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Motivation

How to use current (and near-term) quantum 
devices to perform ‘state-of-the-art’ 

computations

Develop quantum-classical hybrid algorithms
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A Hybrid Approach to Quantum Machine Learning

Use early quantum devices to process encoded and 
compressed representations of the original data

Use classical Deep Learning techniques to learn 
efficient encodings suitable to the quantum device
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A Hybrid Approach to Quantum Machine Learning

Use early quantum devices to process encoded and 
compressed representations of the original data

Use classical Deep Learning techniques to learn 
efficient encodings suitable to the quantum device

Quantum Generative Models with Latent Variables
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Quantum Generative Models with Latent Variables

• Reproduce data distribution by marginalizing over a set of 
latent (or unobserved) variables: 

pdata(x) ⇠ p✓(x) =
X

⇣

p✓(x, ⇣)

<latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="FD5SOs7PFBTTRn36EhK6pRkBdDY="></latexit><latexit sha1_base64="PFBACpCunv3rvlCRE5pWOhPlzl4="></latexit><latexit sha1_base64="PFBACpCunv3rvlCRE5pWOhPlzl4="></latexit><latexit sha1_base64="6Duu/SgmjF73+PUOAB81RDhsrVo="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="FD5SOs7PFBTTRn36EhK6pRkBdDY="></latexit><latexit sha1_base64="PFBACpCunv3rvlCRE5pWOhPlzl4="></latexit><latexit sha1_base64="PFBACpCunv3rvlCRE5pWOhPlzl4="></latexit><latexit sha1_base64="6Duu/SgmjF73+PUOAB81RDhsrVo="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit>



Copyright D-Wave Systems Inc

Quantum Generative Models with Latent Variables

• Reproduce data distribution by marginalizing over a set of 
latent (or unobserved) variables: 

pdata(x) ⇠ p✓(x) =
X

⇣

p✓(x, ⇣)
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Undirected: Directed:

p✓(x, ⇣)
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p✓(x|⇣)p✓(⇣)
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‘prior’ 
(quantum)

‘conditional’ 
(classical)

‘joint’ x
<latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit>

⇣
<latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit><latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit><latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit><latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit>

x
<latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit>

⇣
<latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit><latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit><latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit><latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit>
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Quantum Generative Models with Latent Variables

• Reproduce data distribution by marginalizing over a set of 
latent (or unobserved) variables: 

pdata(x) ⇠ p✓(x) =
X

⇣

p✓(x, ⇣)

<latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="FD5SOs7PFBTTRn36EhK6pRkBdDY="></latexit><latexit sha1_base64="PFBACpCunv3rvlCRE5pWOhPlzl4="></latexit><latexit sha1_base64="PFBACpCunv3rvlCRE5pWOhPlzl4="></latexit><latexit sha1_base64="6Duu/SgmjF73+PUOAB81RDhsrVo="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="FD5SOs7PFBTTRn36EhK6pRkBdDY="></latexit><latexit sha1_base64="PFBACpCunv3rvlCRE5pWOhPlzl4="></latexit><latexit sha1_base64="PFBACpCunv3rvlCRE5pWOhPlzl4="></latexit><latexit sha1_base64="6Duu/SgmjF73+PUOAB81RDhsrVo="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit>

Undirected: Directed:

p✓(x, ⇣)
<latexit sha1_base64="uMehRN+zQKYf0nd47bdFd0Y+8Wg="></latexit><latexit sha1_base64="uMehRN+zQKYf0nd47bdFd0Y+8Wg="></latexit><latexit sha1_base64="uMehRN+zQKYf0nd47bdFd0Y+8Wg="></latexit><latexit sha1_base64="uMehRN+zQKYf0nd47bdFd0Y+8Wg="></latexit>

p✓(x|⇣)p✓(⇣)
<latexit sha1_base64="7eRfKatsUWm831qSwt0koTZRmuc="></latexit><latexit sha1_base64="7eRfKatsUWm831qSwt0koTZRmuc="></latexit><latexit sha1_base64="7eRfKatsUWm831qSwt0koTZRmuc="></latexit><latexit sha1_base64="7eRfKatsUWm831qSwt0koTZRmuc="></latexit>

‘prior’ 
(quantum)

‘conditional’ 
(classical)

‘joint’ x
<latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit>

⇣
<latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit><latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit><latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit><latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit>

x
<latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit>

⇣
<latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit><latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit><latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit><latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit>

• ‘Quantum Supremacy’ could be achieved in the gate model with 
sampling applications 
• Sampling with quantum annealers can replace costly quantum Monte 

Carlo simulations

[Harrow and Montanaro, Nature 549]

[Harris et al., Science 361; King et al., Nature 560]
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2.Quantum generative models may provide a computational advantage in 
training state-of-the-art generative models

a. Unsupervised learning: improve data analyses exploiting huge 
amount of unlabeled data produced in HEP collisions

Quantum Generative Models for HEP

[Andreassen et al., arXiv:1804.09720]
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1.Quantum priors may be ideally suited to model quantum processes 
such as high-energy particle collisions

2.Quantum generative models may provide a computational advantage in 
training state-of-the-art generative models

a. Unsupervised learning: improve data analyses exploiting huge 
amount of unlabeled data produced in HEP collisions

b. Learning new physics (e.g., anomaly detection)

Quantum Generative Models for HEP

[D’Agnolo and Wulzer, arXiv:1806.02350]

[Andreassen et al., arXiv:1804.09720]
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1.Quantum priors may be ideally suited to model quantum processes 
such as high-energy particle collisions

2.Quantum generative models may provide a computational advantage in 
training state-of-the-art generative models

a. Unsupervised learning: improve data analyses exploiting huge 
amount of unlabeled data produced in HEP collisions

b. Learning new physics (e.g., anomaly detection)

c. Detector simulations: compress raw (and sparse) data from 
detectors in a controlled (but unsupervised) way

Quantum Generative Models for HEP

[Paganini et al., PRL 120, 042003]

[D’Agnolo and Wulzer, arXiv:1806.02350]

[Andreassen et al., arXiv:1804.09720]
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1.Quantum priors may be ideally suited to model quantum processes 
such as high-energy particle collisions

2.Quantum generative models may provide a computational advantage in 
training state-of-the-art generative models

a. Unsupervised learning: improve data analyses exploiting huge 
amount of unlabeled data produced in HEP collisions

b. Learning new physics (e.g., anomaly detection)

c. Detector simulations: compress raw (and sparse) data from 
detectors in a controlled (but unsupervised) way

d. Lossy data compression!?

Quantum Generative Models for HEP

[Paganini et al., PRL 120, 042003]

[D’Agnolo and Wulzer, arXiv:1806.02350]

[Andreassen et al., arXiv:1804.09720]
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Goals

1.Demonstrate QVAE is a class of potentially state-of-the-art 
generative models 

2.Demonstrate QVAE can be trained with quantum annealers on 
non-trivial datasets (MNIST, …, HEP!?) 

3.Identify a path to quantum advantage by working on realistic 
applications and with existing quantum devices
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Quantum Variational AutoEncoder

Quantum Variational AutoEncoder (QVAE):  
quantum-classical hybrid generative model with latent variables 

suitable for quantum annealing devices

[Khoshaman, Vinci et al., QST, 4, 1]
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Quantum Variational AutoEncoder

1.A classical ‘AutoEncoding’ structure: forward-
propagation through deep neural networks x

<latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit>
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Quantum Variational AutoEncoder (QVAE):  
quantum-classical hybrid generative model with latent variables 

suitable for quantum annealing devices

[Khoshaman, Vinci et al., QST, 4, 1]
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Quantum Variational AutoEncoder

1.A classical ‘AutoEncoding’ structure: forward-
propagation through deep neural networks 

2.A quantum ‘Prior’: generative process 
involving sampling from quantum Boltzmann 
distributions 

x
<latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit>

decoder
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prior

data

Quantum Variational AutoEncoder (QVAE):  
quantum-classical hybrid generative model with latent variables 

suitable for quantum annealing devices

[Khoshaman, Vinci et al., QST, 4, 1]
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Quantum Variational AutoEncoder

1.A classical ‘AutoEncoding’ structure: forward-
propagation through deep neural networks 

2.A quantum ‘Prior’: generative process 
involving sampling from quantum Boltzmann 
distributions 

3.A hybrid framework efficiently trained using 
Stochastic Gradient Descent

x
<latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit>

decoder

encoder

prior

data

Quantum Variational AutoEncoder (QVAE):  
quantum-classical hybrid generative model with latent variables 

suitable for quantum annealing devices

[Khoshaman, Vinci et al., QST, 4, 1]
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• (Quantum) Boltzmann Machine: 
- Not-hybrid, local connectivity major 

limitation 

[Dumoulin et al., 
arXiv:1312.5258]

[MNIST 50k handwritten digits]
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Training Generative Models with Quantum Annealers

• (Quantum) Boltzmann Machine: 
- Not-hybrid, local connectivity major 

limitation 

• (Quantum Assisted) Helmholtz Machine: 
- Hybrid, lacks a well-defined loss 

function, inefficient training  

• QVAE: 
- Hybrid, efficient training, enable state-

of-the-art generative modelling

[Dumoulin et al., 
arXiv:1312.5258]

[Benedetti et al., 
QST, 3, 3]

[MNIST 50k handwritten digits] [Khoshaman, Vinci 
et al., QST, 4, 1]
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Quantum Annealers as Boltzmann Samplers
• Quantum annealers simulate a transverse field Ising model… 

…immersed in a thermal bath (noisy environment)
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<latexit sha1_base64="yjEGLogSp99QhsN4R59y16SoIaI="></latexit><latexit sha1_base64="yjEGLogSp99QhsN4R59y16SoIaI="></latexit><latexit sha1_base64="yjEGLogSp99QhsN4R59y16SoIaI="></latexit><latexit sha1_base64="yjEGLogSp99QhsN4R59y16SoIaI="></latexit>
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Quantum Annealers as Boltzmann Samplers
• Quantum annealers simulate a transverse field Ising model… 

…immersed in a thermal bath (noisy environment)

[Amin, PRA 92; 
Marshall et al., 
arXiv:1810.05881]
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<latexit sha1_base64="yjEGLogSp99QhsN4R59y16SoIaI="></latexit><latexit sha1_base64="yjEGLogSp99QhsN4R59y16SoIaI="></latexit><latexit sha1_base64="yjEGLogSp99QhsN4R59y16SoIaI="></latexit><latexit sha1_base64="yjEGLogSp99QhsN4R59y16SoIaI="></latexit>
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Quantum Annealers as Boltzmann Samplers
• Quantum annealers simulate a transverse field Ising model… 

…immersed in a thermal bath (noisy environment)

• Requires additional control of annealing schedules: pauses, fast 
quenches, reverse anneals… 
• The use of D-Wave quantum annealers as quantum Boltzmann 

samplers recently demonstrated in material simulations

[Amin, PRA 92; 
Marshall et al., 
arXiv:1810.05881]
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<latexit sha1_base64="yjEGLogSp99QhsN4R59y16SoIaI="></latexit><latexit sha1_base64="yjEGLogSp99QhsN4R59y16SoIaI="></latexit><latexit sha1_base64="yjEGLogSp99QhsN4R59y16SoIaI="></latexit><latexit sha1_base64="yjEGLogSp99QhsN4R59y16SoIaI="></latexit>

[Harris et al., Science 361; King et al., Nature 560]
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• VAE is a class of directed generative models with latent variables: 

• Encode useful representations of the data in the latent space

Variational AutoEncoders (VAE)

x
<latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit>

⇣
<latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit><latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit><latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit><latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit>    : parameters  

of the generative 
model 

✓
<latexit sha1_base64="S/Vq4TeQ8DQXyuU4v5OOP4dqgR0="></latexit><latexit sha1_base64="S/Vq4TeQ8DQXyuU4v5OOP4dqgR0="></latexit><latexit sha1_base64="S/Vq4TeQ8DQXyuU4v5OOP4dqgR0="></latexit><latexit sha1_base64="S/Vq4TeQ8DQXyuU4v5OOP4dqgR0="></latexit>

‘prior’‘decoder’

p✓(x|⇣)p✓(⇣)
<latexit sha1_base64="7eRfKatsUWm831qSwt0koTZRmuc="></latexit><latexit sha1_base64="7eRfKatsUWm831qSwt0koTZRmuc="></latexit><latexit sha1_base64="7eRfKatsUWm831qSwt0koTZRmuc="></latexit><latexit sha1_base64="7eRfKatsUWm831qSwt0koTZRmuc="></latexit>

pdata(x) ⇠ p✓(x) =
X

⇣

p✓(x, ⇣)

<latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="FD5SOs7PFBTTRn36EhK6pRkBdDY="></latexit><latexit sha1_base64="PFBACpCunv3rvlCRE5pWOhPlzl4="></latexit><latexit sha1_base64="PFBACpCunv3rvlCRE5pWOhPlzl4="></latexit><latexit sha1_base64="6Duu/SgmjF73+PUOAB81RDhsrVo="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="FD5SOs7PFBTTRn36EhK6pRkBdDY="></latexit><latexit sha1_base64="PFBACpCunv3rvlCRE5pWOhPlzl4="></latexit><latexit sha1_base64="PFBACpCunv3rvlCRE5pWOhPlzl4="></latexit><latexit sha1_base64="6Duu/SgmjF73+PUOAB81RDhsrVo="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit>

pdata(x) ⇠ p✓(x) =
X

⇣

p✓(x, ⇣)

<latexit sha1_base64="dM16s6lD1P04txus cNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txus cNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txus cNZZIPuVPCs="></latexit><latexit sha1_base64="FD5SOs7PFBTTRn36 EhK6pRkBdDY="></latexit><latexit sha1_base64="PFBACpCunv3rvlCR E5pWOhPlzl4="></latexit><latexit sha1_base64="PFBACpCunv3rvlCR E5pWOhPlzl4="></latexit><latexit sha1_base64="6Duu/SgmjF73+PUO AB81RDhsrVo="></latexit><latexit sha1_base64="dM16s6lD1P04txus cNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txus cNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txus cNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txus cNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txus cNZZIPuVPCs="></latexit><latexit sha1_base64="FD5SOs7PFBTTRn36 EhK6pRkBdDY="></latexit><latexit sha1_base64="PFBACpCunv3rvlCR E5pWOhPlzl4="></latexit><latexit sha1_base64="PFBACpCunv3rvlCR E5pWOhPlzl4="></latexit><latexit sha1_base64="6Duu/SgmjF73+PUO AB81RDhsrVo="></latexit><latexit sha1_base64="dM16s6lD1P04txus cNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txus cNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txus cNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txus cNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txus cNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txus cNZZIPuVPCs="></latexit>
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• VAE is a class of directed generative models with latent variables: 

• Encode useful representations of the data in the latent space

• Exact inference (marginalization over latent variables) is 
intractable

Variational AutoEncoders (VAE)

x
<latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit>

⇣
<latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit><latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit><latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit><latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit>    : parameters  

of the generative 
model 

✓
<latexit sha1_base64="S/Vq4TeQ8DQXyuU4v5OOP4dqgR0="></latexit><latexit sha1_base64="S/Vq4TeQ8DQXyuU4v5OOP4dqgR0="></latexit><latexit sha1_base64="S/Vq4TeQ8DQXyuU4v5OOP4dqgR0="></latexit><latexit sha1_base64="S/Vq4TeQ8DQXyuU4v5OOP4dqgR0="></latexit>

‘prior’‘decoder’

p✓(x|⇣)p✓(⇣)
<latexit sha1_base64="7eRfKatsUWm831qSwt0koTZRmuc="></latexit><latexit sha1_base64="7eRfKatsUWm831qSwt0koTZRmuc="></latexit><latexit sha1_base64="7eRfKatsUWm831qSwt0koTZRmuc="></latexit><latexit sha1_base64="7eRfKatsUWm831qSwt0koTZRmuc="></latexit>

pdata(x) ⇠ p✓(x) =
X

⇣

p✓(x, ⇣)

<latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="FD5SOs7PFBTTRn36EhK6pRkBdDY="></latexit><latexit sha1_base64="PFBACpCunv3rvlCRE5pWOhPlzl4="></latexit><latexit sha1_base64="PFBACpCunv3rvlCRE5pWOhPlzl4="></latexit><latexit sha1_base64="6Duu/SgmjF73+PUOAB81RDhsrVo="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="FD5SOs7PFBTTRn36EhK6pRkBdDY="></latexit><latexit sha1_base64="PFBACpCunv3rvlCRE5pWOhPlzl4="></latexit><latexit sha1_base64="PFBACpCunv3rvlCRE5pWOhPlzl4="></latexit><latexit sha1_base64="6Duu/SgmjF73+PUOAB81RDhsrVo="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txuscNZZIPuVPCs="></latexit>

pdata(x) ⇠ p✓(x) =
X

⇣

p✓(x, ⇣)

<latexit sha1_base64="dM16s6lD1P04txus cNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txus cNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txus cNZZIPuVPCs="></latexit><latexit sha1_base64="FD5SOs7PFBTTRn36 EhK6pRkBdDY="></latexit><latexit sha1_base64="PFBACpCunv3rvlCR E5pWOhPlzl4="></latexit><latexit sha1_base64="PFBACpCunv3rvlCR E5pWOhPlzl4="></latexit><latexit sha1_base64="6Duu/SgmjF73+PUO AB81RDhsrVo="></latexit><latexit sha1_base64="dM16s6lD1P04txus cNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txus cNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txus cNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txus cNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txus cNZZIPuVPCs="></latexit><latexit sha1_base64="FD5SOs7PFBTTRn36 EhK6pRkBdDY="></latexit><latexit sha1_base64="PFBACpCunv3rvlCR E5pWOhPlzl4="></latexit><latexit sha1_base64="PFBACpCunv3rvlCR E5pWOhPlzl4="></latexit><latexit sha1_base64="6Duu/SgmjF73+PUO AB81RDhsrVo="></latexit><latexit sha1_base64="dM16s6lD1P04txus cNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txus cNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txus cNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txus cNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txus cNZZIPuVPCs="></latexit><latexit sha1_base64="dM16s6lD1P04txus cNZZIPuVPCs="></latexit>



Copyright D-Wave Systems Inc

Variational AutoEncoders

1.Variational inference: 

    : parameters of the 
inference model
�

<latexit sha1_base64="AV7eSafbDmnh+G66y6x+t4c7ic0="></latexit><latexit sha1_base64="AV7eSafbDmnh+G66y6x+t4c7ic0="></latexit><latexit sha1_base64="AV7eSafbDmnh+G66y6x+t4c7ic0="></latexit><latexit sha1_base64="AV7eSafbDmnh+G66y6x+t4c7ic0="></latexit>

q�(⇣|x)
<latexit sha1_base64="YMs5qg56pcKKHMXhIqb8hTFJ9kg="></latexit><latexit sha1_base64="YMs5qg56pcKKHMXhIqb8hTFJ9kg="></latexit><latexit sha1_base64="YMs5qg56pcKKHMXhIqb8hTFJ9kg="></latexit><latexit sha1_base64="YMs5qg56pcKKHMXhIqb8hTFJ9kg="></latexit>

approximate posterior 
(‘encoder’)

x
<latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit>

⇣
<latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit><latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit><latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit><latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit>

p✓(⇣|x)
<latexit sha1_base64="SzW6ZV3be+SoMdVIdoWRGy9bPbA="></latexit><latexit sha1_base64="SzW6ZV3be+SoMdVIdoWRGy9bPbA="></latexit><latexit sha1_base64="SzW6ZV3be+SoMdVIdoWRGy9bPbA="></latexit><latexit sha1_base64="SzW6ZV3be+SoMdVIdoWRGy9bPbA="></latexit>

p✓(⇣)
<latexit sha1_base64="DPUhfkGzukZGhcwlTXUQorVJdj4="></latexit><latexit sha1_base64="DPUhfkGzukZGhcwlTXUQorVJdj4="></latexit><latexit sha1_base64="DPUhfkGzukZGhcwlTXUQorVJdj4="></latexit><latexit sha1_base64="DPUhfkGzukZGhcwlTXUQorVJdj4="></latexit>

p✓(x|⇣)
<latexit sha1_base64="Dd3WuuO/1hFpl2g0d9cZD0o6HkE="></latexit><latexit sha1_base64="Dd3WuuO/1hFpl2g0d9cZD0o6HkE="></latexit><latexit sha1_base64="Dd3WuuO/1hFpl2g0d9cZD0o6HkE="></latexit><latexit sha1_base64="Dd3WuuO/1hFpl2g0d9cZD0o6HkE="></latexit>

exact posterior

[Kingma and Welling, arXiv:1312.6114]



Copyright D-Wave Systems Inc

Variational AutoEncoders

1.Variational inference: 

- Evidence Lower BOund (ELBO) 

    : parameters of the 
inference model
�

<latexit sha1_base64="AV7eSafbDmnh+G66y6x+t4c7ic0="></latexit><latexit sha1_base64="AV7eSafbDmnh+G66y6x+t4c7ic0="></latexit><latexit sha1_base64="AV7eSafbDmnh+G66y6x+t4c7ic0="></latexit><latexit sha1_base64="AV7eSafbDmnh+G66y6x+t4c7ic0="></latexit>

q�(⇣|x)
<latexit sha1_base64="YMs5qg56pcKKHMXhIqb8hTFJ9kg="></latexit><latexit sha1_base64="YMs5qg56pcKKHMXhIqb8hTFJ9kg="></latexit><latexit sha1_base64="YMs5qg56pcKKHMXhIqb8hTFJ9kg="></latexit><latexit sha1_base64="YMs5qg56pcKKHMXhIqb8hTFJ9kg="></latexit>

approximate posterior 
(‘encoder’)

x
<latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit>

⇣
<latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit><latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit><latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit><latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit>

p✓(⇣|x)
<latexit sha1_base64="SzW6ZV3be+SoMdVIdoWRGy9bPbA="></latexit><latexit sha1_base64="SzW6ZV3be+SoMdVIdoWRGy9bPbA="></latexit><latexit sha1_base64="SzW6ZV3be+SoMdVIdoWRGy9bPbA="></latexit><latexit sha1_base64="SzW6ZV3be+SoMdVIdoWRGy9bPbA="></latexit>

p✓(⇣)
<latexit sha1_base64="DPUhfkGzukZGhcwlTXUQorVJdj4="></latexit><latexit sha1_base64="DPUhfkGzukZGhcwlTXUQorVJdj4="></latexit><latexit sha1_base64="DPUhfkGzukZGhcwlTXUQorVJdj4="></latexit><latexit sha1_base64="DPUhfkGzukZGhcwlTXUQorVJdj4="></latexit>

p✓(x|⇣)
<latexit sha1_base64="Dd3WuuO/1hFpl2g0d9cZD0o6HkE="></latexit><latexit sha1_base64="Dd3WuuO/1hFpl2g0d9cZD0o6HkE="></latexit><latexit sha1_base64="Dd3WuuO/1hFpl2g0d9cZD0o6HkE="></latexit><latexit sha1_base64="Dd3WuuO/1hFpl2g0d9cZD0o6HkE="></latexit>

exact posterior

ELBO = LL� Ex⇠pdata

"
E⇣⇠q�(⇣|x)

"
log

q�(⇣|x)
p✓(⇣|x)

##
 LL

<latexit sha1_base64="gWQfxdveqASAkwKnF595yLqfq08="></latexit><latexit sha1_base64="gWQfxdveqASAkwKnF595yLqfq08="></latexit><latexit sha1_base64="gWQfxdveqASAkwKnF595yLqfq08="></latexit><latexit sha1_base64="gWQfxdveqASAkwKnF595yLqfq08="></latexit>

[Kingma and Welling, arXiv:1312.6114]
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Variational AutoEncoders

1.Variational inference: 

- Evidence Lower BOund (ELBO) 

2.Reparameterization Trick:

    : parameters of the 
inference model
�

<latexit sha1_base64="AV7eSafbDmnh+G66y6x+t4c7ic0="></latexit><latexit sha1_base64="AV7eSafbDmnh+G66y6x+t4c7ic0="></latexit><latexit sha1_base64="AV7eSafbDmnh+G66y6x+t4c7ic0="></latexit><latexit sha1_base64="AV7eSafbDmnh+G66y6x+t4c7ic0="></latexit>

q�(⇣|x)
<latexit sha1_base64="YMs5qg56pcKKHMXhIqb8hTFJ9kg="></latexit><latexit sha1_base64="YMs5qg56pcKKHMXhIqb8hTFJ9kg="></latexit><latexit sha1_base64="YMs5qg56pcKKHMXhIqb8hTFJ9kg="></latexit><latexit sha1_base64="YMs5qg56pcKKHMXhIqb8hTFJ9kg="></latexit>

approximate posterior 
(‘encoder’)

x
<latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit>

⇣
<latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit><latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit><latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit><latexit sha1_base64="wfSAA6IVHcxEn1gBTmvuoHKkgBs="></latexit>

p✓(⇣|x)
<latexit sha1_base64="SzW6ZV3be+SoMdVIdoWRGy9bPbA="></latexit><latexit sha1_base64="SzW6ZV3be+SoMdVIdoWRGy9bPbA="></latexit><latexit sha1_base64="SzW6ZV3be+SoMdVIdoWRGy9bPbA="></latexit><latexit sha1_base64="SzW6ZV3be+SoMdVIdoWRGy9bPbA="></latexit>

p✓(⇣)
<latexit sha1_base64="DPUhfkGzukZGhcwlTXUQorVJdj4="></latexit><latexit sha1_base64="DPUhfkGzukZGhcwlTXUQorVJdj4="></latexit><latexit sha1_base64="DPUhfkGzukZGhcwlTXUQorVJdj4="></latexit><latexit sha1_base64="DPUhfkGzukZGhcwlTXUQorVJdj4="></latexit>

p✓(x|⇣)
<latexit sha1_base64="Dd3WuuO/1hFpl2g0d9cZD0o6HkE="></latexit><latexit sha1_base64="Dd3WuuO/1hFpl2g0d9cZD0o6HkE="></latexit><latexit sha1_base64="Dd3WuuO/1hFpl2g0d9cZD0o6HkE="></latexit><latexit sha1_base64="Dd3WuuO/1hFpl2g0d9cZD0o6HkE="></latexit>

exact posterior

ELBO = LL� Ex⇠pdata

"
E⇣⇠q�(⇣|x)

