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Photonics for Quantum 2



Quantum is Mainstream! 

F. Arute et al., Nature 574, 505–510 (2019)



Qubit Technology

D. Englund & S. Lloyd, “Future Directions of Quantum Information Processing”

Open Questions 
Material science? 
Device design? 
Architectures? 
Engineering at scale? 
Interconnects? 
Errors? 
Useful algorithms?

Universal Quantum Computer

??
>$500M



Qubit Technology

D. Englund & S. Lloyd, “Future Directions of Quantum Information Processing”

1) Quantum Interconnects 
~mm = atomic quantum computers 
~m = quantum clusters 
~km = quantum internet 
2) Integrated Photonics Foundries 
→ driven by classical comms. 
3) Classical Applications 
→ low power computing 
→ signals processing 
→ imaging

M. Atature et al., Nat. Rev. Mat (2018)

M. Streshinsky et al. Optics and Photonics News (2013)Y. Shen, N. Harris et al., Nat. Photon. (2017)



2. Systems Engineering Challenges 

Overview

Nonclassical  
states of light

Reconfigurable  
optical circuitry 

Nonlinear 
light-matter interaction  

Single photon 
readout 

1. Key Building Blocks

Applications

3. Quantum & AI
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Building Blocks
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Programmable Photonics

Review: N. Harris, J. Carolan et al., Optica 5, 12 (2018).

1

2
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can be constructed out 
of N2  SU(2) MZIs

M. Reck et al., PRL (1994)



Integrated Photonics
Waveguide devices
Si, SiN, SiO2, LN, AlN

A. Politi et al., Science, 320, 646 (2008). 
A. Politi et al., Science, 325, 1221 (2009).
J. W. Silverstone et al., Nat. Photon. 8, 104 (2014).

Passive Control
WG crossings 
Grating couplers 
Edge couples 
Microring resonators 

Choi, Heuck, Englund PRL (2017)

Directional Couplers 

On-chip Cavities 

Lu, Op. Ex (2015)

Active control
Thermal (KHz) 
MEMS (MHz) 
Electro-optic (GHz) 

N. C. Harris et al., Opt. Exp. 22, 10487 (2014).

T. J. Seok et al., Optica 3, 64 (2016).



Systems Engineering 
→ Optical I/O across 28 optical modes

→ Electrical control across 300 channels

→ Thermal management

→ Packaging (w/ Preble, RIT)
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III/V Semiconductor QDs

Efficient Single Photon Sources

R. Uppu et al., arXiv:2003.08919v1 (2020)

V = 96 %
N > 100
E = 14%

Artificial Atoms

P. Lodahl et al., Rev. Mod. Phys (2015)

Single Photon Switching

H. Thyrrestrup et al., Nano. Lett. (2018)

Multi-level system

S. Sun et al., Science (2018)

P. Lodahl, NBI

→ Spatial variation

→ Spectral variation

→ Compatibility with foundry PICs



Hybrid Integration

Collaboration with UMD (E. Waks) and NIST (K. Srinivasan & M. Davanco) 

Waks (UMD)

→ Pre-select QDs (frequency, bandwidth)  
→ Use PIC for control (strain, Stark) 
→ Wafer-wafer bonding

Kim et al., Nano Lett. (2017)
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Applications



Loss Correction

System

- Primary error mechanism is loss 
- Encode a single qubit of information 

across multiple photons s.t.  
if the error occurs information can still 
be recovered! 

- One-way quantum repeaters do this 
without measurement or quantum 
memories

Codeword1

1Chuang et al. PRA 56, 1114 (1997)

“we do not yet understand how to determine 
if a given Hamiltonian can be implemented 

(or approximated to a satisfactory degree) by 
arranging a reasonable number of optical 

components” 
F. M. Miatto et al., Quantum 2, 75 (2018)



Neural Networks

Linear matrix operation Nonlinear function

‘CAT’

Y. LeCun, Y. Bengio, and G. Hinton, Nature 521, 436 (2015).
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Optical Neural Networks

J. Carolan et al., Science 349, 711 (2015).
N. C. Harris et al., Nat. Photon. 11, 447 (2017).

N. C. Harris, J. Carolan et al., Optica 5, 12 (2018).

→ Matrix Multiplication 
→ High bandwidth (100 GHz photodiodes)
→ Low power (quasi-static phase control)



Quantum Optical Neural Networks
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(a) A Classical Neural Network (b) A Quantum Optical Neural Network
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G. Steinbrecher, J. Olson, D. Englund, J. Carolan npj QI 5, 60 (2019) Greg Steinbrecher
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⌘
<latexit sha1_base64="LzFlL7RdaIjDWa2RUSsL30rUKSk=">AAACHnicbVBNS8NAEN2tVWv9avXoJVgUD1ISEfRY8OKxgv2ANpTNdtIu3WTD7kQoJX/Bqx79Nd7Eq/4bkzYH+zGwy+O9Gd7M8yIpDNr2Ly1sFbd3dkt75f2Dw6PjSvWkbVSsObS4kkp3PWZAihBaKFBCN9LAAk9Cx5s8ZHrnBbQRKnzGaQRuwEah8AVnmFF9QDao1Oy6PS9rHTg5qJG8moMqLfaHiscBhMglM6bn2BG6M6ZRcAlJuR8biBifsBH0UhiyAIw7my+bWBcpM7R8pdMXojVn/0/MWGDMNPDSzoDh2KxqGblJ68Xo37szEUYxQsgXRn4sLVRWdrk1FBo4ymkKGNci3dXiY6YZxzSfJRdPswlgssn5OvtQKWmSNDdnNaV10L6pO3bdebqtNS7zBEvkjJyTK+KQO9Igj6RJWoSTMXklb+SdftBP+kW/F60Fms+ckqWiP3+JfqKe</latexit><latexit sha1_base64="LzFlL7RdaIjDWa2RUSsL30rUKSk=">AAACHnicbVBNS8NAEN2tVWv9avXoJVgUD1ISEfRY8OKxgv2ANpTNdtIu3WTD7kQoJX/Bqx79Nd7Eq/4bkzYH+zGwy+O9Gd7M8yIpDNr2Ly1sFbd3dkt75f2Dw6PjSvWkbVSsObS4kkp3PWZAihBaKFBCN9LAAk9Cx5s8ZHrnBbQRKnzGaQRuwEah8AVnmFF9QDao1Oy6PS9rHTg5qJG8moMqLfaHiscBhMglM6bn2BG6M6ZRcAlJuR8biBifsBH0UhiyAIw7my+bWBcpM7R8pdMXojVn/0/MWGDMNPDSzoDh2KxqGblJ68Xo37szEUYxQsgXRn4sLVRWdrk1FBo4ymkKGNci3dXiY6YZxzSfJRdPswlgssn5OvtQKWmSNDdnNaV10L6pO3bdebqtNS7zBEvkjJyTK+KQO9Igj6RJWoSTMXklb+SdftBP+kW/F60Fms+ckqWiP3+JfqKe</latexit><latexit sha1_base64="LzFlL7RdaIjDWa2RUSsL30rUKSk=">AAACHnicbVBNS8NAEN2tVWv9avXoJVgUD1ISEfRY8OKxgv2ANpTNdtIu3WTD7kQoJX/Bqx79Nd7Eq/4bkzYH+zGwy+O9Gd7M8yIpDNr2Ly1sFbd3dkt75f2Dw6PjSvWkbVSsObS4kkp3PWZAihBaKFBCN9LAAk9Cx5s8ZHrnBbQRKnzGaQRuwEah8AVnmFF9QDao1Oy6PS9rHTg5qJG8moMqLfaHiscBhMglM6bn2BG6M6ZRcAlJuR8biBifsBH0UhiyAIw7my+bWBcpM7R8pdMXojVn/0/MWGDMNPDSzoDh2KxqGblJ68Xo37szEUYxQsgXRn4sLVRWdrk1FBo4ymkKGNci3dXiY6YZxzSfJRdPswlgssn5OvtQKWmSNDdnNaV10L6pO3bdebqtNS7zBEvkjJyTK+KQO9Igj6RJWoSTMXklb+SdftBP+kW/F60Fms+ckqWiP3+JfqKe</latexit><latexit sha1_base64="LzFlL7RdaIjDWa2RUSsL30rUKSk=">AAACHnicbVBNS8NAEN2tVWv9avXoJVgUD1ISEfRY8OKxgv2ANpTNdtIu3WTD7kQoJX/Bqx79Nd7Eq/4bkzYH+zGwy+O9Gd7M8yIpDNr2Ly1sFbd3dkt75f2Dw6PjSvWkbVSsObS4kkp3PWZAihBaKFBCN9LAAk9Cx5s8ZHrnBbQRKnzGaQRuwEah8AVnmFF9QDao1Oy6PS9rHTg5qJG8moMqLfaHiscBhMglM6bn2BG6M6ZRcAlJuR8biBifsBH0UhiyAIw7my+bWBcpM7R8pdMXojVn/0/MWGDMNPDSzoDh2KxqGblJ68Xo37szEUYxQsgXRn4sLVRWdrk1FBo4ymkKGNci3dXiY6YZxzSfJRdPswlgssn5OvtQKWmSNDdnNaV10L6pO3bdebqtNS7zBEvkjJyTK+KQO9Igj6RJWoSTMXklb+SdftBP+kW/F60Fms+ckqWiP3+JfqKe</latexit>

Q
O
N
N

â⇢â†
<latexit sha1_base64="9n55QJk0XEIiDA/Qtay0PXXz2Tk=">AAACOHicbVA9SwNBEN3z+9uopRaLQbGQcCeCloKNpYKJQi6Guc0kWbJ3e+zOCeG4xl9jq6X/xM5ObP0FbpIr/Hqwy9s3M7zZF6VKWvL9V29qemZ2bn5hcWl5ZXVtvbKx2bA6MwLrQittbiOwqGSCdZKk8DY1CHGk8CYanI/qN/dorNTJNQ1TbMXQS2RXCiAntSs7YR8oh4KHpq95+bgLO9DroWlXqn7NH4P/JUFJqqzEZXvDmwk7WmQxJiQUWNsM/JRaORiSQmGxFGYWUxAD6GHT0QRitK18/I2C7zmlw7vauJMQH6vfJ3KIrR3GkeuMgfr2d20k/ldrZtQ9beUySTPCREyMupnipPkoE96RBgWpoSMgjHS7ctEHA4Jccj9cIgMDpOI/58PRRVorW7jcgt8p/SWNo1rg14Kr4+rZfpngAttmu+yABeyEnbELdsnqTLAH9sie2LP34r15797HpHXKK2e22A94n18az60W</latexit><latexit sha1_base64="9n55QJk0XEIiDA/Qtay0PXXz2Tk=">AAACOHicbVA9SwNBEN3z+9uopRaLQbGQcCeCloKNpYKJQi6Guc0kWbJ3e+zOCeG4xl9jq6X/xM5ObP0FbpIr/Hqwy9s3M7zZF6VKWvL9V29qemZ2bn5hcWl5ZXVtvbKx2bA6MwLrQittbiOwqGSCdZKk8DY1CHGk8CYanI/qN/dorNTJNQ1TbMXQS2RXCiAntSs7YR8oh4KHpq95+bgLO9DroWlXqn7NH4P/JUFJqqzEZXvDmwk7WmQxJiQUWNsM/JRaORiSQmGxFGYWUxAD6GHT0QRitK18/I2C7zmlw7vauJMQH6vfJ3KIrR3GkeuMgfr2d20k/ldrZtQ9beUySTPCREyMupnipPkoE96RBgWpoSMgjHS7ctEHA4Jccj9cIgMDpOI/58PRRVorW7jcgt8p/SWNo1rg14Kr4+rZfpngAttmu+yABeyEnbELdsnqTLAH9sie2LP34r15797HpHXKK2e22A94n18az60W</latexit><latexit sha1_base64="9n55QJk0XEIiDA/Qtay0PXXz2Tk=">AAACOHicbVA9SwNBEN3z+9uopRaLQbGQcCeCloKNpYKJQi6Guc0kWbJ3e+zOCeG4xl9jq6X/xM5ObP0FbpIr/Hqwy9s3M7zZF6VKWvL9V29qemZ2bn5hcWl5ZXVtvbKx2bA6MwLrQittbiOwqGSCdZKk8DY1CHGk8CYanI/qN/dorNTJNQ1TbMXQS2RXCiAntSs7YR8oh4KHpq95+bgLO9DroWlXqn7NH4P/JUFJqqzEZXvDmwk7WmQxJiQUWNsM/JRaORiSQmGxFGYWUxAD6GHT0QRitK18/I2C7zmlw7vauJMQH6vfJ3KIrR3GkeuMgfr2d20k/ldrZtQ9beUySTPCREyMupnipPkoE96RBgWpoSMgjHS7ctEHA4Jccj9cIgMDpOI/58PRRVorW7jcgt8p/SWNo1rg14Kr4+rZfpngAttmu+yABeyEnbELdsnqTLAH9sie2LP34r15797HpHXKK2e22A94n18az60W</latexit><latexit sha1_base64="9n55QJk0XEIiDA/Qtay0PXXz2Tk=">AAACOHicbVA9SwNBEN3z+9uopRaLQbGQcCeCloKNpYKJQi6Guc0kWbJ3e+zOCeG4xl9jq6X/xM5ObP0FbpIr/Hqwy9s3M7zZF6VKWvL9V29qemZ2bn5hcWl5ZXVtvbKx2bA6MwLrQittbiOwqGSCdZKk8DY1CHGk8CYanI/qN/dorNTJNQ1TbMXQS2RXCiAntSs7YR8oh4KHpq95+bgLO9DroWlXqn7NH4P/JUFJqqzEZXvDmwk7WmQxJiQUWNsM/JRaORiSQmGxFGYWUxAD6GHT0QRitK18/I2C7zmlw7vauJMQH6vfJ3KIrR3GkeuMgfr2d20k/ldrZtQ9beUySTPCREyMupnipPkoE96RBgWpoSMgjHS7ctEHA4Jccj9cIgMDpOI/58PRRVorW7jcgt8p/SWNo1rg14Kr4+rZfpngAttmu+yABeyEnbELdsnqTLAH9sie2LP34r15797HpHXKK2e22A94n18az60W</latexit>

