxnUTuVFGM6qIu2hAaOsmcJ41rYv1LeZZpxtKXmbAne5MnT5Pag5B2V3OvDQuV0VMcS2SG7pEg8ckwq5IJckSrh5JE8k1fy5jw5L8678/ETnXFGM9vkD5yvb3rxooY=</latexit>
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Time efficient in quantum resources  
Memory fails
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