"
log

q�(⇣|x)
p✓(⇣|x)

##
 LL

<latexit sha1_base64="gWQfxdveqASAkwKnF595yLqfq08="></latexit><latexit sha1_base64="gWQfxdveqASAkwKnF595yLqfq08="></latexit><latexit sha1_base64="gWQfxdveqASAkwKnF595yLqfq08="></latexit><latexit sha1_base64="gWQfxdveqASAkwKnF595yLqfq08="></latexit>

@�E⇣⇠q� [f(⇣)] = E⇢⇠p(⇢) [@�f(⇣(�,⇢))]
<latexit sha1_base64="Ba7vbxSYhwF4SpFS6KNqNaTih/o="></latexit><latexit sha1_base64="Ba7vbxSYhwF4SpFS6KNqNaTih/o="></latexit><latexit sha1_base64="Ba7vbxSYhwF4SpFS6KNqNaTih/o="></latexit><latexit sha1_base64="Ba7vbxSYhwF4SpFS6KNqNaTih/o="></latexit>

[Kingma and Welling, arXiv:1312.6114]
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Quantum Variational AutoEncoders

• QVAE: prior is implemented as a Quantum Boltzmann Machine 
- Physical implementation with quantum annealers 

x
<latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit>

decoder
encoder

⌘ p✓(z)
<latexit sha1_base64="Gg/AC8pbSR/ELTLncg9Ur/cGo3o="></latexit><latexit sha1_base64="Gg/AC8pbSR/ELTLncg9Ur/cGo3o="></latexit><latexit sha1_base64="Gg/AC8pbSR/ELTLncg9Ur/cGo3o="></latexit><latexit sha1_base64="Gg/AC8pbSR/ELTLncg9Ur/cGo3o="></latexit>

[Amin et al., PRX 8]
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Quantum Variational AutoEncoders

• QVAE: prior is implemented as a Quantum Boltzmann Machine 
- Physical implementation with quantum annealers 

• Need to generalize the reparameterization trick  
to discrete variables (⇣ ! z)

<latexit sha1_base64="X+QIgCbq5s6Pihf8Ba/Fbu8xFPY="></latexit><latexit sha1_base64="X+QIgCbq5s6Pihf8Ba/Fbu8xFPY="></latexit><latexit sha1_base64="X+QIgCbq5s6Pihf8Ba/Fbu8xFPY="></latexit><latexit sha1_base64="X+QIgCbq5s6Pihf8Ba/Fbu8xFPY="></latexit>

x
<latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit>

decoder
encoder

⌘ p✓(z)
<latexit sha1_base64="Gg/AC8pbSR/ELTLncg9Ur/cGo3o="></latexit><latexit sha1_base64="Gg/AC8pbSR/ELTLncg9Ur/cGo3o="></latexit><latexit sha1_base64="Gg/AC8pbSR/ELTLncg9Ur/cGo3o="></latexit><latexit sha1_base64="Gg/AC8pbSR/ELTLncg9Ur/cGo3o="></latexit>

[Amin et al., PRX 8]
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Quantum Variational AutoEncoders

• QVAE: prior is implemented as a Quantum Boltzmann Machine 
- Physical implementation with quantum annealers 

• Need to generalize the reparameterization trick  
to discrete variables 

• Developed at D-Wave: 
- Back-propagation through smoothing distributions  

(DVAE, DVAE++) 
- Back-propagation through smoothed, continuous variables  

(Gumbel/Softmax, GumBolt)

(⇣ ! z)
<latexit sha1_base64="X+QIgCbq5s6Pihf8Ba/Fbu8xFPY="></latexit><latexit sha1_base64="X+QIgCbq5s6Pihf8Ba/Fbu8xFPY="></latexit><latexit sha1_base64="X+QIgCbq5s6Pihf8Ba/Fbu8xFPY="></latexit><latexit sha1_base64="X+QIgCbq5s6Pihf8Ba/Fbu8xFPY="></latexit>

x
<latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit>

decoder
encoder

⌘ p✓(z)
<latexit sha1_base64="Gg/AC8pbSR/ELTLncg9Ur/cGo3o="></latexit><latexit sha1_base64="Gg/AC8pbSR/ELTLncg9Ur/cGo3o="></latexit><latexit sha1_base64="Gg/AC8pbSR/ELTLncg9Ur/cGo3o="></latexit><latexit sha1_base64="Gg/AC8pbSR/ELTLncg9Ur/cGo3o="></latexit>

[Rolfe, arXiv:1609.02200; Vahdat et al., arXiv:1802.04920]

[Jang and Maddison, arXiv:1611.00712; Khoshaman and Amin, arXiv:1805.07349]

[Amin et al., PRX 8]
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QVAE: VAE with Quantum Boltzmann Machine

•  QBM: reproduces data distribution as a thermal distribution of a 
quantum spin-system

p✓(z) = Tr[⇤ze
�H✓ ]/Z✓ , Z✓ = Tr[e�H✓ ]

<latexit sha1_base64="EqHegOXPQCHRXWhILzjwHX0oSZQ="></latexit><latexit sha1_base64="EqHegOXPQCHRXWhILzjwHX0oSZQ="></latexit><latexit sha1_base64="EqHegOXPQCHRXWhILzjwHX0oSZQ="></latexit><latexit sha1_base64="EqHegOXPQCHRXWhILzjwHX0oSZQ="></latexit>

H✓ =
X

l

�x
l �l +

X

l

�z
l hl +

X

l<m

Wlm�z
l �

z
m

<latexit sha1_base64="qAw/4NrtKdUKqYHdZrVC3ZcYYJI="></latexit><latexit sha1_base64="qAw/4NrtKdUKqYHdZrVC3ZcYYJI="></latexit><latexit sha1_base64="qAw/4NrtKdUKqYHdZrVC3ZcYYJI="></latexit><latexit sha1_base64="qAw/4NrtKdUKqYHdZrVC3ZcYYJI="></latexit>

: projector on the     
state

: Pauli matrices

⇤z
<latexit sha1_base64="bn+TspOubcDezCsYQpHhF1mAp2k="></latexit><latexit sha1_base64="bn+TspOubcDezCsYQpHhF1mAp2k="></latexit><latexit sha1_base64="bn+TspOubcDezCsYQpHhF1mAp2k="></latexit><latexit sha1_base64="bn+TspOubcDezCsYQpHhF1mAp2k="></latexit>

z
<latexit sha1_base64="gB01XZI3DIa/gHDHmVWIH6bJP4s="></latexit><latexit sha1_base64="gB01XZI3DIa/gHDHmVWIH6bJP4s="></latexit><latexit sha1_base64="gB01XZI3DIa/gHDHmVWIH6bJP4s="></latexit><latexit sha1_base64="gB01XZI3DIa/gHDHmVWIH6bJP4s="></latexit>

�x,y,z
<latexit sha1_base64="RLTFY/4ZKMXEOy+yih59i4debWo="></latexit><latexit sha1_base64="RLTFY/4ZKMXEOy+yih59i4debWo="></latexit><latexit sha1_base64="RLTFY/4ZKMXEOy+yih59i4debWo="></latexit><latexit sha1_base64="RLTFY/4ZKMXEOy+yih59i4debWo="></latexit>

[Amin et al., PRX 8]
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QVAE: VAE with Quantum Boltzmann Machine

•  QBM: reproduces data distribution as a thermal distribution of a 
quantum spin-system

• Maximize negative quantum cross-entropy 

p✓(z) = Tr[⇤ze
�H✓ ]/Z✓ , Z✓ = Tr[e�H✓ ]

<latexit sha1_base64="EqHegOXPQCHRXWhILzjwHX0oSZQ="></latexit><latexit sha1_base64="EqHegOXPQCHRXWhILzjwHX0oSZQ="></latexit><latexit sha1_base64="EqHegOXPQCHRXWhILzjwHX0oSZQ="></latexit><latexit sha1_base64="EqHegOXPQCHRXWhILzjwHX0oSZQ="></latexit>

H✓ =
X

l

�x
l �l +

X

l

�z
l hl +

X

l<m

Wlm�z
l �

z
m

<latexit sha1_base64="qAw/4NrtKdUKqYHdZrVC3ZcYYJI="></latexit><latexit sha1_base64="qAw/4NrtKdUKqYHdZrVC3ZcYYJI="></latexit><latexit sha1_base64="qAw/4NrtKdUKqYHdZrVC3ZcYYJI="></latexit><latexit sha1_base64="qAw/4NrtKdUKqYHdZrVC3ZcYYJI="></latexit>

: projector on the     
state

: Pauli matrices

⇤z
<latexit sha1_base64="bn+TspOubcDezCsYQpHhF1mAp2k="></latexit><latexit sha1_base64="bn+TspOubcDezCsYQpHhF1mAp2k="></latexit><latexit sha1_base64="bn+TspOubcDezCsYQpHhF1mAp2k="></latexit><latexit sha1_base64="bn+TspOubcDezCsYQpHhF1mAp2k="></latexit>

z
<latexit sha1_base64="gB01XZI3DIa/gHDHmVWIH6bJP4s="></latexit><latexit sha1_base64="gB01XZI3DIa/gHDHmVWIH6bJP4s="></latexit><latexit sha1_base64="gB01XZI3DIa/gHDHmVWIH6bJP4s="></latexit><latexit sha1_base64="gB01XZI3DIa/gHDHmVWIH6bJP4s="></latexit>

�x,y,z
<latexit sha1_base64="RLTFY/4ZKMXEOy+yih59i4debWo="></latexit><latexit sha1_base64="RLTFY/4ZKMXEOy+yih59i4debWo="></latexit><latexit sha1_base64="RLTFY/4ZKMXEOy+yih59i4debWo="></latexit><latexit sha1_base64="RLTFY/4ZKMXEOy+yih59i4debWo="></latexit>

�H(q�, p✓) = Ez⇠q� [log p✓(z)] = Ez⇠q� [log(Tr[⇤ze
�H✓ ])] + logZ✓

<latexit sha1_base64="JQKEOQ8+FTn1kyyjveCLmPBYDkY="></latexit><latexit sha1_base64="JQKEOQ8+FTn1kyyjveCLmPBYDkY="></latexit><latexit sha1_base64="JQKEOQ8+FTn1kyyjveCLmPBYDkY="></latexit><latexit sha1_base64="JQKEOQ8+FTn1kyyjveCLmPBYDkY="></latexit>