⇢
<latexit sha1_base64="VDuZ7LI0MlfQFBgxivS7AKGhZtw=">AAACHnicbVDLSsNAFJ3UqrW+Wl26GSyKCymJCLosuHFZwT6gDWUynTRDJzNh5kYoIb/gVpd+jTtxq39j0mZhHxdmOJxzL+fe40WCG7DtX6u0Vd7e2a3sVfcPDo+Oa/WTrlGxpqxDlVC67xHDBJesAxwE60eakdATrOdNH3K998K04Uo+wyxibkgmkvucEsipoQ7UqNawm/a88DpwCtBARbVHdas8HCsah0wCFcSYgWNH4CZEA6eCpdVhbFhE6JRM2CCDkoTMuMl82RRfZMwY+0pnTwKes/8nEhIaMwu9rDMkEJhVLSc3aYMY/Hs34TKKgUm6MPJjgUHh/HI85ppRELMMEKp5tiumAdGEQpbPkounyZRBusn5Ov9AKWHSLDdnNaV10L1pOnbTebpttC6LBCvoDJ2jK+SgO9RCj6iNOoiiAL2iN/RufVif1pf1vWgtWcXMKVoq6+cPo0WirQ==</latexit><latexit sha1_base64="VDuZ7LI0MlfQFBgxivS7AKGhZtw=">AAACHnicbVDLSsNAFJ3UqrW+Wl26GSyKCymJCLosuHFZwT6gDWUynTRDJzNh5kYoIb/gVpd+jTtxq39j0mZhHxdmOJxzL+fe40WCG7DtX6u0Vd7e2a3sVfcPDo+Oa/WTrlGxpqxDlVC67xHDBJesAxwE60eakdATrOdNH3K998K04Uo+wyxibkgmkvucEsipoQ7UqNawm/a88DpwCtBARbVHdas8HCsah0wCFcSYgWNH4CZEA6eCpdVhbFhE6JRM2CCDkoTMuMl82RRfZMwY+0pnTwKes/8nEhIaMwu9rDMkEJhVLSc3aYMY/Hs34TKKgUm6MPJjgUHh/HI85ppRELMMEKp5tiumAdGEQpbPkounyZRBusn5Ov9AKWHSLDdnNaV10L1pOnbTebpttC6LBCvoDJ2jK+SgO9RCj6iNOoiiAL2iN/RufVif1pf1vWgtWcXMKVoq6+cPo0WirQ==</latexit><latexit sha1_base64="VDuZ7LI0MlfQFBgxivS7AKGhZtw=">AAACHnicbVDLSsNAFJ3UqrW+Wl26GSyKCymJCLosuHFZwT6gDWUynTRDJzNh5kYoIb/gVpd+jTtxq39j0mZhHxdmOJxzL+fe40WCG7DtX6u0Vd7e2a3sVfcPDo+Oa/WTrlGxpqxDlVC67xHDBJesAxwE60eakdATrOdNH3K998K04Uo+wyxibkgmkvucEsipoQ7UqNawm/a88DpwCtBARbVHdas8HCsah0wCFcSYgWNH4CZEA6eCpdVhbFhE6JRM2CCDkoTMuMl82RRfZMwY+0pnTwKes/8nEhIaMwu9rDMkEJhVLSc3aYMY/Hs34TKKgUm6MPJjgUHh/HI85ppRELMMEKp5tiumAdGEQpbPkounyZRBusn5Ov9AKWHSLDdnNaV10L1pOnbTebpttC6LBCvoDJ2jK+SgO9RCj6iNOoiiAL2iN/RufVif1pf1vWgtWcXMKVoq6+cPo0WirQ==</latexit><latexit sha1_base64="VDuZ7LI0MlfQFBgxivS7AKGhZtw=">AAACHnicbVDLSsNAFJ3UqrW+Wl26GSyKCymJCLosuHFZwT6gDWUynTRDJzNh5kYoIb/gVpd+jTtxq39j0mZhHxdmOJxzL+fe40WCG7DtX6u0Vd7e2a3sVfcPDo+Oa/WTrlGxpqxDlVC67xHDBJesAxwE60eakdATrOdNH3K998K04Uo+wyxibkgmkvucEsipoQ7UqNawm/a88DpwCtBARbVHdas8HCsah0wCFcSYgWNH4CZEA6eCpdVhbFhE6JRM2CCDkoTMuMl82RRfZMwY+0pnTwKes/8nEhIaMwu9rDMkEJhVLSc3aYMY/Hs34TKKgUm6MPJjgUHh/HI85ppRELMMEKp5tiumAdGEQpbPkounyZRBusn5Ov9AKWHSLDdnNaV10L1pOnbTebpttC6LBCvoDJ2jK+SgO9RCj6iNOoiiAL2iN/RufVif1pf1vWgtWcXMKVoq6+cPo0WirQ==</latexit>

(a)

Alice

Bob

(b)

⇢ = | iL Lh |
<latexit sha1_base64="3AgDaALjgguJwAsXWNRP9gMJLLU="></latexit><latexit sha1_base64="3AgDaALjgguJwAsXWNRP9gMJLLU="></latexit><latexit sha1_base64="3AgDaALjgguJwAsXWNRP9gMJLLU="></latexit><latexit sha1_base64="3AgDaALjgguJwAsXWNRP9gMJLLU="></latexit>

⌘
<latexit sha1_base64="LzFlL7RdaIjDWa2RUSsL30rUKSk=">AAACHnicbVBNS8NAEN2tVWv9avXoJVgUD1ISEfRY8OKxgv2ANpTNdtIu3WTD7kQoJX/Bqx79Nd7Eq/4bkzYH+zGwy+O9Gd7M8yIpDNr2Ly1sFbd3dkt75f2Dw6PjSvWkbVSsObS4kkp3PWZAihBaKFBCN9LAAk9Cx5s8ZHrnBbQRKnzGaQRuwEah8AVnmFF9QDao1Oy6PS9rHTg5qJG8moMqLfaHiscBhMglM6bn2BG6M6ZRcAlJuR8biBifsBH0UhiyAIw7my+bWBcpM7R8pdMXojVn/0/MWGDMNPDSzoDh2KxqGblJ68Xo37szEUYxQsgXRn4sLVRWdrk1FBo4ymkKGNci3dXiY6YZxzSfJRdPswlgssn5OvtQKWmSNDdnNaV10L6pO3bdebqtNS7zBEvkjJyTK+KQO9Igj6RJWoSTMXklb+SdftBP+kW/F60Fms+ckqWiP3+JfqKe</latexit><latexit sha1_base64="LzFlL7RdaIjDWa2RUSsL30rUKSk=">AAACHnicbVBNS8NAEN2tVWv9avXoJVgUD1ISEfRY8OKxgv2ANpTNdtIu3WTD7kQoJX/Bqx79Nd7Eq/4bkzYH+zGwy+O9Gd7M8yIpDNr2Ly1sFbd3dkt75f2Dw6PjSvWkbVSsObS4kkp3PWZAihBaKFBCN9LAAk9Cx5s8ZHrnBbQRKnzGaQRuwEah8AVnmFF9QDao1Oy6PS9rHTg5qJG8moMqLfaHiscBhMglM6bn2BG6M6ZRcAlJuR8biBifsBH0UhiyAIw7my+bWBcpM7R8pdMXojVn/0/MWGDMNPDSzoDh2KxqGblJ68Xo37szEUYxQsgXRn4sLVRWdrk1FBo4ymkKGNci3dXiY6YZxzSfJRdPswlgssn5OvtQKWmSNDdnNaV10L6pO3bdebqtNS7zBEvkjJyTK+KQO9Igj6RJWoSTMXklb+SdftBP+kW/F60Fms+ckqWiP3+JfqKe</latexit><latexit sha1_base64="LzFlL7RdaIjDWa2RUSsL30rUKSk=">AAACHnicbVBNS8NAEN2tVWv9avXoJVgUD1ISEfRY8OKxgv2ANpTNdtIu3WTD7kQoJX/Bqx79Nd7Eq/4bkzYH+zGwy+O9Gd7M8yIpDNr2Ly1sFbd3dkt75f2Dw6PjSvWkbVSsObS4kkp3PWZAihBaKFBCN9LAAk9Cx5s8ZHrnBbQRKnzGaQRuwEah8AVnmFF9QDao1Oy6PS9rHTg5qJG8moMqLfaHiscBhMglM6bn2BG6M6ZRcAlJuR8biBifsBH0UhiyAIw7my+bWBcpM7R8pdMXojVn/0/MWGDMNPDSzoDh2KxqGblJ68Xo37szEUYxQsgXRn4sLVRWdrk1FBo4ymkKGNci3dXiY6YZxzSfJRdPswlgssn5OvtQKWmSNDdnNaV10L6pO3bdebqtNS7zBEvkjJyTK+KQO9Igj6RJWoSTMXklb+SdftBP+kW/F60Fms+ckqWiP3+JfqKe</latexit><latexit sha1_base64="LzFlL7RdaIjDWa2RUSsL30rUKSk=">AAACHnicbVBNS8NAEN2tVWv9avXoJVgUD1ISEfRY8OKxgv2ANpTNdtIu3WTD7kQoJX/Bqx79Nd7Eq/4bkzYH+zGwy+O9Gd7M8yIpDNr2Ly1sFbd3dkt75f2Dw6PjSvWkbVSsObS4kkp3PWZAihBaKFBCN9LAAk9Cx5s8ZHrnBbQRKnzGaQRuwEah8AVnmFF9QDao1Oy6PS9rHTg5qJG8moMqLfaHiscBhMglM6bn2BG6M6ZRcAlJuR8biBifsBH0UhiyAIw7my+bWBcpM7R8pdMXojVn/0/MWGDMNPDSzoDh2KxqGblJ68Xo37szEUYxQsgXRn4sLVRWdrk1FBo4ymkKGNci3dXiY6YZxzSfJRdPswlgssn5OvtQKWmSNDdnNaV10L6pO3bdebqtNS7zBEvkjJyTK+KQO9Igj6RJWoSTMXklb+SdftBP+kW/F60Fms+ckqWiP3+JfqKe</latexit>

⌘
<latexit sha1_base64="LzFlL7RdaIjDWa2RUSsL30rUKSk=">AAACHnicbVBNS8NAEN2tVWv9avXoJVgUD1ISEfRY8OKxgv2ANpTNdtIu3WTD7kQoJX/Bqx79Nd7Eq/4bkzYH+zGwy+O9Gd7M8yIpDNr2Ly1sFbd3dkt75f2Dw6PjSvWkbVSsObS4kkp3PWZAihBaKFBCN9LAAk9Cx5s8ZHrnBbQRKnzGaQRuwEah8AVnmFF9QDao1Oy6PS9rHTg5qJG8moMqLfaHiscBhMglM6bn2BG6M6ZRcAlJuR8biBifsBH0UhiyAIw7my+bWBcpM7R8pdMXojVn/0/MWGDMNPDSzoDh2KxqGblJ68Xo37szEUYxQsgXRn4sLVRWdrk1FBo4ymkKGNci3dXiY6YZxzSfJRdPswlgssn5OvtQKWmSNDdnNaV10L6pO3bdebqtNS7zBEvkjJyTK+KQO9Igj6RJWoSTMXklb+SdftBP+kW/F60Fms+ckqWiP3+JfqKe</latexit><latexit sha1_base64="LzFlL7RdaIjDWa2RUSsL30rUKSk=">AAACHnicbVBNS8NAEN2tVWv9avXoJVgUD1ISEfRY8OKxgv2ANpTNdtIu3WTD7kQoJX/Bqx79Nd7Eq/4bkzYH+zGwy+O9Gd7M8yIpDNr2Ly1sFbd3dkt75f2Dw6PjSvWkbVSsObS4kkp3PWZAihBaKFBCN9LAAk9Cx5s8ZHrnBbQRKnzGaQRuwEah8AVnmFF9QDao1Oy6PS9rHTg5qJG8moMqLfaHiscBhMglM6bn2BG6M6ZRcAlJuR8biBifsBH0UhiyAIw7my+bWBcpM7R8pdMXojVn/0/MWGDMNPDSzoDh2KxqGblJ68Xo37szEUYxQsgXRn4sLVRWdrk1FBo4ymkKGNci3dXiY6YZxzSfJRdPswlgssn5OvtQKWmSNDdnNaV10L6pO3bdebqtNS7zBEvkjJyTK+KQO9Igj6RJWoSTMXklb+SdftBP+kW/F60Fms+ckqWiP3+JfqKe</latexit><latexit sha1_base64="LzFlL7RdaIjDWa2RUSsL30rUKSk=">AAACHnicbVBNS8NAEN2tVWv9avXoJVgUD1ISEfRY8OKxgv2ANpTNdtIu3WTD7kQoJX/Bqx79Nd7Eq/4bkzYH+zGwy+O9Gd7M8yIpDNr2Ly1sFbd3dkt75f2Dw6PjSvWkbVSsObS4kkp3PWZAihBaKFBCN9LAAk9Cx5s8ZHrnBbQRKnzGaQRuwEah8AVnmFF9QDao1Oy6PS9rHTg5qJG8moMqLfaHiscBhMglM6bn2BG6M6ZRcAlJuR8biBifsBH0UhiyAIw7my+bWBcpM7R8pdMXojVn/0/MWGDMNPDSzoDh2KxqGblJ68Xo37szEUYxQsgXRn4sLVRWdrk1FBo4ymkKGNci3dXiY6YZxzSfJRdPswlgssn5OvtQKWmSNDdnNaV10L6pO3bdebqtNS7zBEvkjJyTK+KQO9Igj6RJWoSTMXklb+SdftBP+kW/F60Fms+ckqWiP3+JfqKe</latexit><latexit sha1_base64="LzFlL7RdaIjDWa2RUSsL30rUKSk=">AAACHnicbVBNS8NAEN2tVWv9avXoJVgUD1ISEfRY8OKxgv2ANpTNdtIu3WTD7kQoJX/Bqx79Nd7Eq/4bkzYH+zGwy+O9Gd7M8yIpDNr2Ly1sFbd3dkt75f2Dw6PjSvWkbVSsObS4kkp3PWZAihBaKFBCN9LAAk9Cx5s8ZHrnBbQRKnzGaQRuwEah8AVnmFF9QDao1Oy6PS9rHTg5qJG8moMqLfaHiscBhMglM6bn2BG6M6ZRcAlJuR8biBifsBH0UhiyAIw7my+bWBcpM7R8pdMXojVn/0/MWGDMNPDSzoDh2KxqGblJ68Xo37szEUYxQsgXRn4sLVRWdrk1FBo4ymkKGNci3dXiY6YZxzSfJRdPswlgssn5OvtQKWmSNDdnNaV10L6pO3bdebqtNS7zBEvkjJyTK+KQO9Igj6RJWoSTMXklb+SdftBP+kW/F60Fms+ckqWiP3+JfqKe</latexit>

⌘
<latexit sha1_base64="LzFlL7RdaIjDWa2RUSsL30rUKSk=">AAACHnicbVBNS8NAEN2tVWv9avXoJVgUD1ISEfRY8OKxgv2ANpTNdtIu3WTD7kQoJX/Bqx79Nd7Eq/4bkzYH+zGwy+O9Gd7M8yIpDNr2Ly1sFbd3dkt75f2Dw6PjSvWkbVSsObS4kkp3PWZAihBaKFBCN9LAAk9Cx5s8ZHrnBbQRKnzGaQRuwEah8AVnmFF9QDao1Oy6PS9rHTg5qJG8moMqLfaHiscBhMglM6bn2BG6M6ZRcAlJuR8biBifsBH0UhiyAIw7my+bWBcpM7R8pdMXojVn/0/MWGDMNPDSzoDh2KxqGblJ68Xo37szEUYxQsgXRn4sLVRWdrk1FBo4ymkKGNci3dXiY6YZxzSfJRdPswlgssn5OvtQKWmSNDdnNaV10L6pO3bdebqtNS7zBEvkjJyTK+KQO9Igj6RJWoSTMXklb+SdftBP+kW/F60Fms+ckqWiP3+JfqKe</latexit><latexit sha1_base64="LzFlL7RdaIjDWa2RUSsL30rUKSk=">AAACHnicbVBNS8NAEN2tVWv9avXoJVgUD1ISEfRY8OKxgv2ANpTNdtIu3WTD7kQoJX/Bqx79Nd7Eq/4bkzYH+zGwy+O9Gd7M8yIpDNr2Ly1sFbd3dkt75f2Dw6PjSvWkbVSsObS4kkp3PWZAihBaKFBCN9LAAk9Cx5s8ZHrnBbQRKnzGaQRuwEah8AVnmFF9QDao1Oy6PS9rHTg5qJG8moMqLfaHiscBhMglM6bn2BG6M6ZRcAlJuR8biBifsBH0UhiyAIw7my+bWBcpM7R8pdMXojVn/0/MWGDMNPDSzoDh2KxqGblJ68Xo37szEUYxQsgXRn4sLVRWdrk1FBo4ymkKGNci3dXiY6YZxzSfJRdPswlgssn5OvtQKWmSNDdnNaV10L6pO3bdebqtNS7zBEvkjJyTK+KQO9Igj6RJWoSTMXklb+SdftBP+kW/F60Fms+ckqWiP3+JfqKe</latexit><latexit sha1_base64="LzFlL7RdaIjDWa2RUSsL30rUKSk=">AAACHnicbVBNS8NAEN2tVWv9avXoJVgUD1ISEfRY8OKxgv2ANpTNdtIu3WTD7kQoJX/Bqx79Nd7Eq/4bkzYH+zGwy+O9Gd7M8yIpDNr2Ly1sFbd3dkt75f2Dw6PjSvWkbVSsObS4kkp3PWZAihBaKFBCN9LAAk9Cx5s8ZHrnBbQRKnzGaQRuwEah8AVnmFF9QDao1Oy6PS9rHTg5qJG8moMqLfaHiscBhMglM6bn2BG6M6ZRcAlJuR8biBifsBH0UhiyAIw7my+bWBcpM7R8pdMXojVn/0/MWGDMNPDSzoDh2KxqGblJ68Xo37szEUYxQsgXRn4sLVRWdrk1FBo4ymkKGNci3dXiY6YZxzSfJRdPswlgssn5OvtQKWmSNDdnNaV10L6pO3bdebqtNS7zBEvkjJyTK+KQO9Igj6RJWoSTMXklb+SdftBP+kW/F60Fms+ckqWiP3+JfqKe</latexit><latexit sha1_base64="LzFlL7RdaIjDWa2RUSsL30rUKSk=">AAACHnicbVBNS8NAEN2tVWv9avXoJVgUD1ISEfRY8OKxgv2ANpTNdtIu3WTD7kQoJX/Bqx79Nd7Eq/4bkzYH+zGwy+O9Gd7M8yIpDNr2Ly1sFbd3dkt75f2Dw6PjSvWkbVSsObS4kkp3PWZAihBaKFBCN9LAAk9Cx5s8ZHrnBbQRKnzGaQRuwEah8AVnmFF9QDao1Oy6PS9rHTg5qJG8moMqLfaHiscBhMglM6bn2BG6M6ZRcAlJuR8biBifsBH0UhiyAIw7my+bWBcpM7R8pdMXojVn/0/MWGDMNPDSzoDh2KxqGblJ68Xo37szEUYxQsgXRn4sLVRWdrk1FBo4ymkKGNci3dXiY6YZxzSfJRdPswlgssn5OvtQKWmSNDdnNaV10L6pO3bdebqtNS7zBEvkjJyTK+KQO9Igj6RJWoSTMXklb+SdftBP+kW/F60Fms+ckqWiP3+JfqKe</latexit>
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<latexit sha1_base64="9n55QJk0XEIiDA/Qtay0PXXz2Tk=">AAACOHicbVA9SwNBEN3z+9uopRaLQbGQcCeCloKNpYKJQi6Guc0kWbJ3e+zOCeG4xl9jq6X/xM5ObP0FbpIr/Hqwy9s3M7zZF6VKWvL9V29qemZ2bn5hcWl5ZXVtvbKx2bA6MwLrQittbiOwqGSCdZKk8DY1CHGk8CYanI/qN/dorNTJNQ1TbMXQS2RXCiAntSs7YR8oh4KHpq95+bgLO9DroWlXqn7NH4P/JUFJqqzEZXvDmwk7WmQxJiQUWNsM/JRaORiSQmGxFGYWUxAD6GHT0QRitK18/I2C7zmlw7vauJMQH6vfJ3KIrR3GkeuMgfr2d20k/ldrZtQ9beUySTPCREyMupnipPkoE96RBgWpoSMgjHS7ctEHA4Jccj9cIgMDpOI/58PRRVorW7jcgt8p/SWNo1rg14Kr4+rZfpngAttmu+yABeyEnbELdsnqTLAH9sie2LP34r15797HpHXKK2e22A94n18az60W</latexit><latexit sha1_base64="9n55QJk0XEIiDA/Qtay0PXXz2Tk=">AAACOHicbVA9SwNBEN3z+9uopRaLQbGQcCeCloKNpYKJQi6Guc0kWbJ3e+zOCeG4xl9jq6X/xM5ObP0FbpIr/Hqwy9s3M7zZF6VKWvL9V29qemZ2bn5hcWl5ZXVtvbKx2bA6MwLrQittbiOwqGSCdZKk8DY1CHGk8CYanI/qN/dorNTJNQ1TbMXQS2RXCiAntSs7YR8oh4KHpq95+bgLO9DroWlXqn7NH4P/JUFJqqzEZXvDmwk7WmQxJiQUWNsM/JRaORiSQmGxFGYWUxAD6GHT0QRitK18/I2C7zmlw7vauJMQH6vfJ3KIrR3GkeuMgfr2d20k/ldrZtQ9beUySTPCREyMupnipPkoE96RBgWpoSMgjHS7ctEHA4Jccj9cIgMDpOI/58PRRVorW7jcgt8p/SWNo1rg14Kr4+rZfpngAttmu+yABeyEnbELdsnqTLAH9sie2LP34r15797HpHXKK2e22A94n18az60W</latexit><latexit sha1_base64="9n55QJk0XEIiDA/Qtay0PXXz2Tk=">AAACOHicbVA9SwNBEN3z+9uopRaLQbGQcCeCloKNpYKJQi6Guc0kWbJ3e+zOCeG4xl9jq6X/xM5ObP0FbpIr/Hqwy9s3M7zZF6VKWvL9V29qemZ2bn5hcWl5ZXVtvbKx2bA6MwLrQittbiOwqGSCdZKk8DY1CHGk8CYanI/qN/dorNTJNQ1TbMXQS2RXCiAntSs7YR8oh4KHpq95+bgLO9DroWlXqn7NH4P/JUFJqqzEZXvDmwk7WmQxJiQUWNsM/JRaORiSQmGxFGYWUxAD6GHT0QRitK18/I2C7zmlw7vauJMQH6vfJ3KIrR3GkeuMgfr2d20k/ldrZtQ9beUySTPCREyMupnipPkoE96RBgWpoSMgjHS7ctEHA4Jccj9cIgMDpOI/58PRRVorW7jcgt8p/SWNo1rg14Kr4+rZfpngAttmu+yABeyEnbELdsnqTLAH9sie2LP34r15797HpHXKK2e22A94n18az60W</latexit><latexit sha1_base64="9n55QJk0XEIiDA/Qtay0PXXz2Tk=">AAACOHicbVA9SwNBEN3z+9uopRaLQbGQcCeCloKNpYKJQi6Guc0kWbJ3e+zOCeG4xl9jq6X/xM5ObP0FbpIr/Hqwy9s3M7zZF6VKWvL9V29qemZ2bn5hcWl5ZXVtvbKx2bA6MwLrQittbiOwqGSCdZKk8DY1CHGk8CYanI/qN/dorNTJNQ1TbMXQS2RXCiAntSs7YR8oh4KHpq95+bgLO9DroWlXqn7NH4P/JUFJqqzEZXvDmwk7WmQxJiQUWNsM/JRaORiSQmGxFGYWUxAD6GHT0QRitK18/I2C7zmlw7vauJMQH6vfJ3KIrR3GkeuMgfr2d20k/ldrZtQ9beUySTPCREyMupnipPkoE96RBgWpoSMgjHS7ctEHA4Jccj9cIgMDpOI/58PRRVorW7jcgt8p/SWNo1rg14Kr4+rZfpngAttmu+yABeyEnbELdsnqTLAH9sie2LP34r15797HpHXKK2e22A94n18az60W</latexit>

⇢
<latexit sha1_base64="VDuZ7LI0MlfQFBgxivS7AKGhZtw=">AAACHnicbVDLSsNAFJ3UqrW+Wl26GSyKCymJCLosuHFZwT6gDWUynTRDJzNh5kYoIb/gVpd+jTtxq39j0mZhHxdmOJxzL+fe40WCG7DtX6u0Vd7e2a3sVfcPDo+Oa/WTrlGxpqxDlVC67xHDBJesAxwE60eakdATrOdNH3K998K04Uo+wyxibkgmkvucEsipoQ7UqNawm/a88DpwCtBARbVHdas8HCsah0wCFcSYgWNH4CZEA6eCpdVhbFhE6JRM2CCDkoTMuMl82RRfZMwY+0pnTwKes/8nEhIaMwu9rDMkEJhVLSc3aYMY/Hs34TKKgUm6MPJjgUHh/HI85ppRELMMEKp5tiumAdGEQpbPkounyZRBusn5Ov9AKWHSLDdnNaV10L1pOnbTebpttC6LBCvoDJ2jK+SgO9RCj6iNOoiiAL2iN/RufVif1pf1vWgtWcXMKVoq6+cPo0WirQ==</latexit><latexit sha1_base64="VDuZ7LI0MlfQFBgxivS7AKGhZtw=">AAACHnicbVDLSsNAFJ3UqrW+Wl26GSyKCymJCLosuHFZwT6gDWUynTRDJzNh5kYoIb/gVpd+jTtxq39j0mZhHxdmOJxzL+fe40WCG7DtX6u0Vd7e2a3sVfcPDo+Oa/WTrlGxpqxDlVC67xHDBJesAxwE60eakdATrOdNH3K998K04Uo+wyxibkgmkvucEsipoQ7UqNawm/a88DpwCtBARbVHdas8HCsah0wCFcSYgWNH4CZEA6eCpdVhbFhE6JRM2CCDkoTMuMl82RRfZMwY+0pnTwKes/8nEhIaMwu9rDMkEJhVLSc3aYMY/Hs34TKKgUm6MPJjgUHh/HI85ppRELMMEKp5tiumAdGEQpbPkounyZRBusn5Ov9AKWHSLDdnNaV10L1pOnbTebpttC6LBCvoDJ2jK+SgO9RCj6iNOoiiAL2iN/RufVif1pf1vWgtWcXMKVoq6+cPo0WirQ==</latexit><latexit sha1_base64="VDuZ7LI0MlfQFBgxivS7AKGhZtw=">AAACHnicbVDLSsNAFJ3UqrW+Wl26GSyKCymJCLosuHFZwT6gDWUynTRDJzNh5kYoIb/gVpd+jTtxq39j0mZhHxdmOJxzL+fe40WCG7DtX6u0Vd7e2a3sVfcPDo+Oa/WTrlGxpqxDlVC67xHDBJesAxwE60eakdATrOdNH3K998K04Uo+wyxibkgmkvucEsipoQ7UqNawm/a88DpwCtBARbVHdas8HCsah0wCFcSYgWNH4CZEA6eCpdVhbFhE6JRM2CCDkoTMuMl82RRfZMwY+0pnTwKes/8nEhIaMwu9rDMkEJhVLSc3aYMY/Hs34TKKgUm6MPJjgUHh/HI85ppRELMMEKp5tiumAdGEQpbPkounyZRBusn5Ov9AKWHSLDdnNaV10L1pOnbTebpttC6LBCvoDJ2jK+SgO9RCj6iNOoiiAL2iN/RufVif1pf1vWgtWcXMKVoq6+cPo0WirQ==</latexit><latexit sha1_base64="VDuZ7LI0MlfQFBgxivS7AKGhZtw=">AAACHnicbVDLSsNAFJ3UqrW+Wl26GSyKCymJCLosuHFZwT6gDWUynTRDJzNh5kYoIb/gVpd+jTtxq39j0mZhHxdmOJxzL+fe40WCG7DtX6u0Vd7e2a3sVfcPDo+Oa/WTrlGxpqxDlVC67xHDBJesAxwE60eakdATrOdNH3K998K04Uo+wyxibkgmkvucEsipoQ7UqNawm/a88DpwCtBARbVHdas8HCsah0wCFcSYgWNH4CZEA6eCpdVhbFhE6JRM2CCDkoTMuMl82RRfZMwY+0pnTwKes/8nEhIaMwu9rDMkEJhVLSc3aYMY/Hs34TKKgUm6MPJjgUHh/HI85ppRELMMEKp5tiumAdGEQpbPkounyZRBusn5Ov9AKWHSLDdnNaV10L1pOnbTebpttC6LBCvoDJ2jK+SgO9RCj6iNOoiiAL2iN/RufVif1pf1vWgtWcXMKVoq6+cPo0WirQ==</latexit>



NISQ
• Noisy Intermediate Scale Quantum 

(NISQ) processors1: 

• Shallow depth
• Small [O(100)] qubits
• Error above threshold  

• Quantum Advantage: 

• Random Circuit Sampling  
Bouland et al., Nat. Phys. (2018)

• IQP sampling  
Bremner et al,. Quantum (2016)

• Boson Sampling  
Aaronson & Arkhipov (2014) 

•  Near-term quantum algorithms: 

• QAOA (Max Cut)  
Farhi et al., arXiv:1411.4028

• Variational Quantum Eigensolver 
Peruzzo et al, Nat. Comms (2014)

• Quantum Autoencoder 
Romero et al., QST (2017)

[1] Quantum Computing Memes for QMA-complete Teens, Proceedings of the 
Royal Society of Quality Memes, Vol 5., 2018.