�<latexit sha1_base64="FUdnkrwRZ9HgDsXSD4gXIzAHlXs=">AAAB6nicbVBNS8NAEJ34WetX1aOXxVbwYkmKoMeCF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++4lrI2L1iJOE+xEdKhEKRtFKD5XLSr9UdqvuHGSVeDkpQ45Gv/TVG8QsjbhCJqkxXc9N0M+oRsEknxZ7qeEJZWM65F1LFY248bP5qVNybpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDG/8TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0ijYEb/nlVdKqVT236t3XyvWrPI4CnMIZXIAH11CHO2hAExgM4Rle4c2Rzovz7nwsWtecfOYE/sD5/AEnJYz9</latexit><latexit sha1_base64="FUdnkrwRZ9HgDsXSD4gXIzAHlXs=">AAAB6nicbVBNS8NAEJ34WetX1aOXxVbwYkmKoMeCF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++4lrI2L1iJOE+xEdKhEKRtFKD5XLSr9UdqvuHGSVeDkpQ45Gv/TVG8QsjbhCJqkxXc9N0M+oRsEknxZ7qeEJZWM65F1LFY248bP5qVNybpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDG/8TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0ijYEb/nlVdKqVT236t3XyvWrPI4CnMIZXIAH11CHO2hAExgM4Rle4c2Rzovz7nwsWtecfOYE/sD5/AEnJYz9</latexit><latexit sha1_base64="FUdnkrwRZ9HgDsXSD4gXIzAHlXs=">AAAB6nicbVBNS8NAEJ34WetX1aOXxVbwYkmKoMeCF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++4lrI2L1iJOE+xEdKhEKRtFKD5XLSr9UdqvuHGSVeDkpQ45Gv/TVG8QsjbhCJqkxXc9N0M+oRsEknxZ7qeEJZWM65F1LFY248bP5qVNybpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDG/8TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0ijYEb/nlVdKqVT236t3XyvWrPI4CnMIZXIAH11CHO2hAExgM4Rle4c2Rzovz7nwsWtecfOYE/sD5/AEnJYz9</latexit><latexit sha1_base64="FUdnkrwRZ9HgDsXSD4gXIzAHlXs=">AAAB6nicbVBNS8NAEJ34WetX1aOXxVbwYkmKoMeCF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++4lrI2L1iJOE+xEdKhEKRtFKD5XLSr9UdqvuHGSVeDkpQ45Gv/TVG8QsjbhCJqkxXc9N0M+oRsEknxZ7qeEJZWM65F1LFY248bP5qVNybpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDG/8TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0ijYEb/nlVdKqVT236t3XyvWrPI4CnMIZXIAH11CHO2hAExgM4Rle4c2Rzovz7nwsWtecfOYE/sD5/AEnJYz9</latexit>

[Amin et al., PRX 8]
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QVAE: VAE with Quantum Boltzmann Machine

•  QBM: reproduces data distribution as a thermal distribution of a 
quantum spin-system

• Maximize negative quantum cross-entropy 

• Negative phase: estimated via sampling 

p✓(z) = Tr[⇤ze
�H✓ ]/Z✓ , Z✓ = Tr[e�H✓ ]

<latexit sha1_base64="EqHegOXPQCHRXWhILzjwHX0oSZQ="></latexit><latexit sha1_base64="EqHegOXPQCHRXWhILzjwHX0oSZQ="></latexit><latexit sha1_base64="EqHegOXPQCHRXWhILzjwHX0oSZQ="></latexit><latexit sha1_base64="EqHegOXPQCHRXWhILzjwHX0oSZQ="></latexit>

H✓ =
X

l

�x
l �l +

X

l

�z
l hl +

X

l<m

Wlm�z
l �

z
m

<latexit sha1_base64="qAw/4NrtKdUKqYHdZrVC3ZcYYJI="></latexit><latexit sha1_base64="qAw/4NrtKdUKqYHdZrVC3ZcYYJI="></latexit><latexit sha1_base64="qAw/4NrtKdUKqYHdZrVC3ZcYYJI="></latexit><latexit sha1_base64="qAw/4NrtKdUKqYHdZrVC3ZcYYJI="></latexit>

: projector on the     
state

: Pauli matrices

⇤z
<latexit sha1_base64="bn+TspOubcDezCsYQpHhF1mAp2k="></latexit><latexit sha1_base64="bn+TspOubcDezCsYQpHhF1mAp2k="></latexit><latexit sha1_base64="bn+TspOubcDezCsYQpHhF1mAp2k="></latexit><latexit sha1_base64="bn+TspOubcDezCsYQpHhF1mAp2k="></latexit>

z
<latexit sha1_base64="gB01XZI3DIa/gHDHmVWIH6bJP4s="></latexit><latexit sha1_base64="gB01XZI3DIa/gHDHmVWIH6bJP4s="></latexit><latexit sha1_base64="gB01XZI3DIa/gHDHmVWIH6bJP4s="></latexit><latexit sha1_base64="gB01XZI3DIa/gHDHmVWIH6bJP4s="></latexit>

�x,y,z
<latexit sha1_base64="RLTFY/4ZKMXEOy+yih59i4debWo="></latexit><latexit sha1_base64="RLTFY/4ZKMXEOy+yih59i4debWo="></latexit><latexit sha1_base64="RLTFY/4ZKMXEOy+yih59i4debWo="></latexit><latexit sha1_base64="RLTFY/4ZKMXEOy+yih59i4debWo="></latexit>

@ logZ✓ = Ez⇠p✓ [@H✓(z)]
<latexit sha1_base64="G0tVPqbPp+FoGaQN/TVlmvIosLw="></latexit><latexit sha1_base64="G0tVPqbPp+FoGaQN/TVlmvIosLw="></latexit><latexit sha1_base64="G0tVPqbPp+FoGaQN/TVlmvIosLw="></latexit><latexit sha1_base64="G0tVPqbPp+FoGaQN/TVlmvIosLw="></latexit>

�H(q�, p✓) = Ez⇠q� [log p✓(z)] = Ez⇠q� [log(Tr[⇤ze
�H✓ ])] + logZ✓

<latexit sha1_base64="JQKEOQ8+FTn1kyyjveCLmPBYDkY="></latexit><latexit sha1_base64="JQKEOQ8+FTn1kyyjveCLmPBYDkY="></latexit><latexit sha1_base64="JQKEOQ8+FTn1kyyjveCLmPBYDkY="></latexit><latexit sha1_base64="JQKEOQ8+FTn1kyyjveCLmPBYDkY="></latexit>

�<latexit sha1_base64="FUdnkrwRZ9HgDsXSD4gXIzAHlXs=">AAAB6nicbVBNS8NAEJ34WetX1aOXxVbwYkmKoMeCF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++4lrI2L1iJOE+xEdKhEKRtFKD5XLSr9UdqvuHGSVeDkpQ45Gv/TVG8QsjbhCJqkxXc9N0M+oRsEknxZ7qeEJZWM65F1LFY248bP5qVNybpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDG/8TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0ijYEb/nlVdKqVT236t3XyvWrPI4CnMIZXIAH11CHO2hAExgM4Rle4c2Rzovz7nwsWtecfOYE/sD5/AEnJYz9</latexit><latexit sha1_base64="FUdnkrwRZ9HgDsXSD4gXIzAHlXs=">AAAB6nicbVBNS8NAEJ34WetX1aOXxVbwYkmKoMeCF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++4lrI2L1iJOE+xEdKhEKRtFKD5XLSr9UdqvuHGSVeDkpQ45Gv/TVG8QsjbhCJqkxXc9N0M+oRsEknxZ7qeEJZWM65F1LFY248bP5qVNybpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDG/8TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0ijYEb/nlVdKqVT236t3XyvWrPI4CnMIZXIAH11CHO2hAExgM4Rle4c2Rzovz7nwsWtecfOYE/sD5/AEnJYz9</latexit><latexit sha1_base64="FUdnkrwRZ9HgDsXSD4gXIzAHlXs=">AAAB6nicbVBNS8NAEJ34WetX1aOXxVbwYkmKoMeCF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++4lrI2L1iJOE+xEdKhEKRtFKD5XLSr9UdqvuHGSVeDkpQ45Gv/TVG8QsjbhCJqkxXc9N0M+oRsEknxZ7qeEJZWM65F1LFY248bP5qVNybpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDG/8TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0ijYEb/nlVdKqVT236t3XyvWrPI4CnMIZXIAH11CHO2hAExgM4Rle4c2Rzovz7nwsWtecfOYE/sD5/AEnJYz9</latexit><latexit sha1_base64="FUdnkrwRZ9HgDsXSD4gXIzAHlXs=">AAAB6nicbVBNS8NAEJ34WetX1aOXxVbwYkmKoMeCF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++4lrI2L1iJOE+xEdKhEKRtFKD5XLSr9UdqvuHGSVeDkpQ45Gv/TVG8QsjbhCJqkxXc9N0M+oRsEknxZ7qeEJZWM65F1LFY248bP5qVNybpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDG/8TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0ijYEb/nlVdKqVT236t3XyvWrPI4CnMIZXIAH11CHO2hAExgM4Rle4c2Rzovz7nwsWtecfOYE/sD5/AEnJYz9</latexit>

[Amin et al., PRX 8]
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QVAE: VAE with Quantum Boltzmann Machine

•  QBM: reproduces data distribution as a thermal distribution of a 
quantum spin-system

• Maximize negative quantum cross-entropy 

• Negative phase: estimated via sampling 

• Positive phase: intractable

p✓(z) = Tr[⇤ze
�H✓ ]/Z✓ , Z✓ = Tr[e�H✓ ]

<latexit sha1_base64="EqHegOXPQCHRXWhILzjwHX0oSZQ="></latexit><latexit sha1_base64="EqHegOXPQCHRXWhILzjwHX0oSZQ="></latexit><latexit sha1_base64="EqHegOXPQCHRXWhILzjwHX0oSZQ="></latexit><latexit sha1_base64="EqHegOXPQCHRXWhILzjwHX0oSZQ="></latexit>

H✓ =
X

l

�x
l �l +

X

l

�z
l hl +

X

l<m

Wlm�z
l �

z
m

<latexit sha1_base64="qAw/4NrtKdUKqYHdZrVC3ZcYYJI="></latexit><latexit sha1_base64="qAw/4NrtKdUKqYHdZrVC3ZcYYJI="></latexit><latexit sha1_base64="qAw/4NrtKdUKqYHdZrVC3ZcYYJI="></latexit><latexit sha1_base64="qAw/4NrtKdUKqYHdZrVC3ZcYYJI="></latexit>

: projector on the     
state

: Pauli matrices

⇤z
<latexit sha1_base64="bn+TspOubcDezCsYQpHhF1mAp2k="></latexit><latexit sha1_base64="bn+TspOubcDezCsYQpHhF1mAp2k="></latexit><latexit sha1_base64="bn+TspOubcDezCsYQpHhF1mAp2k="></latexit><latexit sha1_base64="bn+TspOubcDezCsYQpHhF1mAp2k="></latexit>

z
<latexit sha1_base64="gB01XZI3DIa/gHDHmVWIH6bJP4s="></latexit><latexit sha1_base64="gB01XZI3DIa/gHDHmVWIH6bJP4s="></latexit><latexit sha1_base64="gB01XZI3DIa/gHDHmVWIH6bJP4s="></latexit><latexit sha1_base64="gB01XZI3DIa/gHDHmVWIH6bJP4s="></latexit>

�x,y,z
<latexit sha1_base64="RLTFY/4ZKMXEOy+yih59i4debWo="></latexit><latexit sha1_base64="RLTFY/4ZKMXEOy+yih59i4debWo="></latexit><latexit sha1_base64="RLTFY/4ZKMXEOy+yih59i4debWo="></latexit><latexit sha1_base64="RLTFY/4ZKMXEOy+yih59i4debWo="></latexit>

@ logZ✓ = Ez⇠p✓ [@H✓(z)]
<latexit sha1_base64="G0tVPqbPp+FoGaQN/TVlmvIosLw="></latexit><latexit sha1_base64="G0tVPqbPp+FoGaQN/TVlmvIosLw="></latexit><latexit sha1_base64="G0tVPqbPp+FoGaQN/TVlmvIosLw="></latexit><latexit sha1_base64="G0tVPqbPp+FoGaQN/TVlmvIosLw="></latexit>

�H(q�, p✓) = Ez⇠q� [log p✓(z)] = Ez⇠q� [log(Tr[⇤ze
�H✓ ])] + logZ✓

<latexit sha1_base64="JQKEOQ8+FTn1kyyjveCLmPBYDkY="></latexit><latexit sha1_base64="JQKEOQ8+FTn1kyyjveCLmPBYDkY="></latexit><latexit sha1_base64="JQKEOQ8+FTn1kyyjveCLmPBYDkY="></latexit><latexit sha1_base64="JQKEOQ8+FTn1kyyjveCLmPBYDkY="></latexit>