1 J. Preskill, Quantum 2, 79 (2018)
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Û
<latexit sha1_base64="cllfFNFMRMTHyMa0bYbd3Wld+5E=">AAACAnicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHgxWMF0xbaUCbbTbtkswm7E6GE3PwDXvUfeBOv/hH/gL/DbZuDbX0w8Hhvhpl5QSq4Rsf5tiobm1vbO9Xd2t7+weFR/fiko5NMUebRRCSqF4BmgkvmIUfBeqliEAeCdYPobuZ3n5jSPJGPOE2ZH8NY8pBTQCN1BxPA3CuG9YbTdOaw14lbkgYp0R7WfwajhGYxk0gFaN13nRT9HBRyKlhRG2SapUAjGLO+oRJipv18fm5hXxhlZIeJMiXRnqt/J3KItZ7GgemMASd61ZuJ/3n9DMNbP+cyzZBJulgUZsLGxJ79bo+4YhTF1BCgiptbbToBBRRNQktbAgURw6JmgnFXY1gnnaum6zTdh+tGyykjqpIzck4uiUtuSIvckzbxCCUReSGv5M16tt6tD+tz0VqxyplTsgTr6xe9gJf8</latexit><latexit sha1_base64="cllfFNFMRMTHyMa0bYbd3Wld+5E=">AAACAnicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHgxWMF0xbaUCbbTbtkswm7E6GE3PwDXvUfeBOv/hH/gL/DbZuDbX0w8Hhvhpl5QSq4Rsf5tiobm1vbO9Xd2t7+weFR/fiko5NMUebRRCSqF4BmgkvmIUfBeqliEAeCdYPobuZ3n5jSPJGPOE2ZH8NY8pBTQCN1BxPA3CuG9YbTdOaw14lbkgYp0R7WfwajhGYxk0gFaN13nRT9HBRyKlhRG2SapUAjGLO+oRJipv18fm5hXxhlZIeJMiXRnqt/J3KItZ7GgemMASd61ZuJ/3n9DMNbP+cyzZBJulgUZsLGxJ79bo+4YhTF1BCgiptbbToBBRRNQktbAgURw6JmgnFXY1gnnaum6zTdh+tGyykjqpIzck4uiUtuSIvckzbxCCUReSGv5M16tt6tD+tz0VqxyplTsgTr6xe9gJf8</latexit><latexit sha1_base64="cllfFNFMRMTHyMa0bYbd3Wld+5E=">AAACAnicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHgxWMF0xbaUCbbTbtkswm7E6GE3PwDXvUfeBOv/hH/gL/DbZuDbX0w8Hhvhpl5QSq4Rsf5tiobm1vbO9Xd2t7+weFR/fiko5NMUebRRCSqF4BmgkvmIUfBeqliEAeCdYPobuZ3n5jSPJGPOE2ZH8NY8pBTQCN1BxPA3CuG9YbTdOaw14lbkgYp0R7WfwajhGYxk0gFaN13nRT9HBRyKlhRG2SapUAjGLO+oRJipv18fm5hXxhlZIeJMiXRnqt/J3KItZ7GgemMASd61ZuJ/3n9DMNbP+cyzZBJulgUZsLGxJ79bo+4YhTF1BCgiptbbToBBRRNQktbAgURw6JmgnFXY1gnnaum6zTdh+tGyykjqpIzck4uiUtuSIvckzbxCCUReSGv5M16tt6tD+tz0VqxyplTsgTr6xe9gJf8</latexit><latexit sha1_base64="cllfFNFMRMTHyMa0bYbd3Wld+5E=">AAACAnicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHgxWMF0xbaUCbbTbtkswm7E6GE3PwDXvUfeBOv/hH/gL/DbZuDbX0w8Hhvhpl5QSq4Rsf5tiobm1vbO9Xd2t7+weFR/fiko5NMUebRRCSqF4BmgkvmIUfBeqliEAeCdYPobuZ3n5jSPJGPOE2ZH8NY8pBTQCN1BxPA3CuG9YbTdOaw14lbkgYp0R7WfwajhGYxk0gFaN13nRT9HBRyKlhRG2SapUAjGLO+oRJipv18fm5hXxhlZIeJMiXRnqt/J3KItZ7GgemMASd61ZuJ/3n9DMNbP+cyzZBJulgUZsLGxJ79bo+4YhTF1BCgiptbbToBBRRNQktbAgURw6JmgnFXY1gnnaum6zTdh+tGyykjqpIzck4uiUtuSIvckzbxCCUReSGv5M16tt6tD+tz0VqxyplTsgTr6xe9gJf8</latexit>

| outi
<latexit sha1_base64="eezxu3Q4WFfiSamL2lrAHFPLJL0=">AAACE3icbZDNSsNAEMc39avWr6rgxUuwCD2VRAQ9Frx4rGA/oClls520SzebsDsRS8xj+AJe9Q28iVcfwBfwOdy2OdjWPwz8+c8MM/z8WHCNjvNtFdbWNza3itulnd29/YPy4VFLR4li0GSRiFTHpxoEl9BEjgI6sQIa+gLa/vhm2m8/gNI8kvc4iaEX0qHkAWcUTdQvn3hjwNSLNe97CI+YRglmWalfrjg1ZyZ71bi5qZBcjX75xxtELAlBIhNU667rxNhLqULOBGQlL9EQUzamQ+gaK2kIupfO/s/sc5MM7CBSpiTas/TvRkpDrSehbyZDiiO93JuG//W6CQbXvZTLOEGQbH4oSISNkT2FYQ+4AoZiYgxliptfbTaiijI0yBau+IoaUDMw7jKGVdO6qLlOzb27rNSrOaIiOSVnpEpcckXq5JY0SJMw8kReyCt5s56td+vD+pyPFqx855gsyPr6BZ4unu8=</latexit><latexit sha1_base64="eezxu3Q4WFfiSamL2lrAHFPLJL0=">AAACE3icbZDNSsNAEMc39avWr6rgxUuwCD2VRAQ9Frx4rGA/oClls520SzebsDsRS8xj+AJe9Q28iVcfwBfwOdy2OdjWPwz8+c8MM/z8WHCNjvNtFdbWNza3itulnd29/YPy4VFLR4li0GSRiFTHpxoEl9BEjgI6sQIa+gLa/vhm2m8/gNI8kvc4iaEX0qHkAWcUTdQvn3hjwNSLNe97CI+YRglmWalfrjg1ZyZ71bi5qZBcjX75xxtELAlBIhNU667rxNhLqULOBGQlL9EQUzamQ+gaK2kIupfO/s/sc5MM7CBSpiTas/TvRkpDrSehbyZDiiO93JuG//W6CQbXvZTLOEGQbH4oSISNkT2FYQ+4AoZiYgxliptfbTaiijI0yBau+IoaUDMw7jKGVdO6qLlOzb27rNSrOaIiOSVnpEpcckXq5JY0SJMw8kReyCt5s56td+vD+pyPFqx855gsyPr6BZ4unu8=</latexit><latexit sha1_base64="eezxu3Q4WFfiSamL2lrAHFPLJL0=">AAACE3icbZDNSsNAEMc39avWr6rgxUuwCD2VRAQ9Frx4rGA/oClls520SzebsDsRS8xj+AJe9Q28iVcfwBfwOdy2OdjWPwz8+c8MM/z8WHCNjvNtFdbWNza3itulnd29/YPy4VFLR4li0GSRiFTHpxoEl9BEjgI6sQIa+gLa/vhm2m8/gNI8kvc4iaEX0qHkAWcUTdQvn3hjwNSLNe97CI+YRglmWalfrjg1ZyZ71bi5qZBcjX75xxtELAlBIhNU667rxNhLqULOBGQlL9EQUzamQ+gaK2kIupfO/s/sc5MM7CBSpiTas/TvRkpDrSehbyZDiiO93JuG//W6CQbXvZTLOEGQbH4oSISNkT2FYQ+4AoZiYgxliptfbTaiijI0yBau+IoaUDMw7jKGVdO6qLlOzb27rNSrOaIiOSVnpEpcckXq5JY0SJMw8kReyCt5s56td+vD+pyPFqx855gsyPr6BZ4unu8=</latexit><latexit sha1_base64="eezxu3Q4WFfiSamL2lrAHFPLJL0=">AAACE3icbZDNSsNAEMc39avWr6rgxUuwCD2VRAQ9Frx4rGA/oClls520SzebsDsRS8xj+AJe9Q28iVcfwBfwOdy2OdjWPwz8+c8MM/z8WHCNjvNtFdbWNza3itulnd29/YPy4VFLR4li0GSRiFTHpxoEl9BEjgI6sQIa+gLa/vhm2m8/gNI8kvc4iaEX0qHkAWcUTdQvn3hjwNSLNe97CI+YRglmWalfrjg1ZyZ71bi5qZBcjX75xxtELAlBIhNU667rxNhLqULOBGQlL9EQUzamQ+gaK2kIupfO/s/sc5MM7CBSpiTas/TvRkpDrSehbyZDiiO93JuG//W6CQbXvZTLOEGQbH4oSISNkT2FYQ+4AoZiYgxliptfbTaiijI0yBau+IoaUDMw7jKGVdO6qLlOzb27rNSrOaIiOSVnpEpcckXq5JY0SJMw8kReyCt5s56td+vD+pyPFqx855gsyPr6BZ4unu8=</latexit>

| ini
<latexit sha1_base64="AL/MYgnwsYVtDMOlLRTMvQCIEsM=">AAACEnicbZDLSsNAFIYnXmu9RcWVm2ARuiqJCLosuHFZwV6gCWEyPW2HTi7MnIgl5C18Abf6Bu7ErS/gC/gcTtMsbOsPAz//OYdz5gsSwRXa9rextr6xubVd2anu7u0fHJpHxx0Vp5JBm8Uilr2AKhA8gjZyFNBLJNAwENANJrezevcRpOJx9IDTBLyQjiI+5Iyijnzz1J0AZm6iuO8iPGHGozyv+mbNbtiFrFXjlKZGSrV888cdxCwNIUImqFJ9x07Qy6hEzgTkVTdVkFA2oSPoaxvREJSXFefn1oVOBtYwlvpFaBXp34mMhkpNw0B3hhTHark2C/+r9VMc3nj6R0mKELH5omEqLIytGQtrwCUwFFNtKJNc32qxMZWUoSa2sCWQVHMqwDjLGFZN57Lh2A3n/qrWrJeIKuSMnJM6ccg1aZI70iJtwkhGXsgreTOejXfjw/ict64Z5cwJWZDx9QuiHZ5k</latexit><latexit sha1_base64="AL/MYgnwsYVtDMOlLRTMvQCIEsM=">AAACEnicbZDLSsNAFIYnXmu9RcWVm2ARuiqJCLosuHFZwV6gCWEyPW2HTi7MnIgl5C18Abf6Bu7ErS/gC/gcTtMsbOsPAz//OYdz5gsSwRXa9rextr6xubVd2anu7u0fHJpHxx0Vp5JBm8Uilr2AKhA8gjZyFNBLJNAwENANJrezevcRpOJx9IDTBLyQjiI+5Iyijnzz1J0AZm6iuO8iPGHGozyv+mbNbtiFrFXjlKZGSrV888cdxCwNIUImqFJ9x07Qy6hEzgTkVTdVkFA2oSPoaxvREJSXFefn1oVOBtYwlvpFaBXp34mMhkpNw0B3hhTHark2C/+r9VMc3nj6R0mKELH5omEqLIytGQtrwCUwFFNtKJNc32qxMZWUoSa2sCWQVHMqwDjLGFZN57Lh2A3n/qrWrJeIKuSMnJM6ccg1aZI70iJtwkhGXsgreTOejXfjw/ict64Z5cwJWZDx9QuiHZ5k</latexit><latexit sha1_base64="AL/MYgnwsYVtDMOlLRTMvQCIEsM=">AAACEnicbZDLSsNAFIYnXmu9RcWVm2ARuiqJCLosuHFZwV6gCWEyPW2HTi7MnIgl5C18Abf6Bu7ErS/gC/gcTtMsbOsPAz//OYdz5gsSwRXa9rextr6xubVd2anu7u0fHJpHxx0Vp5JBm8Uilr2AKhA8gjZyFNBLJNAwENANJrezevcRpOJx9IDTBLyQjiI+5Iyijnzz1J0AZm6iuO8iPGHGozyv+mbNbtiFrFXjlKZGSrV888cdxCwNIUImqFJ9x07Qy6hEzgTkVTdVkFA2oSPoaxvREJSXFefn1oVOBtYwlvpFaBXp34mMhkpNw0B3hhTHark2C/+r9VMc3nj6R0mKELH5omEqLIytGQtrwCUwFFNtKJNc32qxMZWUoSa2sCWQVHMqwDjLGFZN57Lh2A3n/qrWrJeIKuSMnJM6ccg1aZI70iJtwkhGXsgreTOejXfjw/ict64Z5cwJWZDx9QuiHZ5k</latexit><latexit sha1_base64="AL/MYgnwsYVtDMOlLRTMvQCIEsM=">AAACEnicbZDLSsNAFIYnXmu9RcWVm2ARuiqJCLosuHFZwV6gCWEyPW2HTi7MnIgl5C18Abf6Bu7ErS/gC/gcTtMsbOsPAz//OYdz5gsSwRXa9rextr6xubVd2anu7u0fHJpHxx0Vp5JBm8Uilr2AKhA8gjZyFNBLJNAwENANJrezevcRpOJx9IDTBLyQjiI+5Iyijnzz1J0AZm6iuO8iPGHGozyv+mbNbtiFrFXjlKZGSrV888cdxCwNIUImqFJ9x07Qy6hEzgTkVTdVkFA2oSPoaxvREJSXFefn1oVOBtYwlvpFaBXp34mMhkpNw0B3hhTHark2C/+r9VMc3nj6R0mKELH5omEqLIytGQtrwCUwFFNtKJNc32qxMZWUoSa2sCWQVHMqwDjLGFZN57Lh2A3n/qrWrJeIKuSMnJM6ccg1aZI70iJtwkhGXsgreTOejXfjw/ict64Z5cwJWZDx9QuiHZ5k</latexit>