�<latexit sha1_base64="FUdnkrwRZ9HgDsXSD4gXIzAHlXs=">AAAB6nicbVBNS8NAEJ34WetX1aOXxVbwYkmKoMeCF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++4lrI2L1iJOE+xEdKhEKRtFKD5XLSr9UdqvuHGSVeDkpQ45Gv/TVG8QsjbhCJqkxXc9N0M+oRsEknxZ7qeEJZWM65F1LFY248bP5qVNybpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDG/8TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0ijYEb/nlVdKqVT236t3XyvWrPI4CnMIZXIAH11CHO2hAExgM4Rle4c2Rzovz7nwsWtecfOYE/sD5/AEnJYz9</latexit><latexit sha1_base64="FUdnkrwRZ9HgDsXSD4gXIzAHlXs=">AAAB6nicbVBNS8NAEJ34WetX1aOXxVbwYkmKoMeCF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++4lrI2L1iJOE+xEdKhEKRtFKD5XLSr9UdqvuHGSVeDkpQ45Gv/TVG8QsjbhCJqkxXc9N0M+oRsEknxZ7qeEJZWM65F1LFY248bP5qVNybpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDG/8TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0ijYEb/nlVdKqVT236t3XyvWrPI4CnMIZXIAH11CHO2hAExgM4Rle4c2Rzovz7nwsWtecfOYE/sD5/AEnJYz9</latexit><latexit sha1_base64="FUdnkrwRZ9HgDsXSD4gXIzAHlXs=">AAAB6nicbVBNS8NAEJ34WetX1aOXxVbwYkmKoMeCF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++4lrI2L1iJOE+xEdKhEKRtFKD5XLSr9UdqvuHGSVeDkpQ45Gv/TVG8QsjbhCJqkxXc9N0M+oRsEknxZ7qeEJZWM65F1LFY248bP5qVNybpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDG/8TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0ijYEb/nlVdKqVT236t3XyvWrPI4CnMIZXIAH11CHO2hAExgM4Rle4c2Rzovz7nwsWtecfOYE/sD5/AEnJYz9</latexit><latexit sha1_base64="FUdnkrwRZ9HgDsXSD4gXIzAHlXs=">AAAB6nicbVBNS8NAEJ34WetX1aOXxVbwYkmKoMeCF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++4lrI2L1iJOE+xEdKhEKRtFKD5XLSr9UdqvuHGSVeDkpQ45Gv/TVG8QsjbhCJqkxXc9N0M+oRsEknxZ7qeEJZWM65F1LFY248bP5qVNybpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDG/8TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0ijYEb/nlVdKqVT236t3XyvWrPI4CnMIZXIAH11CHO2hAExgM4Rle4c2Rzovz7nwsWtecfOYE/sD5/AEnJYz9</latexit>

[Amin et al., PRX 8]
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QVAE: Quantum ELBO (Q-ELBO)

• Golden-Thompson inequality 
- Given any two Hermitian matrices: Tr[eAeB ] � Tr[eA+B ]

<latexit sha1_base64="YFXb9Duq3rHyLO177dPa5Mvb9zo="></latexit><latexit sha1_base64="YFXb9Duq3rHyLO177dPa5Mvb9zo="></latexit><latexit sha1_base64="YFXb9Duq3rHyLO177dPa5Mvb9zo="></latexit><latexit sha1_base64="YFXb9Duq3rHyLO177dPa5Mvb9zo="></latexit>

Ez⇠q� [log(Tr[⇤ze
�H✓ ])] � Ez⇠q� [log(Tr[e

�H✓+log⇤z ])] = �Ez⇠q� [H✓(z))]
<latexit sha1_base64="3TI7a4Sqkvm3q+Teqp2sZOwCaI4="></latexit><latexit sha1_base64="3TI7a4Sqkvm3q+Teqp2sZOwCaI4="></latexit><latexit sha1_base64="3TI7a4Sqkvm3q+Teqp2sZOwCaI4="></latexit><latexit sha1_base64="3TI7a4Sqkvm3q+Teqp2sZOwCaI4="></latexit>

Golden-Thompson reduces to a sum 
over classical states
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QVAE: Quantum ELBO (Q-ELBO)

• Golden-Thompson inequality 
- Given any two Hermitian matrices: 

• QVAE is trained maximizing the Q-ELBO: 

- Biased, transverse field cannot be trained 

- Derivatives easily evaluated via sampling

Tr[eAeB ] � Tr[eA+B ]
<latexit sha1_base64="YFXb9Duq3rHyLO177dPa5Mvb9zo="></latexit><latexit sha1_base64="YFXb9Duq3rHyLO177dPa5Mvb9zo="></latexit><latexit sha1_base64="YFXb9Duq3rHyLO177dPa5Mvb9zo="></latexit><latexit sha1_base64="YFXb9Duq3rHyLO177dPa5Mvb9zo="></latexit>

Ez⇠q� [log(Tr[⇤ze
�H✓ ])] � Ez⇠q� [log(Tr[e

�H✓+log⇤z ])] = �Ez⇠q� [H✓(z))]
<latexit sha1_base64="3TI7a4Sqkvm3q+Teqp2sZOwCaI4="></latexit><latexit sha1_base64="3TI7a4Sqkvm3q+Teqp2sZOwCaI4="></latexit><latexit sha1_base64="3TI7a4Sqkvm3q+Teqp2sZOwCaI4="></latexit><latexit sha1_base64="3TI7a4Sqkvm3q+Teqp2sZOwCaI4="></latexit>

LL � ELBO � Q� ELBO
<latexit sha1_base64="xe+0lBkyn73qaf2zJHjTA0A+uO4="></latexit><latexit sha1_base64="xe+0lBkyn73qaf2zJHjTA0A+uO4="></latexit><latexit sha1_base64="xe+0lBkyn73qaf2zJHjTA0A+uO4="></latexit><latexit sha1_base64="xe+0lBkyn73qaf2zJHjTA0A+uO4="></latexit>

Golden-Thompson reduces to a sum 
over classical states

Ez⇠q� [@H✓(z)]� Ez⇠p✓ [@H✓(z)]
<latexit sha1_base64="G5ssj8YftQmQD7q7zGRv2kGLVf0="></latexit><latexit sha1_base64="G5ssj8YftQmQD7q7zGRv2kGLVf0="></latexit><latexit sha1_base64="G5ssj8YftQmQD7q7zGRv2kGLVf0="></latexit><latexit sha1_base64="G5ssj8YftQmQD7q7zGRv2kGLVf0="></latexit>

sample from decoder sample with Quantum Monte 
Carlo, quantum annealers
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QVAE: Testing Training via Q-ELBO

• QVAE can be trained well despite the 
use of a looser bound 
- Used population-annealed CT-QMC 

(best method, still very slow) 
- Scale-up with quantum annealers

MNIST (static binarization)
Size � ELBO Q-ELBO Epochs
QBM16⇥16: 0 �109.3 �109.3 800

1 �110.5 �120.6
2 �115.3 �135.8

QBM32⇥32: 0 �101.8 �101.8 250
1 �103.6 �117.9
2 �112.1 �139.7

QBM64⇥64: 0 �105.7 �105.7 50
1 �108.7 �133.9
2 �120.0 �165.2

<latexit sha1_base64="7Id5O5dHsTy1RSqiZlpmhd80/Qo="></latexit><latexit sha1_base64="7Id5O5dHsTy1RSqiZlpmhd80/Qo="></latexit><latexit sha1_base64="7Id5O5dHsTy1RSqiZlpmhd80/Qo="></latexit><latexit sha1_base64="7Id5O5dHsTy1RSqiZlpmhd80/Qo="></latexit>
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QVAE: Testing Training via Q-ELBO

• QVAE can be trained well despite the 
use of a looser bound 
- Used population-annealed CT-QMC 

(best method, still very slow) 
- Scale-up with quantum annealers

� = 0
<latexit sha1_base64="Dcnvq2RMwRgHm+EctQeSsuZsRM8=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQC9CwIMeI5gHJkvonUySITOzy8ysEEL+wosHRbz6N978GyfJHjSxoKGo6qa7K0oEN9b3v73c2vrG5lZ+u7Czu7d/UDw8apg41ZTVaSxi3YrQMMEVq1tuBWslmqGMBGtGo5uZ33xi2vBYPdhxwkKJA8X7nKJ10mPnFqVEck38brHkl/05yCoJMlKCDLVu8avTi2kqmbJUoDHtwE9sOEFtORVsWuikhiVIRzhgbUcVSmbCyfziKTlzSo/0Y+1KWTJXf09MUBozlpHrlGiHZtmbif957dT2r8IJV0lqmaKLRf1UEBuT2fukxzWjVowdQaq5u5XQIWqk1oVUcCEEyy+vksZFOfDLwX2lVK1kceThBE7hHAK4hCrcQQ3qQEHBM7zCm2e8F+/d+1i05rxs5hj+wPv8AfWyj7w=</latexit><latexit sha1_base64="Dcnvq2RMwRgHm+EctQeSsuZsRM8=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQC9CwIMeI5gHJkvonUySITOzy8ysEEL+wosHRbz6N978GyfJHjSxoKGo6qa7K0oEN9b3v73c2vrG5lZ+u7Czu7d/UDw8apg41ZTVaSxi3YrQMMEVq1tuBWslmqGMBGtGo5uZ33xi2vBYPdhxwkKJA8X7nKJ10mPnFqVEck38brHkl/05yCoJMlKCDLVu8avTi2kqmbJUoDHtwE9sOEFtORVsWuikhiVIRzhgbUcVSmbCyfziKTlzSo/0Y+1KWTJXf09MUBozlpHrlGiHZtmbif957dT2r8IJV0lqmaKLRf1UEBuT2fukxzWjVowdQaq5u5XQIWqk1oVUcCEEyy+vksZFOfDLwX2lVK1kceThBE7hHAK4hCrcQQ3qQEHBM7zCm2e8F+/d+1i05rxs5hj+wPv8AfWyj7w=</latexit><latexit sha1_base64="Dcnvq2RMwRgHm+EctQeSsuZsRM8=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQC9CwIMeI5gHJkvonUySITOzy8ysEEL+wosHRbz6N978GyfJHjSxoKGo6qa7K0oEN9b3v73c2vrG5lZ+u7Czu7d/UDw8apg41ZTVaSxi3YrQMMEVq1tuBWslmqGMBGtGo5uZ33xi2vBYPdhxwkKJA8X7nKJ10mPnFqVEck38brHkl/05yCoJMlKCDLVu8avTi2kqmbJUoDHtwE9sOEFtORVsWuikhiVIRzhgbUcVSmbCyfziKTlzSo/0Y+1KWTJXf09MUBozlpHrlGiHZtmbif957dT2r8IJV0lqmaKLRf1UEBuT2fukxzWjVowdQaq5u5XQIWqk1oVUcCEEyy+vksZFOfDLwX2lVK1kceThBE7hHAK4hCrcQQ3qQEHBM7zCm2e8F+/d+1i05rxs5hj+wPv8AfWyj7w=</latexit><latexit sha1_base64="Dcnvq2RMwRgHm+EctQeSsuZsRM8=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQC9CwIMeI5gHJkvonUySITOzy8ysEEL+wosHRbz6N978GyfJHjSxoKGo6qa7K0oEN9b3v73c2vrG5lZ+u7Czu7d/UDw8apg41ZTVaSxi3YrQMMEVq1tuBWslmqGMBGtGo5uZ33xi2vBYPdhxwkKJA8X7nKJ10mPnFqVEck38brHkl/05yCoJMlKCDLVu8avTi2kqmbJUoDHtwE9sOEFtORVsWuikhiVIRzhgbUcVSmbCyfziKTlzSo/0Y+1KWTJXf09MUBozlpHrlGiHZtmbif957dT2r8IJV0lqmaKLRf1UEBuT2fukxzWjVowdQaq5u5XQIWqk1oVUcCEEyy+vksZFOfDLwX2lVK1kceThBE7hHAK4hCrcQQ3qQEHBM7zCm2e8F+/d+1i05rxs5hj+wPv8AfWyj7w=</latexit> � = 1