Dr. Masoud Moheseni Dr. Jonny Olson Prof. Seth Lloyd

PU (x) = | hx| outi |2
<latexit sha1_base64="yIcmXanxcB/oYC70TMWDVkdJ9sU=">AAACI3icbZBLSgNBEIZ7fL8ddemmMYhxE2aCoBsh6MZlBKNCJg49nUps0vOgu0YSJnMEj+EJ3OoJ3IkbFy69h53Hwhh/aPj5q4qq/oJECo2O82nNzM7NLywuLa+srq1vbNpb29c6ThWHGo9lrG4DpkGKCGooUMJtooCFgYSboHM+qN88gNIijq6wl0AjZO1ItARnaCLfPqj6tWL3kJ7Svhco1gHMun0v0cL3ELqYxSnmef+u7NsFp+QMRaeNOzYFMlbVt7+9ZszTECLkkmldd50EGxlTKLiEfMVLNSSMd1gb6sZGLATdyIYfyum+SZq0FSvzIqTD9PdExkKte2FgOkOG9/pvbRD+V6un2DppZCJKUoSIjxa1UkkxpgM6tCkUcJQ9YxhXwtxK+T1TjKNhOLFlBCs3XNy/FKbNdbnkOiX38qhQORsTWiK7ZI8UiUuOSYVckCqpEU4eyTN5Ia/Wk/VmvVsfo9YZazyzQyZkff0Ap42llA==</latexit><latexit sha1_base64="yIcmXanxcB/oYC70TMWDVkdJ9sU=">AAACI3icbZBLSgNBEIZ7fL8ddemmMYhxE2aCoBsh6MZlBKNCJg49nUps0vOgu0YSJnMEj+EJ3OoJ3IkbFy69h53Hwhh/aPj5q4qq/oJECo2O82nNzM7NLywuLa+srq1vbNpb29c6ThWHGo9lrG4DpkGKCGooUMJtooCFgYSboHM+qN88gNIijq6wl0AjZO1ItARnaCLfPqj6tWL3kJ7Svhco1gHMun0v0cL3ELqYxSnmef+u7NsFp+QMRaeNOzYFMlbVt7+9ZszTECLkkmldd50EGxlTKLiEfMVLNSSMd1gb6sZGLATdyIYfyum+SZq0FSvzIqTD9PdExkKte2FgOkOG9/pvbRD+V6un2DppZCJKUoSIjxa1UkkxpgM6tCkUcJQ9YxhXwtxK+T1TjKNhOLFlBCs3XNy/FKbNdbnkOiX38qhQORsTWiK7ZI8UiUuOSYVckCqpEU4eyTN5Ia/Wk/VmvVsfo9YZazyzQyZkff0Ap42llA==</latexit><latexit sha1_base64="yIcmXanxcB/oYC70TMWDVkdJ9sU=">AAACI3icbZBLSgNBEIZ7fL8ddemmMYhxE2aCoBsh6MZlBKNCJg49nUps0vOgu0YSJnMEj+EJ3OoJ3IkbFy69h53Hwhh/aPj5q4qq/oJECo2O82nNzM7NLywuLa+srq1vbNpb29c6ThWHGo9lrG4DpkGKCGooUMJtooCFgYSboHM+qN88gNIijq6wl0AjZO1ItARnaCLfPqj6tWL3kJ7Svhco1gHMun0v0cL3ELqYxSnmef+u7NsFp+QMRaeNOzYFMlbVt7+9ZszTECLkkmldd50EGxlTKLiEfMVLNSSMd1gb6sZGLATdyIYfyum+SZq0FSvzIqTD9PdExkKte2FgOkOG9/pvbRD+V6un2DppZCJKUoSIjxa1UkkxpgM6tCkUcJQ9YxhXwtxK+T1TjKNhOLFlBCs3XNy/FKbNdbnkOiX38qhQORsTWiK7ZI8UiUuOSYVckCqpEU4eyTN5Ia/Wk/VmvVsfo9YZazyzQyZkff0Ap42llA==</latexit><latexit sha1_base64="yIcmXanxcB/oYC70TMWDVkdJ9sU=">AAACI3icbZBLSgNBEIZ7fL8ddemmMYhxE2aCoBsh6MZlBKNCJg49nUps0vOgu0YSJnMEj+EJ3OoJ3IkbFy69h53Hwhh/aPj5q4qq/oJECo2O82nNzM7NLywuLa+srq1vbNpb29c6ThWHGo9lrG4DpkGKCGooUMJtooCFgYSboHM+qN88gNIijq6wl0AjZO1ItARnaCLfPqj6tWL3kJ7Svhco1gHMun0v0cL3ELqYxSnmef+u7NsFp+QMRaeNOzYFMlbVt7+9ZszTECLkkmldd50EGxlTKLiEfMVLNSSMd1gb6sZGLATdyIYfyum+SZq0FSvzIqTD9PdExkKte2FgOkOG9/pvbRD+V6un2DppZCJKUoSIjxa1UkkxpgM6tCkUcJQ9YxhXwtxK+T1TjKNhOLFlBCs3XNy/FKbNdbnkOiX38qhQORsTWiK7ZI8UiUuOSYVckCqpEU4eyTN5Ia/Wk/VmvVsfo9YZazyzQyZkff0Ap42llA==</latexit>

Given ψin + U, sample from PU

x

P(x)

Bouland et al., Nat. Phys. (2018) 
Bremner et al,. Quantum (2016) 
Aaronson & Arkhipov (2014)

Given ψout, what can 
we learn about U?



Variational Learning

Û
<latexit sha1_base64="cllfFNFMRMTHyMa0bYbd3Wld+5E=">AAACAnicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHgxWMF0xbaUCbbTbtkswm7E6GE3PwDXvUfeBOv/hH/gL/DbZuDbX0w8Hhvhpl5QSq4Rsf5tiobm1vbO9Xd2t7+weFR/fiko5NMUebRRCSqF4BmgkvmIUfBeqliEAeCdYPobuZ3n5jSPJGPOE2ZH8NY8pBTQCN1BxPA3CuG9YbTdOaw14lbkgYp0R7WfwajhGYxk0gFaN13nRT9HBRyKlhRG2SapUAjGLO+oRJipv18fm5hXxhlZIeJMiXRnqt/J3KItZ7GgemMASd61ZuJ/3n9DMNbP+cyzZBJulgUZsLGxJ79bo+4YhTF1BCgiptbbToBBRRNQktbAgURw6JmgnFXY1gnnaum6zTdh+tGyykjqpIzck4uiUtuSIvckzbxCCUReSGv5M16tt6tD+tz0VqxyplTsgTr6xe9gJf8</latexit><latexit sha1_base64="cllfFNFMRMTHyMa0bYbd3Wld+5E=">AAACAnicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHgxWMF0xbaUCbbTbtkswm7E6GE3PwDXvUfeBOv/hH/gL/DbZuDbX0w8Hhvhpl5QSq4Rsf5tiobm1vbO9Xd2t7+weFR/fiko5NMUebRRCSqF4BmgkvmIUfBeqliEAeCdYPobuZ3n5jSPJGPOE2ZH8NY8pBTQCN1BxPA3CuG9YbTdOaw14lbkgYp0R7WfwajhGYxk0gFaN13nRT9HBRyKlhRG2SapUAjGLO+oRJipv18fm5hXxhlZIeJMiXRnqt/J3KItZ7GgemMASd61ZuJ/3n9DMNbP+cyzZBJulgUZsLGxJ79bo+4YhTF1BCgiptbbToBBRRNQktbAgURw6JmgnFXY1gnnaum6zTdh+tGyykjqpIzck4uiUtuSIvckzbxCCUReSGv5M16tt6tD+tz0VqxyplTsgTr6xe9gJf8</latexit><latexit sha1_base64="cllfFNFMRMTHyMa0bYbd3Wld+5E=">AAACAnicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHgxWMF0xbaUCbbTbtkswm7E6GE3PwDXvUfeBOv/hH/gL/DbZuDbX0w8Hhvhpl5QSq4Rsf5tiobm1vbO9Xd2t7+weFR/fiko5NMUebRRCSqF4BmgkvmIUfBeqliEAeCdYPobuZ3n5jSPJGPOE2ZH8NY8pBTQCN1BxPA3CuG9YbTdOaw14lbkgYp0R7WfwajhGYxk0gFaN13nRT9HBRyKlhRG2SapUAjGLO+oRJipv18fm5hXxhlZIeJMiXRnqt/J3KItZ7GgemMASd61ZuJ/3n9DMNbP+cyzZBJulgUZsLGxJ79bo+4YhTF1BCgiptbbToBBRRNQktbAgURw6JmgnFXY1gnnaum6zTdh+tGyykjqpIzck4uiUtuSIvckzbxCCUReSGv5M16tt6tD+tz0VqxyplTsgTr6xe9gJf8</latexit><latexit sha1_base64="cllfFNFMRMTHyMa0bYbd3Wld+5E=">AAACAnicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHgxWMF0xbaUCbbTbtkswm7E6GE3PwDXvUfeBOv/hH/gL/DbZuDbX0w8Hhvhpl5QSq4Rsf5tiobm1vbO9Xd2t7+weFR/fiko5NMUebRRCSqF4BmgkvmIUfBeqliEAeCdYPobuZ3n5jSPJGPOE2ZH8NY8pBTQCN1BxPA3CuG9YbTdOaw14lbkgYp0R7WfwajhGYxk0gFaN13nRT9HBRyKlhRG2SapUAjGLO+oRJipv18fm5hXxhlZIeJMiXRnqt/J3KItZ7GgemMASd61ZuJ/3n9DMNbP+cyzZBJulgUZsLGxJ79bo+4YhTF1BCgiptbbToBBRRNQktbAgURw6JmgnFXY1gnnaum6zTdh+tGyykjqpIzck4uiUtuSIvckzbxCCUReSGv5M16tt6tD+tz0VqxyplTsgTr6xe9gJf8</latexit>

| outi
<latexit sha1_base64="eezxu3Q4WFfiSamL2lrAHFPLJL0=">AAACE3icbZDNSsNAEMc39avWr6rgxUuwCD2VRAQ9Frx4rGA/oClls520SzebsDsRS8xj+AJe9Q28iVcfwBfwOdy2OdjWPwz8+c8MM/z8WHCNjvNtFdbWNza3itulnd29/YPy4VFLR4li0GSRiFTHpxoEl9BEjgI6sQIa+gLa/vhm2m8/gNI8kvc4iaEX0qHkAWcUTdQvn3hjwNSLNe97CI+YRglmWalfrjg1ZyZ71bi5qZBcjX75xxtELAlBIhNU667rxNhLqULOBGQlL9EQUzamQ+gaK2kIupfO/s/sc5MM7CBSpiTas/TvRkpDrSehbyZDiiO93JuG//W6CQbXvZTLOEGQbH4oSISNkT2FYQ+4AoZiYgxliptfbTaiijI0yBau+IoaUDMw7jKGVdO6qLlOzb27rNSrOaIiOSVnpEpcckXq5JY0SJMw8kReyCt5s56td+vD+pyPFqx855gsyPr6BZ4unu8=</latexit><latexit sha1_base64="eezxu3Q4WFfiSamL2lrAHFPLJL0=">AAACE3icbZDNSsNAEMc39avWr6rgxUuwCD2VRAQ9Frx4rGA/oClls520SzebsDsRS8xj+AJe9Q28iVcfwBfwOdy2OdjWPwz8+c8MM/z8WHCNjvNtFdbWNza3itulnd29/YPy4VFLR4li0GSRiFTHpxoEl9BEjgI6sQIa+gLa/vhm2m8/gNI8kvc4iaEX0qHkAWcUTdQvn3hjwNSLNe97CI+YRglmWalfrjg1ZyZ71bi5qZBcjX75xxtELAlBIhNU667rxNhLqULOBGQlL9EQUzamQ+gaK2kIupfO/s/sc5MM7CBSpiTas/TvRkpDrSehbyZDiiO93JuG//W6CQbXvZTLOEGQbH4oSISNkT2FYQ+4AoZiYgxliptfbTaiijI0yBau+IoaUDMw7jKGVdO6qLlOzb27rNSrOaIiOSVnpEpcckXq5JY0SJMw8kReyCt5s56td+vD+pyPFqx855gsyPr6BZ4unu8=</latexit><latexit sha1_base64="eezxu3Q4WFfiSamL2lrAHFPLJL0=">AAACE3icbZDNSsNAEMc39avWr6rgxUuwCD2VRAQ9Frx4rGA/oClls520SzebsDsRS8xj+AJe9Q28iVcfwBfwOdy2OdjWPwz8+c8MM/z8WHCNjvNtFdbWNza3itulnd29/YPy4VFLR4li0GSRiFTHpxoEl9BEjgI6sQIa+gLa/vhm2m8/gNI8kvc4iaEX0qHkAWcUTdQvn3hjwNSLNe97CI+YRglmWalfrjg1ZyZ71bi5qZBcjX75xxtELAlBIhNU667rxNhLqULOBGQlL9EQUzamQ+gaK2kIupfO/s/sc5MM7CBSpiTas/TvRkpDrSehbyZDiiO93JuG//W6CQbXvZTLOEGQbH4oSISNkT2FYQ+4AoZiYgxliptfbTaiijI0yBau+IoaUDMw7jKGVdO6qLlOzb27rNSrOaIiOSVnpEpcckXq5JY0SJMw8kReyCt5s56td+vD+pyPFqx855gsyPr6BZ4unu8=</latexit><latexit sha1_base64="eezxu3Q4WFfiSamL2lrAHFPLJL0=">AAACE3icbZDNSsNAEMc39avWr6rgxUuwCD2VRAQ9Frx4rGA/oClls520SzebsDsRS8xj+AJe9Q28iVcfwBfwOdy2OdjWPwz8+c8MM/z8WHCNjvNtFdbWNza3itulnd29/YPy4VFLR4li0GSRiFTHpxoEl9BEjgI6sQIa+gLa/vhm2m8/gNI8kvc4iaEX0qHkAWcUTdQvn3hjwNSLNe97CI+YRglmWalfrjg1ZyZ71bi5qZBcjX75xxtELAlBIhNU667rxNhLqULOBGQlL9EQUzamQ+gaK2kIupfO/s/sc5MM7CBSpiTas/TvRkpDrSehbyZDiiO93JuG//W6CQbXvZTLOEGQbH4oSISNkT2FYQ+4AoZiYgxliptfbTaiijI0yBau+IoaUDMw7jKGVdO6qLlOzb27rNSrOaIiOSVnpEpcckXq5JY0SJMw8kReyCt5s56td+vD+pyPFqx855gsyPr6BZ4unu8=</latexit>