<latexit sha1_base64="xS4lZdhQnAgLgxgQuUkwNqSCxSU=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQC9CwIMeI5gHJkvonUySITOzy8ysEEL+wosHRbz6N978GyfJHjSxoKGo6qa7K0oEN9b3v73c2vrG5lZ+u7Czu7d/UDw8apg41ZTVaSxi3YrQMMEVq1tuBWslmqGMBGtGo5uZ33xi2vBYPdhxwkKJA8X7nKJ10mPnFqVEck2CbrHkl/05yCoJMlKCDLVu8avTi2kqmbJUoDHtwE9sOEFtORVsWuikhiVIRzhgbUcVSmbCyfziKTlzSo/0Y+1KWTJXf09MUBozlpHrlGiHZtmbif957dT2r8IJV0lqmaKLRf1UEBuT2fukxzWjVowdQaq5u5XQIWqk1oVUcCEEyy+vksZFOfDLwX2lVK1kceThBE7hHAK4hCrcQQ3qQEHBM7zCm2e8F+/d+1i05rxs5hj+wPv8Afc2j70=</latexit><latexit sha1_base64="xS4lZdhQnAgLgxgQuUkwNqSCxSU=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQC9CwIMeI5gHJkvonUySITOzy8ysEEL+wosHRbz6N978GyfJHjSxoKGo6qa7K0oEN9b3v73c2vrG5lZ+u7Czu7d/UDw8apg41ZTVaSxi3YrQMMEVq1tuBWslmqGMBGtGo5uZ33xi2vBYPdhxwkKJA8X7nKJ10mPnFqVEck2CbrHkl/05yCoJMlKCDLVu8avTi2kqmbJUoDHtwE9sOEFtORVsWuikhiVIRzhgbUcVSmbCyfziKTlzSo/0Y+1KWTJXf09MUBozlpHrlGiHZtmbif957dT2r8IJV0lqmaKLRf1UEBuT2fukxzWjVowdQaq5u5XQIWqk1oVUcCEEyy+vksZFOfDLwX2lVK1kceThBE7hHAK4hCrcQQ3qQEHBM7zCm2e8F+/d+1i05rxs5hj+wPv8Afc2j70=</latexit><latexit sha1_base64="xS4lZdhQnAgLgxgQuUkwNqSCxSU=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQC9CwIMeI5gHJkvonUySITOzy8ysEEL+wosHRbz6N978GyfJHjSxoKGo6qa7K0oEN9b3v73c2vrG5lZ+u7Czu7d/UDw8apg41ZTVaSxi3YrQMMEVq1tuBWslmqGMBGtGo5uZ33xi2vBYPdhxwkKJA8X7nKJ10mPnFqVEck2CbrHkl/05yCoJMlKCDLVu8avTi2kqmbJUoDHtwE9sOEFtORVsWuikhiVIRzhgbUcVSmbCyfziKTlzSo/0Y+1KWTJXf09MUBozlpHrlGiHZtmbif957dT2r8IJV0lqmaKLRf1UEBuT2fukxzWjVowdQaq5u5XQIWqk1oVUcCEEyy+vksZFOfDLwX2lVK1kceThBE7hHAK4hCrcQQ3qQEHBM7zCm2e8F+/d+1i05rxs5hj+wPv8Afc2j70=</latexit><latexit sha1_base64="xS4lZdhQnAgLgxgQuUkwNqSCxSU=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQC9CwIMeI5gHJkvonUySITOzy8ysEEL+wosHRbz6N978GyfJHjSxoKGo6qa7K0oEN9b3v73c2vrG5lZ+u7Czu7d/UDw8apg41ZTVaSxi3YrQMMEVq1tuBWslmqGMBGtGo5uZ33xi2vBYPdhxwkKJA8X7nKJ10mPnFqVEck2CbrHkl/05yCoJMlKCDLVu8avTi2kqmbJUoDHtwE9sOEFtORVsWuikhiVIRzhgbUcVSmbCyfziKTlzSo/0Y+1KWTJXf09MUBozlpHrlGiHZtmbif957dT2r8IJV0lqmaKLRf1UEBuT2fukxzWjVowdQaq5u5XQIWqk1oVUcCEEyy+vksZFOfDLwX2lVK1kceThBE7hHAK4hCrcQQ3qQEHBM7zCm2e8F+/d+1i05rxs5hj+wPv8Afc2j70=</latexit>

� = 2
<latexit sha1_base64="pXMNUnwGblLTJR9mIT9HLQwSFho=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgF6EgAc9RjCJmITQO5lNhszMLjOzQljyF148KOLVv/Hm3zh5HDSxoKGo6qa7K0wEN9b3v73c2vrG5lZ+u7Czu7d/UDw8apo41ZQ1aCxi/RCiYYIr1rDcCvaQaIYyFKwVjq6nfuuJacNjdW/HCetKHCgecYrWSY+dG5QSyRWp9Iolv+zPQFZJsCAlWKDeK351+jFNJVOWCjSmHfiJ7WaoLaeCTQqd1LAE6QgHrO2oQslMN5tdPCFnTumTKNaulCUz9fdEhtKYsQxdp0Q7NMveVPzPa6c2uuxmXCWpZYrOF0WpIDYm0/dJn2tGrRg7glRzdyuhQ9RIrQup4EIIll9eJc1KOfDLwV21VKsu4sjDCZzCOQRwATW4hTo0gIKCZ3iFN894L9679zFvzXmLmWP4A+/zB/i6j74=</latexit><latexit sha1_base64="pXMNUnwGblLTJR9mIT9HLQwSFho=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgF6EgAc9RjCJmITQO5lNhszMLjOzQljyF148KOLVv/Hm3zh5HDSxoKGo6qa7K0wEN9b3v73c2vrG5lZ+u7Czu7d/UDw8apo41ZQ1aCxi/RCiYYIr1rDcCvaQaIYyFKwVjq6nfuuJacNjdW/HCetKHCgecYrWSY+dG5QSyRWp9Iolv+zPQFZJsCAlWKDeK351+jFNJVOWCjSmHfiJ7WaoLaeCTQqd1LAE6QgHrO2oQslMN5tdPCFnTumTKNaulCUz9fdEhtKYsQxdp0Q7NMveVPzPa6c2uuxmXCWpZYrOF0WpIDYm0/dJn2tGrRg7glRzdyuhQ9RIrQup4EIIll9eJc1KOfDLwV21VKsu4sjDCZzCOQRwATW4hTo0gIKCZ3iFN894L9679zFvzXmLmWP4A+/zB/i6j74=</latexit><latexit sha1_base64="pXMNUnwGblLTJR9mIT9HLQwSFho=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgF6EgAc9RjCJmITQO5lNhszMLjOzQljyF148KOLVv/Hm3zh5HDSxoKGo6qa7K0wEN9b3v73c2vrG5lZ+u7Czu7d/UDw8apo41ZQ1aCxi/RCiYYIr1rDcCvaQaIYyFKwVjq6nfuuJacNjdW/HCetKHCgecYrWSY+dG5QSyRWp9Iolv+zPQFZJsCAlWKDeK351+jFNJVOWCjSmHfiJ7WaoLaeCTQqd1LAE6QgHrO2oQslMN5tdPCFnTumTKNaulCUz9fdEhtKYsQxdp0Q7NMveVPzPa6c2uuxmXCWpZYrOF0WpIDYm0/dJn2tGrRg7glRzdyuhQ9RIrQup4EIIll9eJc1KOfDLwV21VKsu4sjDCZzCOQRwATW4hTo0gIKCZ3iFN894L9679zFvzXmLmWP4A+/zB/i6j74=</latexit><latexit sha1_base64="pXMNUnwGblLTJR9mIT9HLQwSFho=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgF6EgAc9RjCJmITQO5lNhszMLjOzQljyF148KOLVv/Hm3zh5HDSxoKGo6qa7K0wEN9b3v73c2vrG5lZ+u7Czu7d/UDw8apo41ZQ1aCxi/RCiYYIr1rDcCvaQaIYyFKwVjq6nfuuJacNjdW/HCetKHCgecYrWSY+dG5QSyRWp9Iolv+zPQFZJsCAlWKDeK351+jFNJVOWCjSmHfiJ7WaoLaeCTQqd1LAE6QgHrO2oQslMN5tdPCFnTumTKNaulCUz9fdEhtKYsQxdp0Q7NMveVPzPa6c2uuxmXCWpZYrOF0WpIDYm0/dJn2tGrRg7glRzdyuhQ9RIrQup4EIIll9eJc1KOfDLwV21VKsu4sjDCZzCOQRwATW4hTo0gIKCZ3iFN894L9679zFvzXmLmWP4A+/zB/i6j74=</latexit>

MNIST (static binarization)
Size � ELBO Q-ELBO Epochs
QBM16⇥16: 0 �109.3 �109.3 800

1 �110.5 �120.6
2 �115.3 �135.8

QBM32⇥32: 0 �101.8 �101.8 250
1 �103.6 �117.9
2 �112.1 �139.7

QBM64⇥64: 0 �105.7 �105.7 50
1 �108.7 �133.9
2 �120.0 �165.2

<latexit sha1_base64="7Id5O5dHsTy1RSqiZlpmhd80/Qo="></latexit><latexit sha1_base64="7Id5O5dHsTy1RSqiZlpmhd80/Qo="></latexit><latexit sha1_base64="7Id5O5dHsTy1RSqiZlpmhd80/Qo="></latexit><latexit sha1_base64="7Id5O5dHsTy1RSqiZlpmhd80/Qo="></latexit>

QBM64⇥64 :
<latexit sha1_base64="BMxgP8UFAVzUjuX/TPYAbVMbtxc="></latexit><latexit sha1_base64="BMxgP8UFAVzUjuX/TPYAbVMbtxc="></latexit><latexit sha1_base64="BMxgP8UFAVzUjuX/TPYAbVMbtxc="></latexit><latexit sha1_base64="BMxgP8UFAVzUjuX/TPYAbVMbtxc="></latexit>

[DVAE model, samples generated with CT-QMC]

[Khoshaman, Vinci et al., QST, 4, 1]
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Classical Limit (DVAE): Testing the Limits of the Model

State-of-the-art 
(convolutions):        

• VAE equipped with RBM is a powerful generative model

LL ' �79
<latexit sha1_base64="9cqt7zxjkvyedBi6Kn9AJbYZUI8=">AAACAHicbVA9SwNBEJ3zM8avUwsLm8Ug2BjuJBDtAjYWKSKYD8iFsLfZS5bs3p27e0I4rvGv2FgoYuvPsPPfuEmu0MQHA4/3ZpiZ58ecKe0439bK6tr6xmZhq7i9s7u3bx8ctlSUSEKbJOKR7PhYUc5C2tRMc9qJJcXC57Ttj2+mfvuRSsWi8F5PYtoTeBiygBGsjdS3j1NPCuT5AarXM+QpJugDuqhe9+2SU3ZmQMvEzUkJcjT69pc3iEgiaKgJx0p1XSfWvRRLzQinWdFLFI0xGeMh7RoaYkFVL509kKEzowxQEElToUYz9fdEioVSE+GbToH1SC16U/E/r5vo4KqXsjBONA3JfFGQcKQjNE0DDZikRPOJIZhIZm5FZIQlJtpkVjQhuIsvL5PWZdl1yu5dpVSr5HEU4ARO4RxcqEINbqEBTSCQwTO8wpv1ZL1Y79bHvHXFymeO4A+szx+UAJUK</latexit><latexit sha1_base64="9cqt7zxjkvyedBi6Kn9AJbYZUI8=">AAACAHicbVA9SwNBEJ3zM8avUwsLm8Ug2BjuJBDtAjYWKSKYD8iFsLfZS5bs3p27e0I4rvGv2FgoYuvPsPPfuEmu0MQHA4/3ZpiZ58ecKe0439bK6tr6xmZhq7i9s7u3bx8ctlSUSEKbJOKR7PhYUc5C2tRMc9qJJcXC57Ttj2+mfvuRSsWi8F5PYtoTeBiygBGsjdS3j1NPCuT5AarXM+QpJugDuqhe9+2SU3ZmQMvEzUkJcjT69pc3iEgiaKgJx0p1XSfWvRRLzQinWdFLFI0xGeMh7RoaYkFVL509kKEzowxQEElToUYz9fdEioVSE+GbToH1SC16U/E/r5vo4KqXsjBONA3JfFGQcKQjNE0DDZikRPOJIZhIZm5FZIQlJtpkVjQhuIsvL5PWZdl1yu5dpVSr5HEU4ARO4RxcqEINbqEBTSCQwTO8wpv1ZL1Y79bHvHXFymeO4A+szx+UAJUK</latexit><latexit sha1_base64="9cqt7zxjkvyedBi6Kn9AJbYZUI8=">AAACAHicbVA9SwNBEJ3zM8avUwsLm8Ug2BjuJBDtAjYWKSKYD8iFsLfZS5bs3p27e0I4rvGv2FgoYuvPsPPfuEmu0MQHA4/3ZpiZ58ecKe0439bK6tr6xmZhq7i9s7u3bx8ctlSUSEKbJOKR7PhYUc5C2tRMc9qJJcXC57Ttj2+mfvuRSsWi8F5PYtoTeBiygBGsjdS3j1NPCuT5AarXM+QpJugDuqhe9+2SU3ZmQMvEzUkJcjT69pc3iEgiaKgJx0p1XSfWvRRLzQinWdFLFI0xGeMh7RoaYkFVL509kKEzowxQEElToUYz9fdEioVSE+GbToH1SC16U/E/r5vo4KqXsjBONA3JfFGQcKQjNE0DDZikRPOJIZhIZm5FZIQlJtpkVjQhuIsvL5PWZdl1yu5dpVSr5HEU4ARO4RxcqEINbqEBTSCQwTO8wpv1ZL1Y79bHvHXFymeO4A+szx+UAJUK</latexit><latexit sha1_base64="9cqt7zxjkvyedBi6Kn9AJbYZUI8=">AAACAHicbVA9SwNBEJ3zM8avUwsLm8Ug2BjuJBDtAjYWKSKYD8iFsLfZS5bs3p27e0I4rvGv2FgoYuvPsPPfuEmu0MQHA4/3ZpiZ58ecKe0439bK6tr6xmZhq7i9s7u3bx8ctlSUSEKbJOKR7PhYUc5C2tRMc9qJJcXC57Ttj2+mfvuRSsWi8F5PYtoTeBiygBGsjdS3j1NPCuT5AarXM+QpJugDuqhe9+2SU3ZmQMvEzUkJcjT69pc3iEgiaKgJx0p1XSfWvRRLzQinWdFLFI0xGeMh7RoaYkFVL509kKEzowxQEElToUYz9fdEioVSE+GbToH1SC16U/E/r5vo4KqXsjBONA3JfFGQcKQjNE0DDZikRPOJIZhIZm5FZIQlJtpkVjQhuIsvL5PWZdl1yu5dpVSr5HEU4ARO4RxcqEINbqEBTSCQwTO8wpv1ZL1Y79bHvHXFymeO4A+szx+UAJUK</latexit>