| ini
<latexit sha1_base64="AL/MYgnwsYVtDMOlLRTMvQCIEsM=">AAACEnicbZDLSsNAFIYnXmu9RcWVm2ARuiqJCLosuHFZwV6gCWEyPW2HTi7MnIgl5C18Abf6Bu7ErS/gC/gcTtMsbOsPAz//OYdz5gsSwRXa9rextr6xubVd2anu7u0fHJpHxx0Vp5JBm8Uilr2AKhA8gjZyFNBLJNAwENANJrezevcRpOJx9IDTBLyQjiI+5Iyijnzz1J0AZm6iuO8iPGHGozyv+mbNbtiFrFXjlKZGSrV888cdxCwNIUImqFJ9x07Qy6hEzgTkVTdVkFA2oSPoaxvREJSXFefn1oVOBtYwlvpFaBXp34mMhkpNw0B3hhTHark2C/+r9VMc3nj6R0mKELH5omEqLIytGQtrwCUwFFNtKJNc32qxMZWUoSa2sCWQVHMqwDjLGFZN57Lh2A3n/qrWrJeIKuSMnJM6ccg1aZI70iJtwkhGXsgreTOejXfjw/ict64Z5cwJWZDx9QuiHZ5k</latexit><latexit sha1_base64="AL/MYgnwsYVtDMOlLRTMvQCIEsM=">AAACEnicbZDLSsNAFIYnXmu9RcWVm2ARuiqJCLosuHFZwV6gCWEyPW2HTi7MnIgl5C18Abf6Bu7ErS/gC/gcTtMsbOsPAz//OYdz5gsSwRXa9rextr6xubVd2anu7u0fHJpHxx0Vp5JBm8Uilr2AKhA8gjZyFNBLJNAwENANJrezevcRpOJx9IDTBLyQjiI+5Iyijnzz1J0AZm6iuO8iPGHGozyv+mbNbtiFrFXjlKZGSrV888cdxCwNIUImqFJ9x07Qy6hEzgTkVTdVkFA2oSPoaxvREJSXFefn1oVOBtYwlvpFaBXp34mMhkpNw0B3hhTHark2C/+r9VMc3nj6R0mKELH5omEqLIytGQtrwCUwFFNtKJNc32qxMZWUoSa2sCWQVHMqwDjLGFZN57Lh2A3n/qrWrJeIKuSMnJM6ccg1aZI70iJtwkhGXsgreTOejXfjw/ict64Z5cwJWZDx9QuiHZ5k</latexit><latexit sha1_base64="AL/MYgnwsYVtDMOlLRTMvQCIEsM=">AAACEnicbZDLSsNAFIYnXmu9RcWVm2ARuiqJCLosuHFZwV6gCWEyPW2HTi7MnIgl5C18Abf6Bu7ErS/gC/gcTtMsbOsPAz//OYdz5gsSwRXa9rextr6xubVd2anu7u0fHJpHxx0Vp5JBm8Uilr2AKhA8gjZyFNBLJNAwENANJrezevcRpOJx9IDTBLyQjiI+5Iyijnzz1J0AZm6iuO8iPGHGozyv+mbNbtiFrFXjlKZGSrV888cdxCwNIUImqFJ9x07Qy6hEzgTkVTdVkFA2oSPoaxvREJSXFefn1oVOBtYwlvpFaBXp34mMhkpNw0B3hhTHark2C/+r9VMc3nj6R0mKELH5omEqLIytGQtrwCUwFFNtKJNc32qxMZWUoSa2sCWQVHMqwDjLGFZN57Lh2A3n/qrWrJeIKuSMnJM6ccg1aZI70iJtwkhGXsgreTOejXfjw/ict64Z5cwJWZDx9QuiHZ5k</latexit><latexit sha1_base64="AL/MYgnwsYVtDMOlLRTMvQCIEsM=">AAACEnicbZDLSsNAFIYnXmu9RcWVm2ARuiqJCLosuHFZwV6gCWEyPW2HTi7MnIgl5C18Abf6Bu7ErS/gC/gcTtMsbOsPAz//OYdz5gsSwRXa9rextr6xubVd2anu7u0fHJpHxx0Vp5JBm8Uilr2AKhA8gjZyFNBLJNAwENANJrezevcRpOJx9IDTBLyQjiI+5Iyijnzz1J0AZm6iuO8iPGHGozyv+mbNbtiFrFXjlKZGSrV888cdxCwNIUImqFJ9x07Qy6hEzgTkVTdVkFA2oSPoaxvREJSXFefn1oVOBtYwlvpFaBXp34mMhkpNw0B3hhTHark2C/+r9VMc3nj6R0mKELH5omEqLIytGQtrwCUwFFNtKJNc32qxMZWUoSa2sCWQVHMqwDjLGFZN57Lh2A3n/qrWrJeIKuSMnJM6ccg1aZI70iJtwkhGXsgreTOejXfjw/ict64Z5cwJWZDx9QuiHZ5k</latexit>

“Given knowledge of ψin, and access to ψout, learn an 
operation which efficiently returns ψin”

“Can we unravel the action of an unknown unitary on a 
known input state, to learn the inverse of the black box 

dynamics?!”



???



Variational Learning

V̂ (~�)
<latexit sha1_base64="pD0d7wpaT0UVWqulo6x00+NKi8s=">AAACEHicbVDLSsNAFJ3UV62vaJdugkWom5KIoMuCG5cV7AOaUibTm2bo5MHMTaGE/IQ/4Fb/wJ249Q/8Ab/DaZuFbT1w4XDOvZzL8RLBFdr2t1Ha2t7Z3SvvVw4Oj45PzNOzjopTyaDNYhHLnkcVCB5BGzkK6CUSaOgJ6HqT+7nfnYJUPI6ecJbAIKTjiPucUdTS0Ky6AcWsk9fdKbDMTQKeXw3Nmt2wF7A2iVOQGinQGpo/7ihmaQgRMkGV6jt2goOMSuRMQF5xUwUJZRM6hr6mEQ1BDbLF87l1qZWR5cdST4TWQv17kdFQqVno6c2QYqDWvbn4n9dP0b8bZDxKUoSILYP8VFgYW/MmrBGXwFDMNKFMcv2rxQIqKUPd10qKJ+kEMK/oYpz1GjZJ57rh2A3n8abWtIuKyuScXJA6ccgtaZIH0iJtwsiMvJBX8mY8G+/Gh/G5XC0ZxU2VrMD4+gVeHJ0m</latexit><latexit sha1_base64="pD0d7wpaT0UVWqulo6x00+NKi8s=">AAACEHicbVDLSsNAFJ3UV62vaJdugkWom5KIoMuCG5cV7AOaUibTm2bo5MHMTaGE/IQ/4Fb/wJ249Q/8Ab/DaZuFbT1w4XDOvZzL8RLBFdr2t1Ha2t7Z3SvvVw4Oj45PzNOzjopTyaDNYhHLnkcVCB5BGzkK6CUSaOgJ6HqT+7nfnYJUPI6ecJbAIKTjiPucUdTS0Ky6AcWsk9fdKbDMTQKeXw3Nmt2wF7A2iVOQGinQGpo/7ihmaQgRMkGV6jt2goOMSuRMQF5xUwUJZRM6hr6mEQ1BDbLF87l1qZWR5cdST4TWQv17kdFQqVno6c2QYqDWvbn4n9dP0b8bZDxKUoSILYP8VFgYW/MmrBGXwFDMNKFMcv2rxQIqKUPd10qKJ+kEMK/oYpz1GjZJ57rh2A3n8abWtIuKyuScXJA6ccgtaZIH0iJtwsiMvJBX8mY8G+/Gh/G5XC0ZxU2VrMD4+gVeHJ0m</latexit><latexit sha1_base64="pD0d7wpaT0UVWqulo6x00+NKi8s=">AAACEHicbVDLSsNAFJ3UV62vaJdugkWom5KIoMuCG5cV7AOaUibTm2bo5MHMTaGE/IQ/4Fb/wJ249Q/8Ab/DaZuFbT1w4XDOvZzL8RLBFdr2t1Ha2t7Z3SvvVw4Oj45PzNOzjopTyaDNYhHLnkcVCB5BGzkK6CUSaOgJ6HqT+7nfnYJUPI6ecJbAIKTjiPucUdTS0Ky6AcWsk9fdKbDMTQKeXw3Nmt2wF7A2iVOQGinQGpo/7ihmaQgRMkGV6jt2goOMSuRMQF5xUwUJZRM6hr6mEQ1BDbLF87l1qZWR5cdST4TWQv17kdFQqVno6c2QYqDWvbn4n9dP0b8bZDxKUoSILYP8VFgYW/MmrBGXwFDMNKFMcv2rxQIqKUPd10qKJ+kEMK/oYpz1GjZJ57rh2A3n8abWtIuKyuScXJA6ccgtaZIH0iJtwsiMvJBX8mY8G+/Gh/G5XC0ZxU2VrMD4+gVeHJ0m</latexit><latexit sha1_base64="pD0d7wpaT0UVWqulo6x00+NKi8s=">AAACEHicbVDLSsNAFJ3UV62vaJdugkWom5KIoMuCG5cV7AOaUibTm2bo5MHMTaGE/IQ/4Fb/wJ249Q/8Ab/DaZuFbT1w4XDOvZzL8RLBFdr2t1Ha2t7Z3SvvVw4Oj45PzNOzjopTyaDNYhHLnkcVCB5BGzkK6CUSaOgJ6HqT+7nfnYJUPI6ecJbAIKTjiPucUdTS0Ky6AcWsk9fdKbDMTQKeXw3Nmt2wF7A2iVOQGinQGpo/7ihmaQgRMkGV6jt2goOMSuRMQF5xUwUJZRM6hr6mEQ1BDbLF87l1qZWR5cdST4TWQv17kdFQqVno6c2QYqDWvbn4n9dP0b8bZDxKUoSILYP8VFgYW/MmrBGXwFDMNKFMcv2rxQIqKUPd10qKJ+kEMK/oYpz1GjZJ57rh2A3n8abWtIuKyuScXJA6ccgtaZIH0iJtwsiMvJBX8mY8G+/Gh/G5XC0ZxU2VrMD4+gVeHJ0m</latexit>

max
~�

| h in| V̂ (~�) | outi |2
<latexit sha1_base64="ugajxnbt/arNT+wnRUCZuMA7fk8="></latexit><latexit sha1_base64="ugajxnbt/arNT+wnRUCZuMA7fk8="></latexit><latexit sha1_base64="ugajxnbt/arNT+wnRUCZuMA7fk8="></latexit><latexit sha1_base64="ugajxnbt/arNT+wnRUCZuMA7fk8="></latexit>

Û

| outi| ini

L(~�) = 1� | h in|V̂ (~�)| outi |2

min
~�

L(~�) = 0

! V̂ (~�) = Û†
<latexit sha1_base64="h8jv4/8L9KGFpiCjfvuTRJYOsrA="></latexit><latexit sha1_base64="h8jv4/8L9KGFpiCjfvuTRJYOsrA="></latexit><latexit sha1_base64="h8jv4/8L9KGFpiCjfvuTRJYOsrA="></latexit><latexit sha1_base64="h8jv4/8L9KGFpiCjfvuTRJYOsrA="></latexit>

1/D



Variational Quantum Unsampling

| outi

…

| ini

V̂n(~�n)
<latexit sha1_base64="ybg2UcxL4pvAjOcgizQzpIBDydU=">AAACFHicbVDLSsNAFJ3UV62vqgsXboJFqJuSiKDLghuXFewDmhAm09t26GQSZm4KJeQ3/AG3+gfuxK17f8DvcPpY2NYDF86ccy937gkTwTU6zrdV2Njc2t4p7pb29g8Oj8rHJy0dp4pBk8UiVp2QahBcQhM5CugkCmgUCmiHo/up3x6D0jyWTzhJwI/oQPI+ZxSNFJTPvCHFrJUHsuqNgWVeMuTmcRWUK07NmcFeJ+6CVMgCjaD84/VilkYgkQmqddd1EvQzqpAzAXnJSzUklI3oALqGShqB9rPZAbl9aZSe3Y+VKYn2TP07kdFI60kUms6I4lCvelPxP6+bYv/Oz7hMUgTJ5ov6qbAxtqdp2D2ugKGYGEKZ4uavNhtSRRmazJa2hIqOAPOSCcZdjWGdtK5rrlNzH28q9eoioiI5JxekSlxyS+rkgTRIkzCSkxfySt6sZ+vd+rA+560FazFzSpZgff0Cn1Se4A==</latexit><latexit sha1_base64="ybg2UcxL4pvAjOcgizQzpIBDydU=">AAACFHicbVDLSsNAFJ3UV62vqgsXboJFqJuSiKDLghuXFewDmhAm09t26GQSZm4KJeQ3/AG3+gfuxK17f8DvcPpY2NYDF86ccy937gkTwTU6zrdV2Njc2t4p7pb29g8Oj8rHJy0dp4pBk8UiVp2QahBcQhM5CugkCmgUCmiHo/up3x6D0jyWTzhJwI/oQPI+ZxSNFJTPvCHFrJUHsuqNgWVeMuTmcRWUK07NmcFeJ+6CVMgCjaD84/VilkYgkQmqddd1EvQzqpAzAXnJSzUklI3oALqGShqB9rPZAbl9aZSe3Y+VKYn2TP07kdFI60kUms6I4lCvelPxP6+bYv/Oz7hMUgTJ5ov6qbAxtqdp2D2ugKGYGEKZ4uavNhtSRRmazJa2hIqOAPOSCcZdjWGdtK5rrlNzH28q9eoioiI5JxekSlxyS+rkgTRIkzCSkxfySt6sZ+vd+rA+560FazFzSpZgff0Cn1Se4A==</latexit><latexit sha1_base64="ybg2UcxL4pvAjOcgizQzpIBDydU=">AAACFHicbVDLSsNAFJ3UV62vqgsXboJFqJuSiKDLghuXFewDmhAm09t26GQSZm4KJeQ3/AG3+gfuxK17f8DvcPpY2NYDF86ccy937gkTwTU6zrdV2Njc2t4p7pb29g8Oj8rHJy0dp4pBk8UiVp2QahBcQhM5CugkCmgUCmiHo/up3x6D0jyWTzhJwI/oQPI+ZxSNFJTPvCHFrJUHsuqNgWVeMuTmcRWUK07NmcFeJ+6CVMgCjaD84/VilkYgkQmqddd1EvQzqpAzAXnJSzUklI3oALqGShqB9rPZAbl9aZSe3Y+VKYn2TP07kdFI60kUms6I4lCvelPxP6+bYv/Oz7hMUgTJ5ov6qbAxtqdp2D2ugKGYGEKZ4uavNhtSRRmazJa2hIqOAPOSCcZdjWGdtK5rrlNzH28q9eoioiI5JxekSlxyS+rkgTRIkzCSkxfySt6sZ+vd+rA+560FazFzSpZgff0Cn1Se4A==</latexit><latexit sha1_base64="ybg2UcxL4pvAjOcgizQzpIBDydU=">AAACFHicbVDLSsNAFJ3UV62vqgsXboJFqJuSiKDLghuXFewDmhAm09t26GQSZm4KJeQ3/AG3+gfuxK17f8DvcPpY2NYDF86ccy937gkTwTU6zrdV2Njc2t4p7pb29g8Oj8rHJy0dp4pBk8UiVp2QahBcQhM5CugkCmgUCmiHo/up3x6D0jyWTzhJwI/oQPI+ZxSNFJTPvCHFrJUHsuqNgWVeMuTmcRWUK07NmcFeJ+6CVMgCjaD84/VilkYgkQmqddd1EvQzqpAzAXnJSzUklI3oALqGShqB9rPZAbl9aZSe3Y+VKYn2TP07kdFI60kUms6I4lCvelPxP6+bYv/Oz7hMUgTJ5ov6qbAxtqdp2D2ugKGYGEKZ4uavNhtSRRmazJa2hIqOAPOSCcZdjWGdtK5rrlNzH28q9eoioiI5JxekSlxyS+rkgTRIkzCSkxfySt6sZ+vd+rA+560FazFzSpZgff0Cn1Se4A==</latexit>

V̂n�1(~�n�1)
<latexit sha1_base64="OhWf4AtGyE65d9+NthB2GwVmWHg=">AAACHHicbVDLSgNBEJyNrxhfUY8eXAxCPBh2RdBjwIvHCOYB2RBmJ51kyOzsMtMbCMse/Q1/wKv+gTfxKvgDfoeTZA8msaChqOqmu8uPBNfoON9Wbm19Y3Mrv13Y2d3bPygeHjV0GCsGdRaKULV8qkFwCXXkKKAVKaCBL6Dpj+6mfnMMSvNQPuIkgk5AB5L3OaNopG7x1BtSTBppN5GXblr2xsASLxryTLjoFktOxZnBXiVuRkokQ61b/PF6IYsDkMgE1brtOhF2EqqQMwFpwYs1RJSN6ADahkoagO4ks0dS+9woPbsfKlMS7Zn6dyKhgdaTwDedAcWhXvam4n9eO8b+bSfhMooRJJsv6sfCxtCepmL3uAKGYmIIZYqbW202pIoyNNktbPEVHQGmBROMuxzDKmlcVVyn4j5cl6rlLKI8OSFnpExcckOq5J7USJ0w8kReyCt5s56td+vD+py35qxs5pgswPr6BVvCodw=</latexit><latexit sha1_base64="OhWf4AtGyE65d9+NthB2GwVmWHg=">AAACHHicbVDLSgNBEJyNrxhfUY8eXAxCPBh2RdBjwIvHCOYB2RBmJ51kyOzsMtMbCMse/Q1/wKv+gTfxKvgDfoeTZA8msaChqOqmu8uPBNfoON9Wbm19Y3Mrv13Y2d3bPygeHjV0GCsGdRaKULV8qkFwCXXkKKAVKaCBL6Dpj+6mfnMMSvNQPuIkgk5AB5L3OaNopG7x1BtSTBppN5GXblr2xsASLxryTLjoFktOxZnBXiVuRkokQ61b/PF6IYsDkMgE1brtOhF2EqqQMwFpwYs1RJSN6ADahkoagO4ks0dS+9woPbsfKlMS7Zn6dyKhgdaTwDedAcWhXvam4n9eO8b+bSfhMooRJJsv6sfCxtCepmL3uAKGYmIIZYqbW202pIoyNNktbPEVHQGmBROMuxzDKmlcVVyn4j5cl6rlLKI8OSFnpExcckOq5J7USJ0w8kReyCt5s56td+vD+py35qxs5pgswPr6BVvCodw=</latexit><latexit sha1_base64="OhWf4AtGyE65d9+NthB2GwVmWHg=">AAACHHicbVDLSgNBEJyNrxhfUY8eXAxCPBh2RdBjwIvHCOYB2RBmJ51kyOzsMtMbCMse/Q1/wKv+gTfxKvgDfoeTZA8msaChqOqmu8uPBNfoON9Wbm19Y3Mrv13Y2d3bPygeHjV0GCsGdRaKULV8qkFwCXXkKKAVKaCBL6Dpj+6mfnMMSvNQPuIkgk5AB5L3OaNopG7x1BtSTBppN5GXblr2xsASLxryTLjoFktOxZnBXiVuRkokQ61b/PF6IYsDkMgE1brtOhF2EqqQMwFpwYs1RJSN6ADahkoagO4ks0dS+9woPbsfKlMS7Zn6dyKhgdaTwDedAcWhXvam4n9eO8b+bSfhMooRJJsv6sfCxtCepmL3uAKGYmIIZYqbW202pIoyNNktbPEVHQGmBROMuxzDKmlcVVyn4j5cl6rlLKI8OSFnpExcckOq5J7USJ0w8kReyCt5s56td+vD+py35qxs5pgswPr6BVvCodw=</latexit><latexit sha1_base64="OhWf4AtGyE65d9+NthB2GwVmWHg=">AAACHHicbVDLSgNBEJyNrxhfUY8eXAxCPBh2RdBjwIvHCOYB2RBmJ51kyOzsMtMbCMse/Q1/wKv+gTfxKvgDfoeTZA8msaChqOqmu8uPBNfoON9Wbm19Y3Mrv13Y2d3bPygeHjV0GCsGdRaKULV8qkFwCXXkKKAVKaCBL6Dpj+6mfnMMSvNQPuIkgk5AB5L3OaNopG7x1BtSTBppN5GXblr2xsASLxryTLjoFktOxZnBXiVuRkokQ61b/PF6IYsDkMgE1brtOhF2EqqQMwFpwYs1RJSN6ADahkoagO4ks0dS+9woPbsfKlMS7Zn6dyKhgdaTwDedAcWhXvam4n9eO8b+bSfhMooRJJsv6sfCxtCepmL3uAKGYmIIZYqbW202pIoyNNktbPEVHQGmBROMuxzDKmlcVVyn4j5cl6rlLKI8OSFnpExcckOq5J7USJ0w8kReyCt5s56td+vD+py35qxs5pgswPr6BVvCodw=</latexit>

V̂1(~�1)
<latexit sha1_base64="0CThAzbEnWX9TxS8UYHBCVRCaiU=">AAACGHicbVDLSsNAFJ34rPVVddlNsAh1UxIRdFlw47KCfUBTymR62wydTMLMTaGELPwNf8Ct/oE7cevOH/A7nKZd2NYDF86ccy937vFjwTU6zre1sbm1vbNb2CvuHxweHZdOTls6ShSDJotEpDo+1SC4hCZyFNCJFdDQF9D2x3czvz0BpXkkH3EaQy+kI8mHnFE0Ur9U9gKKaSvrp25W9SbAUi8OeP687JcqTs3JYa8Td0EqZIFGv/TjDSKWhCCRCap113Vi7KVUIWcCsqKXaIgpG9MRdA2VNATdS/MjMvvCKAN7GClTEu1c/TuR0lDraeibzpBioFe9mfif101weNtLuYwTBMnmi4aJsDGyZ4nYA66AoZgaQpni5q82C6iiDE1uS1t8RceAWdEE467GsE5aVzXXqbkP15V6dRFRgZTJOakSl9yQOrknDdIkjDyRF/JK3qxn6936sD7nrRvWYuaMLMH6+gWuwqB+</latexit><latexit sha1_base64="0CThAzbEnWX9TxS8UYHBCVRCaiU=">AAACGHicbVDLSsNAFJ34rPVVddlNsAh1UxIRdFlw47KCfUBTymR62wydTMLMTaGELPwNf8Ct/oE7cevOH/A7nKZd2NYDF86ccy937vFjwTU6zre1sbm1vbNb2CvuHxweHZdOTls6ShSDJotEpDo+1SC4hCZyFNCJFdDQF9D2x3czvz0BpXkkH3EaQy+kI8mHnFE0Ur9U9gKKaSvrp25W9SbAUi8OeP687JcqTs3JYa8Td0EqZIFGv/TjDSKWhCCRCap113Vi7KVUIWcCsqKXaIgpG9MRdA2VNATdS/MjMvvCKAN7GClTEu1c/TuR0lDraeibzpBioFe9mfif101weNtLuYwTBMnmi4aJsDGyZ4nYA66AoZgaQpni5q82C6iiDE1uS1t8RceAWdEE467GsE5aVzXXqbkP15V6dRFRgZTJOakSl9yQOrknDdIkjDyRF/JK3qxn6936sD7nrRvWYuaMLMH6+gWuwqB+</latexit><latexit sha1_base64="0CThAzbEnWX9TxS8UYHBCVRCaiU=">AAACGHicbVDLSsNAFJ34rPVVddlNsAh1UxIRdFlw47KCfUBTymR62wydTMLMTaGELPwNf8Ct/oE7cevOH/A7nKZd2NYDF86ccy937vFjwTU6zre1sbm1vbNb2CvuHxweHZdOTls6ShSDJotEpDo+1SC4hCZyFNCJFdDQF9D2x3czvz0BpXkkH3EaQy+kI8mHnFE0Ur9U9gKKaSvrp25W9SbAUi8OeP687JcqTs3JYa8Td0EqZIFGv/TjDSKWhCCRCap113Vi7KVUIWcCsqKXaIgpG9MRdA2VNATdS/MjMvvCKAN7GClTEu1c/TuR0lDraeibzpBioFe9mfif101weNtLuYwTBMnmi4aJsDGyZ4nYA66AoZgaQpni5q82C6iiDE1uS1t8RceAWdEE467GsE5aVzXXqbkP15V6dRFRgZTJOakSl9yQOrknDdIkjDyRF/JK3qxn6936sD7nrRvWYuaMLMH6+gWuwqB+</latexit><latexit sha1_base64="0CThAzbEnWX9TxS8UYHBCVRCaiU=">AAACGHicbVDLSsNAFJ34rPVVddlNsAh1UxIRdFlw47KCfUBTymR62wydTMLMTaGELPwNf8Ct/oE7cevOH/A7nKZd2NYDF86ccy937vFjwTU6zre1sbm1vbNb2CvuHxweHZdOTls6ShSDJotEpDo+1SC4hCZyFNCJFdDQF9D2x3czvz0BpXkkH3EaQy+kI8mHnFE0Ur9U9gKKaSvrp25W9SbAUi8OeP687JcqTs3JYa8Td0EqZIFGv/TjDSKWhCCRCap113Vi7KVUIWcCsqKXaIgpG9MRdA2VNATdS/MjMvvCKAN7GClTEu1c/TuR0lDraeibzpBioFe9mfif101weNtLuYwTBMnmi4aJsDGyZ4nYA66AoZgaQpni5q82C6iiDE1uS1t8RceAWdEE467GsE5aVzXXqbkP15V6dRFRgZTJOakSl9yQOrknDdIkjDyRF/JK3qxn6936sD7nrRvWYuaMLMH6+gWuwqB+</latexit>