RBM32⇥32
<latexit sha1_base64="nzrKZnPIOCdTXdPJJyD/uQ3bAno=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeStAU9Fr14EarYVmhC2Gw37dLdTdjdCCXk4l/x4kERr/4Mb/4bt20O2vpg4PHeDDPzwoRRpR3n2yqtrK6tb5Q3K1vbO7t79v5BV8WpxKSDYxbLhxApwqggHU01Iw+JJIiHjPTC8dXU7z0SqWgs7vUkIT5HQ0EjipE2UmAfZZ7k8O7yJg+yRt3TlBMFG/U8sKtOzZkBLhO3IFVQoB3YX94gxiknQmOGlOq7TqL9DElNMSN5xUsVSRAeoyHpGyqQWeRnswdyeGqUAYxiaUpoOFN/T2SIKzXhoenkSI/UojcV//P6qY4u/IyKJNVE4PmiKGVQx3CaBhxQSbBmE0MQltTcCvEISYS1yaxiQnAXX14m3XrNdWrubbPaahZxlMExOAFnwAXnoAWuQRt0AAY5eAav4M16sl6sd+tj3lqyiplD8AfW5w85fJV2</latexit><latexit sha1_base64="nzrKZnPIOCdTXdPJJyD/uQ3bAno=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeStAU9Fr14EarYVmhC2Gw37dLdTdjdCCXk4l/x4kERr/4Mb/4bt20O2vpg4PHeDDPzwoRRpR3n2yqtrK6tb5Q3K1vbO7t79v5BV8WpxKSDYxbLhxApwqggHU01Iw+JJIiHjPTC8dXU7z0SqWgs7vUkIT5HQ0EjipE2UmAfZZ7k8O7yJg+yRt3TlBMFG/U8sKtOzZkBLhO3IFVQoB3YX94gxiknQmOGlOq7TqL9DElNMSN5xUsVSRAeoyHpGyqQWeRnswdyeGqUAYxiaUpoOFN/T2SIKzXhoenkSI/UojcV//P6qY4u/IyKJNVE4PmiKGVQx3CaBhxQSbBmE0MQltTcCvEISYS1yaxiQnAXX14m3XrNdWrubbPaahZxlMExOAFnwAXnoAWuQRt0AAY5eAav4M16sl6sd+tj3lqyiplD8AfW5w85fJV2</latexit><latexit sha1_base64="nzrKZnPIOCdTXdPJJyD/uQ3bAno=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeStAU9Fr14EarYVmhC2Gw37dLdTdjdCCXk4l/x4kERr/4Mb/4bt20O2vpg4PHeDDPzwoRRpR3n2yqtrK6tb5Q3K1vbO7t79v5BV8WpxKSDYxbLhxApwqggHU01Iw+JJIiHjPTC8dXU7z0SqWgs7vUkIT5HQ0EjipE2UmAfZZ7k8O7yJg+yRt3TlBMFG/U8sKtOzZkBLhO3IFVQoB3YX94gxiknQmOGlOq7TqL9DElNMSN5xUsVSRAeoyHpGyqQWeRnswdyeGqUAYxiaUpoOFN/T2SIKzXhoenkSI/UojcV//P6qY4u/IyKJNVE4PmiKGVQx3CaBhxQSbBmE0MQltTcCvEISYS1yaxiQnAXX14m3XrNdWrubbPaahZxlMExOAFnwAXnoAWuQRt0AAY5eAav4M16sl6sd+tj3lqyiplD8AfW5w85fJV2</latexit><latexit sha1_base64="nzrKZnPIOCdTXdPJJyD/uQ3bAno=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeStAU9Fr14EarYVmhC2Gw37dLdTdjdCCXk4l/x4kERr/4Mb/4bt20O2vpg4PHeDDPzwoRRpR3n2yqtrK6tb5Q3K1vbO7t79v5BV8WpxKSDYxbLhxApwqggHU01Iw+JJIiHjPTC8dXU7z0SqWgs7vUkIT5HQ0EjipE2UmAfZZ7k8O7yJg+yRt3TlBMFG/U8sKtOzZkBLhO3IFVQoB3YX94gxiknQmOGlOq7TqL9DElNMSN5xUsVSRAeoyHpGyqQWeRnswdyeGqUAYxiaUpoOFN/T2SIKzXhoenkSI/UojcV//P6qY4u/IyKJNVE4PmiKGVQx3CaBhxQSbBmE0MQltTcCvEISYS1yaxiQnAXX14m3XrNdWrubbPaahZxlMExOAFnwAXnoAWuQRt0AAY5eAav4M16sl6sd+tj3lqyiplD8AfW5w85fJV2</latexit>

RBM256⇥256
<latexit sha1_base64="+ijnKAMnIfWOkBEQGhMWcnOy2Pg=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWwVWZKfWyLLpxI1SxF+gMQyZN29AkMyQZoQyDG1/FjQtF3PoU7nwb03YW2vpD4OM/53By/jBmVGnH+bYKS8srq2vF9dLG5tb2jr2711JRIjFp4ohFshMiRRgVpKmpZqQTS4J4yEg7HF1N6u0HIhWNxL0ex8TnaCBon2KkjRXYB6knOby7vMmCtHp65mnKiYKGssAuOxVnKrgIbg5lkKsR2F9eL8IJJ0JjhpTquk6s/RRJTTEjWclLFIkRHqEB6RoUyGzy0+kJGTw2Tg/2I2me0HDq/p5IEVdqzEPTyZEeqvnaxPyv1k10/8JPqYgTTQSeLeonDOoITvKAPSoJ1mxsAGFJzV8hHiKJsDaplUwI7vzJi9CqVlyn4t7WyvVaHkcRHIIjcAJccA7q4Bo0QBNg8AiewSt4s56sF+vd+pi1Fqx8Zh/8kfX5Azw2lfo=</latexit><latexit sha1_base64="+ijnKAMnIfWOkBEQGhMWcnOy2Pg=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWwVWZKfWyLLpxI1SxF+gMQyZN29AkMyQZoQyDG1/FjQtF3PoU7nwb03YW2vpD4OM/53By/jBmVGnH+bYKS8srq2vF9dLG5tb2jr2711JRIjFp4ohFshMiRRgVpKmpZqQTS4J4yEg7HF1N6u0HIhWNxL0ex8TnaCBon2KkjRXYB6knOby7vMmCtHp65mnKiYKGssAuOxVnKrgIbg5lkKsR2F9eL8IJJ0JjhpTquk6s/RRJTTEjWclLFIkRHqEB6RoUyGzy0+kJGTw2Tg/2I2me0HDq/p5IEVdqzEPTyZEeqvnaxPyv1k10/8JPqYgTTQSeLeonDOoITvKAPSoJ1mxsAGFJzV8hHiKJsDaplUwI7vzJi9CqVlyn4t7WyvVaHkcRHIIjcAJccA7q4Bo0QBNg8AiewSt4s56sF+vd+pi1Fqx8Zh/8kfX5Azw2lfo=</latexit><latexit sha1_base64="+ijnKAMnIfWOkBEQGhMWcnOy2Pg=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWwVWZKfWyLLpxI1SxF+gMQyZN29AkMyQZoQyDG1/FjQtF3PoU7nwb03YW2vpD4OM/53By/jBmVGnH+bYKS8srq2vF9dLG5tb2jr2711JRIjFp4ohFshMiRRgVpKmpZqQTS4J4yEg7HF1N6u0HIhWNxL0ex8TnaCBon2KkjRXYB6knOby7vMmCtHp65mnKiYKGssAuOxVnKrgIbg5lkKsR2F9eL8IJJ0JjhpTquk6s/RRJTTEjWclLFIkRHqEB6RoUyGzy0+kJGTw2Tg/2I2me0HDq/p5IEVdqzEPTyZEeqvnaxPyv1k10/8JPqYgTTQSeLeonDOoITvKAPSoJ1mxsAGFJzV8hHiKJsDaplUwI7vzJi9CqVlyn4t7WyvVaHkcRHIIjcAJccA7q4Bo0QBNg8AiewSt4s56sF+vd+pi1Fqx8Zh/8kfX5Azw2lfo=</latexit><latexit sha1_base64="+ijnKAMnIfWOkBEQGhMWcnOy2Pg=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWwVWZKfWyLLpxI1SxF+gMQyZN29AkMyQZoQyDG1/FjQtF3PoU7nwb03YW2vpD4OM/53By/jBmVGnH+bYKS8srq2vF9dLG5tb2jr2711JRIjFp4ohFshMiRRgVpKmpZqQTS4J4yEg7HF1N6u0HIhWNxL0ex8TnaCBon2KkjRXYB6knOby7vMmCtHp65mnKiYKGssAuOxVnKrgIbg5lkKsR2F9eL8IJJ0JjhpTquk6s/RRJTTEjWclLFIkRHqEB6RoUyGzy0+kJGTw2Tg/2I2me0HDq/p5IEVdqzEPTyZEeqvnaxPyv1k10/8JPqYgTTQSeLeonDOoITvKAPSoJ1mxsAGFJzV8hHiKJsDaplUwI7vzJi9CqVlyn4t7WyvVaHkcRHIIjcAJccA7q4Bo0QBNg8AiewSt4s56sF+vd+pi1Fqx8Zh/8kfX5Azw2lfo=</latexit>

• ‘Vanilla’ implementation of DVAE: 
- AutoEncoder: fully connected deep neural nets 
- RBM samples generated with ‘persistent contrasting divergence’

[Khoshaman, Vinci et al., QST, 4, 1]
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Effects of Increased Connectivity

D-Wave 2000Q Pegasus prototype



Copyright D-Wave Systems Inc

Model Optimization for Sparse Graphs

• Hierarchical conditional relationships 
for a more powerful encoder

x
<latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit>

neural net neural net

z1
<latexit sha1_base64="XUaWF2TXD0Nwu3vVXGW5VOcDxdk="></latexit><latexit sha1_base64="XUaWF2TXD0Nwu3vVXGW5VOcDxdk="></latexit><latexit sha1_base64="XUaWF2TXD0Nwu3vVXGW5VOcDxdk="></latexit><latexit sha1_base64="XUaWF2TXD0Nwu3vVXGW5VOcDxdk="></latexit>

z2
<latexit sha1_base64="BUs7dXQfwzPyLD8GsfL8h7aIhXA="></latexit><latexit sha1_base64="BUs7dXQfwzPyLD8GsfL8h7aIhXA="></latexit><latexit sha1_base64="BUs7dXQfwzPyLD8GsfL8h7aIhXA="></latexit><latexit sha1_base64="BUs7dXQfwzPyLD8GsfL8h7aIhXA="></latexit>

q�(z1|x)
<latexit sha1_base64="UkO0mui/mlMLSk6IhWgyfCKCS84="></latexit><latexit sha1_base64="UkO0mui/mlMLSk6IhWgyfCKCS84="></latexit><latexit sha1_base64="UkO0mui/mlMLSk6IhWgyfCKCS84="></latexit><latexit sha1_base64="UkO0mui/mlMLSk6IhWgyfCKCS84="></latexit>

q�(z2|z1,x)
<latexit sha1_base64="keMmncxHKTQrhNSzBYOFdSaauso="></latexit><latexit sha1_base64="keMmncxHKTQrhNSzBYOFdSaauso="></latexit><latexit sha1_base64="keMmncxHKTQrhNSzBYOFdSaauso="></latexit><latexit sha1_base64="keMmncxHKTQrhNSzBYOFdSaauso="></latexit>
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Model Optimization for Sparse Graphs