| ini = |0i⌦n
<latexit sha1_base64="NQzAzVYygPxiBEYmLsBRoRk0KdU=">AAACJXicbVDLSsNAFJ34rPUVdelmsAiuSiKCboSiG5cKVgtNLZPprQ6dTMLMjVhCfsHf8Afc6h+4E8GVO7/DaczCth4YOJxzL2fuCRMpDHrepzMzOze/sFhZqi6vrK6tuxubVyZONYcmj2WsWyEzIIWCJgqU0Eo0sCiUcB0OTkf+9T1oI2J1icMEOhG7VaIvOEMrdd29YACYBYkR3QDhATOh8vy4EL38JgtiFBEYqvKuW/PqXgE6TfyS1EiJ8677HfRinkagkEtmTNv3EuxkTKPgEvJqkBpIGB+wW2hbqpjN6WTFRTndtUqP9mNtn0JaqH83MhYZM4xCOxkxvDOT3kj8z2un2D/q2COTFEHx36B+KinGdFQP7QkNHOXQEsa1sH+l/I5pxtGWOJYSamZbyqu2GH+yhmlytV/3vbp/cVBrnJQVVcg22SF7xCeHpEHOyDlpEk4eyTN5Ia/Ok/PmvDsfv6MzTrmzRcbgfP0AyMWnCA==</latexit><latexit sha1_base64="NQzAzVYygPxiBEYmLsBRoRk0KdU=">AAACJXicbVDLSsNAFJ34rPUVdelmsAiuSiKCboSiG5cKVgtNLZPprQ6dTMLMjVhCfsHf8Afc6h+4E8GVO7/DaczCth4YOJxzL2fuCRMpDHrepzMzOze/sFhZqi6vrK6tuxubVyZONYcmj2WsWyEzIIWCJgqU0Eo0sCiUcB0OTkf+9T1oI2J1icMEOhG7VaIvOEMrdd29YACYBYkR3QDhATOh8vy4EL38JgtiFBEYqvKuW/PqXgE6TfyS1EiJ8677HfRinkagkEtmTNv3EuxkTKPgEvJqkBpIGB+wW2hbqpjN6WTFRTndtUqP9mNtn0JaqH83MhYZM4xCOxkxvDOT3kj8z2un2D/q2COTFEHx36B+KinGdFQP7QkNHOXQEsa1sH+l/I5pxtGWOJYSamZbyqu2GH+yhmlytV/3vbp/cVBrnJQVVcg22SF7xCeHpEHOyDlpEk4eyTN5Ia/Ok/PmvDsfv6MzTrmzRcbgfP0AyMWnCA==</latexit><latexit sha1_base64="NQzAzVYygPxiBEYmLsBRoRk0KdU=">AAACJXicbVDLSsNAFJ34rPUVdelmsAiuSiKCboSiG5cKVgtNLZPprQ6dTMLMjVhCfsHf8Afc6h+4E8GVO7/DaczCth4YOJxzL2fuCRMpDHrepzMzOze/sFhZqi6vrK6tuxubVyZONYcmj2WsWyEzIIWCJgqU0Eo0sCiUcB0OTkf+9T1oI2J1icMEOhG7VaIvOEMrdd29YACYBYkR3QDhATOh8vy4EL38JgtiFBEYqvKuW/PqXgE6TfyS1EiJ8677HfRinkagkEtmTNv3EuxkTKPgEvJqkBpIGB+wW2hbqpjN6WTFRTndtUqP9mNtn0JaqH83MhYZM4xCOxkxvDOT3kj8z2un2D/q2COTFEHx36B+KinGdFQP7QkNHOXQEsa1sH+l/I5pxtGWOJYSamZbyqu2GH+yhmlytV/3vbp/cVBrnJQVVcg22SF7xCeHpEHOyDlpEk4eyTN5Ia/Ok/PmvDsfv6MzTrmzRcbgfP0AyMWnCA==</latexit><latexit sha1_base64="NQzAzVYygPxiBEYmLsBRoRk0KdU=">AAACJXicbVDLSsNAFJ34rPUVdelmsAiuSiKCboSiG5cKVgtNLZPprQ6dTMLMjVhCfsHf8Afc6h+4E8GVO7/DaczCth4YOJxzL2fuCRMpDHrepzMzOze/sFhZqi6vrK6tuxubVyZONYcmj2WsWyEzIIWCJgqU0Eo0sCiUcB0OTkf+9T1oI2J1icMEOhG7VaIvOEMrdd29YACYBYkR3QDhATOh8vy4EL38JgtiFBEYqvKuW/PqXgE6TfyS1EiJ8677HfRinkagkEtmTNv3EuxkTKPgEvJqkBpIGB+wW2hbqpjN6WTFRTndtUqP9mNtn0JaqH83MhYZM4xCOxkxvDOT3kj8z2un2D/q2COTFEHx36B+KinGdFQP7QkNHOXQEsa1sH+l/I5pxtGWOJYSamZbyqu2GH+yhmlytV/3vbp/cVBrnJQVVcg22SF7xCeHpEHOyDlpEk4eyTN5Ia/Ok/PmvDsfv6MzTrmzRcbgfP0AyMWnCA==</latexit>
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Verification:
 
(1) Inspect V →

(2) Reduced tomography

V̂sol =
nY

i

V̂i
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Experimental Boson Unsampling

Mihika Prabhu Darius Bunandar
Franco Wong

Changchen Chen

Photon source
Pairs @ 1582 nm via SPDC
Custom PPKTP Xal1

1C. Chen et al., Opt. Exp. 25, 7300 (2017) 

Circuit
Si photonic PNP 
176 tuneable phase 
shifters2,3

2 N. C. Harris et al., Nat. Photon. 11, 447 (2017).
3 N. C. Harris, J. Carolan et al., Optica 5, 12 (2018).
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The Future…



The Future…

Optical Matrix Processors 
Scaling to ~100 of optical modes 
→ Optical Machine Learning 
→ Optical FPGA for signal processing 
→ New imaging modalities

>$30M

Quantum Photonic Processors 
10’s of photons w/ nonlinearities 
→ Practical molecular simulations 
→ Quantum machine learning 
→ New architectures: e.g. recurrent 
QNN for time sequenced data analysis



The Future…

Hybrid Integration 
New materials 
→ Phase change materials quasi-static 
→ EO materials for cryogenic & low loss 
modulation (LN, BTO) 
→ High Q/V chiplets for nonlinear optics 
→ New emitters & quantum memories

Optical Nonlinearities 
Ultra-high cooptivity QD-Cavity 
→ Quantum repeaters 
→ Forward error correction  
→ Universal Quantum Computation
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~�

| h in| V̂ (~�) | outi |2
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| outi
<latexit sha1_base64="eezxu3Q4WFfiSamL2lrAHFPLJL0=">AAACE3icbZDNSsNAEMc39avWr6rgxUuwCD2VRAQ9Frx4rGA/oClls520SzebsDsRS8xj+AJe9Q28iVcfwBfwOdy2OdjWPwz8+c8MM/z8WHCNjvNtFdbWNza3itulnd29/YPy4VFLR4li0GSRiFTHpxoEl9BEjgI6sQIa+gLa/vhm2m8/gNI8kvc4iaEX0qHkAWcUTdQvn3hjwNSLNe97CI+YRglmWalfrjg1ZyZ71bi5qZBcjX75xxtELAlBIhNU667rxNhLqULOBGQlL9EQUzamQ+gaK2kIupfO/s/sc5MM7CBSpiTas/TvRkpDrSehbyZDiiO93JuG//W6CQbXvZTLOEGQbH4oSISNkT2FYQ+4AoZiYgxliptfbTaiijI0yBau+IoaUDMw7jKGVdO6qLlOzb27rNSrOaIiOSVnpEpcckXq5JY0SJMw8kReyCt5s56td+vD+pyPFqx855gsyPr6BZ4unu8=</latexit><latexit sha1_base64="eezxu3Q4WFfiSamL2lrAHFPLJL0=">AAACE3icbZDNSsNAEMc39avWr6rgxUuwCD2VRAQ9Frx4rGA/oClls520SzebsDsRS8xj+AJe9Q28iVcfwBfwOdy2OdjWPwz8+c8MM/z8WHCNjvNtFdbWNza3itulnd29/YPy4VFLR4li0GSRiFTHpxoEl9BEjgI6sQIa+gLa/vhm2m8/gNI8kvc4iaEX0qHkAWcUTdQvn3hjwNSLNe97CI+YRglmWalfrjg1ZyZ71bi5qZBcjX75xxtELAlBIhNU667rxNhLqULOBGQlL9EQUzamQ+gaK2kIupfO/s/sc5MM7CBSpiTas/TvRkpDrSehbyZDiiO93JuG//W6CQbXvZTLOEGQbH4oSISNkT2FYQ+4AoZiYgxliptfbTaiijI0yBau+IoaUDMw7jKGVdO6qLlOzb27rNSrOaIiOSVnpEpcckXq5JY0SJMw8kReyCt5s56td+vD+pyPFqx855gsyPr6BZ4unu8=</latexit><latexit sha1_base64="eezxu3Q4WFfiSamL2lrAHFPLJL0=">AAACE3icbZDNSsNAEMc39avWr6rgxUuwCD2VRAQ9Frx4rGA/oClls520SzebsDsRS8xj+AJe9Q28iVcfwBfwOdy2OdjWPwz8+c8MM/z8WHCNjvNtFdbWNza3itulnd29/YPy4VFLR4li0GSRiFTHpxoEl9BEjgI6sQIa+gLa/vhm2m8/gNI8kvc4iaEX0qHkAWcUTdQvn3hjwNSLNe97CI+YRglmWalfrjg1ZyZ71bi5qZBcjX75xxtELAlBIhNU667rxNhLqULOBGQlL9EQUzamQ+gaK2kIupfO/s/sc5MM7CBSpiTas/TvRkpDrSehbyZDiiO93JuG//W6CQbXvZTLOEGQbH4oSISNkT2FYQ+4AoZiYgxliptfbTaiijI0yBau+IoaUDMw7jKGVdO6qLlOzb27rNSrOaIiOSVnpEpcckXq5JY0SJMw8kReyCt5s56td+vD+pyPFqx855gsyPr6BZ4unu8=</latexit><latexit sha1_base64="eezxu3Q4WFfiSamL2lrAHFPLJL0=">AAACE3icbZDNSsNAEMc39avWr6rgxUuwCD2VRAQ9Frx4rGA/oClls520SzebsDsRS8xj+AJe9Q28iVcfwBfwOdy2OdjWPwz8+c8MM/z8WHCNjvNtFdbWNza3itulnd29/YPy4VFLR4li0GSRiFTHpxoEl9BEjgI6sQIa+gLa/vhm2m8/gNI8kvc4iaEX0qHkAWcUTdQvn3hjwNSLNe97CI+YRglmWalfrjg1ZyZ71bi5qZBcjX75xxtELAlBIhNU667rxNhLqULOBGQlL9EQUzamQ+gaK2kIupfO/s/sc5MM7CBSpiTas/TvRkpDrSehbyZDiiO93JuG//W6CQbXvZTLOEGQbH4oSISNkT2FYQ+4AoZiYgxliptfbTaiijI0yBau+IoaUDMw7jKGVdO6qLlOzb27rNSrOaIiOSVnpEpcckXq5JY0SJMw8kReyCt5s56td+vD+pyPFqx855gsyPr6BZ4unu8=</latexit>

| ini
<latexit sha1_base64="AL/MYgnwsYVtDMOlLRTMvQCIEsM=">AAACEnicbZDLSsNAFIYnXmu9RcWVm2ARuiqJCLosuHFZwV6gCWEyPW2HTi7MnIgl5C18Abf6Bu7ErS/gC/gcTtMsbOsPAz//OYdz5gsSwRXa9rextr6xubVd2anu7u0fHJpHxx0Vp5JBm8Uilr2AKhA8gjZyFNBLJNAwENANJrezevcRpOJx9IDTBLyQjiI+5Iyijnzz1J0AZm6iuO8iPGHGozyv+mbNbtiFrFXjlKZGSrV888cdxCwNIUImqFJ9x07Qy6hEzgTkVTdVkFA2oSPoaxvREJSXFefn1oVOBtYwlvpFaBXp34mMhkpNw0B3hhTHark2C/+r9VMc3nj6R0mKELH5omEqLIytGQtrwCUwFFNtKJNc32qxMZWUoSa2sCWQVHMqwDjLGFZN57Lh2A3n/qrWrJeIKuSMnJM6ccg1aZI70iJtwkhGXsgreTOejXfjw/ict64Z5cwJWZDx9QuiHZ5k</latexit><latexit sha1_base64="AL/MYgnwsYVtDMOlLRTMvQCIEsM=">AAACEnicbZDLSsNAFIYnXmu9RcWVm2ARuiqJCLosuHFZwV6gCWEyPW2HTi7MnIgl5C18Abf6Bu7ErS/gC/gcTtMsbOsPAz//OYdz5gsSwRXa9rextr6xubVd2anu7u0fHJpHxx0Vp5JBm8Uilr2AKhA8gjZyFNBLJNAwENANJrezevcRpOJx9IDTBLyQjiI+5Iyijnzz1J0AZm6iuO8iPGHGozyv+mbNbtiFrFXjlKZGSrV888cdxCwNIUImqFJ9x07Qy6hEzgTkVTdVkFA2oSPoaxvREJSXFefn1oVOBtYwlvpFaBXp34mMhkpNw0B3hhTHark2C/+r9VMc3nj6R0mKELH5omEqLIytGQtrwCUwFFNtKJNc32qxMZWUoSa2sCWQVHMqwDjLGFZN57Lh2A3n/qrWrJeIKuSMnJM6ccg1aZI70iJtwkhGXsgreTOejXfjw/ict64Z5cwJWZDx9QuiHZ5k</latexit><latexit sha1_base64="AL/MYgnwsYVtDMOlLRTMvQCIEsM=">AAACEnicbZDLSsNAFIYnXmu9RcWVm2ARuiqJCLosuHFZwV6gCWEyPW2HTi7MnIgl5C18Abf6Bu7ErS/gC/gcTtMsbOsPAz//OYdz5gsSwRXa9rextr6xubVd2anu7u0fHJpHxx0Vp5JBm8Uilr2AKhA8gjZyFNBLJNAwENANJrezevcRpOJx9IDTBLyQjiI+5Iyijnzz1J0AZm6iuO8iPGHGozyv+mbNbtiFrFXjlKZGSrV888cdxCwNIUImqFJ9x07Qy6hEzgTkVTdVkFA2oSPoaxvREJSXFefn1oVOBtYwlvpFaBXp34mMhkpNw0B3hhTHark2C/+r9VMc3nj6R0mKELH5omEqLIytGQtrwCUwFFNtKJNc32qxMZWUoSa2sCWQVHMqwDjLGFZN57Lh2A3n/qrWrJeIKuSMnJM6ccg1aZI70iJtwkhGXsgreTOejXfjw/ict64Z5cwJWZDx9QuiHZ5k</latexit><latexit sha1_base64="AL/MYgnwsYVtDMOlLRTMvQCIEsM=">AAACEnicbZDLSsNAFIYnXmu9RcWVm2ARuiqJCLosuHFZwV6gCWEyPW2HTi7MnIgl5C18Abf6Bu7ErS/gC/gcTtMsbOsPAz//OYdz5gsSwRXa9rextr6xubVd2anu7u0fHJpHxx0Vp5JBm8Uilr2AKhA8gjZyFNBLJNAwENANJrezevcRpOJx9IDTBLyQjiI+5Iyijnzz1J0AZm6iuO8iPGHGozyv+mbNbtiFrFXjlKZGSrV888cdxCwNIUImqFJ9x07Qy6hEzgTkVTdVkFA2oSPoaxvREJSXFefn1oVOBtYwlvpFaBXp34mMhkpNw0B3hhTHark2C/+r9VMc3nj6R0mKELH5omEqLIytGQtrwCUwFFNtKJNc32qxMZWUoSa2sCWQVHMqwDjLGFZN57Lh2A3n/qrWrJeIKuSMnJM6ccg1aZI70iJtwkhGXsgreTOejXfjw/ict64Z5cwJWZDx9QuiHZ5k</latexit>
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