• Hierarchical conditional relationships 
for a more powerful encoder

x
<latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit>

neural net neural net

z1
<latexit sha1_base64="XUaWF2TXD0Nwu3vVXGW5VOcDxdk="></latexit><latexit sha1_base64="XUaWF2TXD0Nwu3vVXGW5VOcDxdk="></latexit><latexit sha1_base64="XUaWF2TXD0Nwu3vVXGW5VOcDxdk="></latexit><latexit sha1_base64="XUaWF2TXD0Nwu3vVXGW5VOcDxdk="></latexit>

z2
<latexit sha1_base64="BUs7dXQfwzPyLD8GsfL8h7aIhXA="></latexit><latexit sha1_base64="BUs7dXQfwzPyLD8GsfL8h7aIhXA="></latexit><latexit sha1_base64="BUs7dXQfwzPyLD8GsfL8h7aIhXA="></latexit><latexit sha1_base64="BUs7dXQfwzPyLD8GsfL8h7aIhXA="></latexit>

q�(z1|x)
<latexit sha1_base64="UkO0mui/mlMLSk6IhWgyfCKCS84="></latexit><latexit sha1_base64="UkO0mui/mlMLSk6IhWgyfCKCS84="></latexit><latexit sha1_base64="UkO0mui/mlMLSk6IhWgyfCKCS84="></latexit><latexit sha1_base64="UkO0mui/mlMLSk6IhWgyfCKCS84="></latexit>

q�(z2|z1,x)
<latexit sha1_base64="keMmncxHKTQrhNSzBYOFdSaauso="></latexit><latexit sha1_base64="keMmncxHKTQrhNSzBYOFdSaauso="></latexit><latexit sha1_base64="keMmncxHKTQrhNSzBYOFdSaauso="></latexit><latexit sha1_base64="keMmncxHKTQrhNSzBYOFdSaauso="></latexit>

1 hierarchy 2 hierarchies

[Samples generated with population annealing]
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Model Optimization for Sparse Graphs

x
<latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit>

neural net neural net

z1
<latexit sha1_base64="XUaWF2TXD0Nwu3vVXGW5VOcDxdk="></latexit><latexit sha1_base64="XUaWF2TXD0Nwu3vVXGW5VOcDxdk="></latexit><latexit sha1_base64="XUaWF2TXD0Nwu3vVXGW5VOcDxdk="></latexit><latexit sha1_base64="XUaWF2TXD0Nwu3vVXGW5VOcDxdk="></latexit>

z2
<latexit sha1_base64="BUs7dXQfwzPyLD8GsfL8h7aIhXA="></latexit><latexit sha1_base64="BUs7dXQfwzPyLD8GsfL8h7aIhXA="></latexit><latexit sha1_base64="BUs7dXQfwzPyLD8GsfL8h7aIhXA="></latexit><latexit sha1_base64="BUs7dXQfwzPyLD8GsfL8h7aIhXA="></latexit>

q�(z1|x)
<latexit sha1_base64="UkO0mui/mlMLSk6IhWgyfCKCS84="></latexit><latexit sha1_base64="UkO0mui/mlMLSk6IhWgyfCKCS84="></latexit><latexit sha1_base64="UkO0mui/mlMLSk6IhWgyfCKCS84="></latexit><latexit sha1_base64="UkO0mui/mlMLSk6IhWgyfCKCS84="></latexit>

q�(z2|z1,x)
<latexit sha1_base64="keMmncxHKTQrhNSzBYOFdSaauso="></latexit><latexit sha1_base64="keMmncxHKTQrhNSzBYOFdSaauso="></latexit><latexit sha1_base64="keMmncxHKTQrhNSzBYOFdSaauso="></latexit><latexit sha1_base64="keMmncxHKTQrhNSzBYOFdSaauso="></latexit>

ChainsBipartite

• Engineer the classical 
AutoEncoding structure to fit 
hardware specifications
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Model Optimization for Sparse Graphs

x
<latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit><latexit sha1_base64="DaD+MDZFrqFdNfxF0pQjbmITHfY="></latexit>

neural net neural net

z1
<latexit sha1_base64="XUaWF2TXD0Nwu3vVXGW5VOcDxdk="></latexit><latexit sha1_base64="XUaWF2TXD0Nwu3vVXGW5VOcDxdk="></latexit><latexit sha1_base64="XUaWF2TXD0Nwu3vVXGW5VOcDxdk="></latexit><latexit sha1_base64="XUaWF2TXD0Nwu3vVXGW5VOcDxdk="></latexit>

z2
<latexit sha1_base64="BUs7dXQfwzPyLD8GsfL8h7aIhXA="></latexit><latexit sha1_base64="BUs7dXQfwzPyLD8GsfL8h7aIhXA="></latexit><latexit sha1_base64="BUs7dXQfwzPyLD8GsfL8h7aIhXA="></latexit><latexit sha1_base64="BUs7dXQfwzPyLD8GsfL8h7aIhXA="></latexit>

q�(z1|x)
<latexit sha1_base64="UkO0mui/mlMLSk6IhWgyfCKCS84="></latexit><latexit sha1_base64="UkO0mui/mlMLSk6IhWgyfCKCS84="></latexit><latexit sha1_base64="UkO0mui/mlMLSk6IhWgyfCKCS84="></latexit><latexit sha1_base64="UkO0mui/mlMLSk6IhWgyfCKCS84="></latexit>

q�(z2|z1,x)
<latexit sha1_base64="keMmncxHKTQrhNSzBYOFdSaauso="></latexit><latexit sha1_base64="keMmncxHKTQrhNSzBYOFdSaauso="></latexit><latexit sha1_base64="keMmncxHKTQrhNSzBYOFdSaauso="></latexit><latexit sha1_base64="keMmncxHKTQrhNSzBYOFdSaauso="></latexit>

ChainsBipartite

[Samples generated with population annealing]

• Engineer the classical 
AutoEncoding structure to fit 
hardware specifications
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Training QVAE with D-Wave 2000Q

• QVAE trained with D-Wave 2000Q 
- Chimera subgraph with 128 qubits 
- Forward  anneal, 10mu pause at s = 0.5 

[Samples generated with D-Wave 2000Q]



Copyright D-Wave Systems Inc

Training QVAE with D-Wave 2000Q

• QVAE trained with D-Wave 2000Q 
- Chimera subgraph with 128 qubits 
- Forward  anneal, 10mu pause at s = 0.5 

• Validation of training with QPU on Chimera 
is subtle: 
- ELBO and LL are not available 
- ‘Visual’ validation also not available 

Bernoulli Chimera
[Samples generated with population annealing][GumBolt model, 500k gradient updates]

[Samples generated with D-Wave 2000Q]



Copyright D-Wave Systems Inc

Training QVAE with D-Wave 2000Q

• QVAE trained with D-Wave 2000Q 
- Chimera subgraph with 128 qubits 
- Forward  anneal, 10mu pause at s = 0.5 

• Validation of training with QPU on Chimera 
is subtle: 
- ELBO and LL are not available 
- ‘Visual’ validation also not available 

• Evidence of successful training: 
- Validation via ‘auxiliary’ RBM

Bernoulli Chimera
[Samples generated with population annealing][GumBolt model, 500k gradient updates]

[Samples generated with D-Wave 2000Q]
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Validation via Auxiliary RBM

• To estimate ELBO and LL, need to estimate cross-entropy term: 

�H(q�, p✓) ⌘ Ez⇠q� [log p✓(z)]
<latexit sha1_base64="YDkXJ7XXVrWXUHA9bh9bgR8Qssw="></latexit><latexit sha1_base64="YDkXJ7XXVrWXUHA9bh9bgR8Qssw="></latexit><latexit sha1_base64="YDkXJ7XXVrWXUHA9bh9bgR8Qssw="></latexit><latexit sha1_base64="YDkXJ7XXVrWXUHA9bh9bgR8Qssw="></latexit>

QPU probabilities not known
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Validation via Auxiliary RBM

• To estimate ELBO and LL, need to estimate cross-entropy term: 

• Train an auxiliary RBM on QPU samples:

�H(q�, p✓) ⌘ Ez⇠q� [log p✓(z)]
<latexit sha1_base64="YDkXJ7XXVrWXUHA9bh9bgR8Qssw="></latexit><latexit sha1_base64="YDkXJ7XXVrWXUHA9bh9bgR8Qssw="></latexit><latexit sha1_base64="YDkXJ7XXVrWXUHA9bh9bgR8Qssw="></latexit><latexit sha1_base64="YDkXJ7XXVrWXUHA9bh9bgR8Qssw="></latexit>

QPU probabilities not known

pDW
✓ (z) ⇠ pRBM

✓0 (z)
<latexit sha1_base64="vB/110B3aoDNIk1BygleBzgoUwY="></latexit><latexit sha1_base64="vB/110B3aoDNIk1BygleBzgoUwY="></latexit><latexit sha1_base64="vB/110B3aoDNIk1BygleBzgoUwY="></latexit><latexit sha1_base64="vB/110B3aoDNIk1BygleBzgoUwY="></latexit>

�H(q�, p
DW
✓ ) �H(q�, p

RBM
✓0 )

<latexit sha1_base64="Eh3ErGfctjqoKyxYAPrL3AylBUw="></latexit><latexit sha1_base64="Eh3ErGfctjqoKyxYAPrL3AylBUw="></latexit><latexit sha1_base64="Eh3ErGfctjqoKyxYAPrL3AylBUw="></latexit><latexit sha1_base64="Eh3ErGfctjqoKyxYAPrL3AylBUw="></latexit>
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Validation via Auxiliary RBM

• To estimate ELBO and LL, need to estimate cross-entropy term: 

• Train an auxiliary RBM on QPU samples:

�H(q�, p✓) ⌘ Ez⇠q� [log p✓(z)]
<latexit sha1_base64="YDkXJ7XXVrWXUHA9bh9bgR8Qssw="></latexit><latexit sha1_base64="YDkXJ7XXVrWXUHA9bh9bgR8Qssw="></latexit><latexit sha1_base64="YDkXJ7XXVrWXUHA9bh9bgR8Qssw="></latexit><latexit sha1_base64="YDkXJ7XXVrWXUHA9bh9bgR8Qssw="></latexit>

QPU probabilities not known

pDW
✓ (z) ⇠ pRBM

✓0 (z)
<latexit sha1_base64="vB/110B3aoDNIk1BygleBzgoUwY="></latexit><latexit sha1_base64="vB/110B3aoDNIk1BygleBzgoUwY="></latexit><latexit sha1_base64="vB/110B3aoDNIk1BygleBzgoUwY="></latexit><latexit sha1_base64="vB/110B3aoDNIk1BygleBzgoUwY="></latexit>

�H(q�, p
DW
✓ ) �H(q�, p

RBM
✓0 )

<latexit sha1_base64="Eh3ErGfctjqoKyxYAPrL3AylBUw="></latexit><latexit sha1_base64="Eh3ErGfctjqoKyxYAPrL3AylBUw="></latexit><latexit sha1_base64="Eh3ErGfctjqoKyxYAPrL3AylBUw="></latexit><latexit sha1_base64="Eh3ErGfctjqoKyxYAPrL3AylBUw="></latexit>

BernoulliChimera

[GumBolt model, 500k gradient updates]

[Samples generated with D-Wave 2000Q]

MNIST (static binarization)
Size Sampler LL (±0.1)

Chimera Bernoulli
128 (C4) DW2000Q -86.0 -87.2

<latexit sha1_base64="opM36ZI2Ju+Ul3yrFFatIXHY32k="></latexit><latexit sha1_base64="opM36ZI2Ju+Ul3yrFFatIXHY32k="></latexit><latexit sha1_base64="opM36ZI2Ju+Ul3yrFFatIXHY32k="></latexit><latexit sha1_base64="opM36ZI2Ju+Ul3yrFFatIXHY32k="></latexit>
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A Path Towards Quantum Advantage with QVAE

• Processor development: improve sampling quality 
- Pauses, fast quenches, smaller control errors, denser connectivities 
- Reverse-annealed sampling, larger tunnelling rates 

• Model building: 
- Generative capacity: 
- Exploit highly representative quantum distributions 
- Exploit larger number of latent units 
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A Path Towards Quantum Advantage with QVAE

• Processor development: improve sampling quality 
- Pauses, fast quenches, smaller control errors, denser connectivities 
- Reverse-annealed sampling, larger tunnelling rates 

• Model building: 
- Generative capacity: 
- Exploit highly representative quantum distributions 
- Exploit larger number of latent units 

• Do not be shy in using (a lot of) classical resources! 
- Deep convolutional networks:  Bernoulli: LL=-85.5, Chimera: LL=83.9 
- Fully autoregressive decoders (pixelCNN…): LL < -79
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Conclusions

• QVAE… 
- … are powerful generative models that can achieve state-of-the-

art performance on complex datasets 

- … can be effectively trained in presence of strong quantum 
effects 

- … can be seamlessly integrated with current-generation quantum 
annealers 

- … was successfully trained using D-Wave 2000Q quantum 
annealing devices as ‘quantum generators’
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• QVAE… 
- … are powerful generative models that can achieve state-of-the-

art performance on complex datasets 

- … can be effectively trained in presence of strong quantum 
effects 

- … can be seamlessly integrated with current-generation quantum 
annealers 

- … was successfully trained using D-Wave 2000Q quantum 
annealing devices as ‘quantum generators’

How can we use it in HEP ?
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Thank you!
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