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Multi-CryoGAN: 
Reconstruction of Continuous 
Conformations in Cryo-EM without 
pose nor conformation estimation
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Challenges 
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Cryo-EM reconstruction 
problem

CryoEM 

Measurements

Reconstruction 
Task

Picked 
particles

3D Biomolecule 
(Continuous  

Conformations)

Micrographs

•Unknown conformations

•Unknown orientations

•Unknown shifts

•Loss of information (optics)

•High noise level (-20 dB SNR)

2D Measurements



Current Methods 
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Current Methods

- Use complicated routines to estimate pose (or distribution) for each 
projection.

- Number of variables to estimate grow with the data size.



Standard reconstruction 
method in Cryo-EM

How about no pose or conformation estimation routine?

Standard techniques Single Conformation

xrec = arg max
x

N�

n=1

log p(yn
data|x)

<latexit sha1_base64="1KOx021/Z9kVciPGRHusQLzzv9s="></latexit>

Pose (distribution) estimation  
for each projection

Conformation estimation  
for each projection

Pose (distribution) estimation  
for each projection

Multiple Conformation

[Dashti et al., 2014,

Anden et al. 2015


Moscovich et al., 2020,

Lederman et al. 2020,


Seitz et al. 2019,

Sorzano et al. 2020,

Zhong et a. 2020]




CryoGAN
 for single 
conformation
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Intuition

Reconstruct the structure whose  
“set of projections from random poses”  

looks similar to  
“acquired data”
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Top-Bottom View 
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Classical GAN 

: neural network

: random alternating selection

: Euler angles 
: projection shifts 
: CTF parameters

: cryo-EM forward operator 

: noise
: imaging parameters

: probability distribution of     

: probability distribution of     
: parameters of discriminator    

b. CryoGAN

Real/Fake

Real projection dataset
Sampled 
projection

Simulated 
projection

Discriminator

Update        to maximise its score

with  

Cryo-EM Physics Simulator

Update     so that its simulated projections          minimise the score of      

a. Classical GAN

Generator
Generated 

image

Discriminator

Update        to maximise its score

Real/Fake

Sampled 
image

Real dataset

Random 
input

Update        so that the generated image          minimises the score of      

Simulated 
projection

‣ Discriminator   Learns to discriminate between real and fake (=synthetic) faces
‣ Generator         Learns to generate fake (=synthetic) faces that fool the discriminator
‣ Adversarial       Captures the distribution of the real dataset

: neural network

: random alternating selection

: Euler angles 
: projection shifts 
: CTF parameters

: cryo-EM forward operator 

: noise
: imaging parameters

: probability distribution of     

: probability distribution of     
: parameters of discriminator    

b. CryoGAN

Real/Fake

Real projection dataset
Sampled 
projection

Simulated 
projection

Discriminator

Update        to maximise its score

with  

Cryo-EM Physics Simulator

Update     so that its simulated projections          minimise the score of      

a. Classical GAN

Generator
Generated 

image

Discriminator

Update        to maximise its score

Real/Fake

Sampled 
image

Real dataset

Random 
input

Update        so that the generated image          minimises the score of      

Simulated 
projection

https://thispersondoesnotexist.com/
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CryoGAN

: neural network

: random alternating selection

: Euler angles 
: projection shifts 
: CTF parameters

: cryo-EM forward operator 

: noise
: imaging parameters

: probability distribution of     

: probability distribution of     
: parameters of discriminator    

b. CryoGAN

Real/Fake

Real projection dataset
Sampled 
projection

Simulated 
projection

Discriminator

Update        to maximise its score

with  

Cryo-EM Physics Simulator

Update     so that its simulated projections          minimise the score of      

a. Classical GAN

Generator
Generated 

image

Discriminator

Update        to maximise its score

Real/Fake

Sampled 
image

Real dataset

Random 
input

Update        so that the generated image          minimises the score of      

Simulated 
projection

: neural network

: random alternating selection

: Euler angles 
: projection shifts 
: CTF parameters

: cryo-EM forward operator 

: noise
: imaging parameters

: probability distribution of     

: probability distribution of     
: parameters of discriminator    

b. CryoGAN

Real/Fake

Real projection dataset
Sampled 
projection

Simulated 
projection

Discriminator

Update        to maximise its score

with  

Cryo-EM Physics Simulator

Update     so that its simulated projections          minimise the score of      

a. Classical GAN

Generator
Generated 

image

Discriminator

Update        to maximise its score

Real/Fake

Sampled 
image

Real dataset

Random 
input

Update        so that the generated image          minimises the score of      

Simulated 
projection

‣ Discriminator             Learns to discriminate between real and fake (=synthetic) projections
‣ Cryo-EM Simulator    Generate fake (=synthetic) projections from a given 3D volume 
‣ Adversarial                 Learns a volume whose fake projections fool the Discriminator12



Bottom-Top View
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Distribution Matching

xGT

<latexit sha1_base64="9i6gnRB1f65Gim0ppXRcwaQXMKM="></latexit>

p(y|xGT)

<latexit sha1_base64="A/VFylnSeo6wnozdBdyuBz8aX7w="></latexit>

p(y|xrec)

<latexit sha1_base64="ZmcUOjqgOz9L+tpNyPj6IlbQedQ="></latexit>

?
xrec

<latexit sha1_base64="p21Pprp4hvFR7oJzI/xiGE1Jy+k=">AAAiF nicpVrdctu4FdZu/7bu32572RukXs0kGVlreXa2053JjB3FiT21Za/tZDMxHQ9IghJskmBAyJaM8D32tn2Q3nV629u+Rp+gByAJkiDl7DRKIkHnfN/B38HBOVTcJKSp2Nz8zyef/uSnP/v5Lz775dqvfv2b3/7u8y9+/yplc+6Rlx4LGX/t4pSENCYvBRUheZ1wgiM3JN+712Ol//6G8JSy+EwsE3IR4WlMA+phAaK3ziFaXEqHR4gTL7v8fH1zuKlfqN0YFY31XvE6vvwC/dfxmTePSCy8EKfp+WgzERcSc0G9kGRrzjwlCfau8ZRIPdgM9UHko4Bx+BcLpKVrDSDyU6UaaBXK1lBdOedhw+y5wDDXC7nIza/16+AUxjRz2aI5EMw5Xg6ieSgoZ7dNnU/xtEWYcpzMqLcYkCQN6BSUMbn1WBTh2JfO3M+kM3AiLGY8 kn7W5AYcR8S3KEGSyeBSHnN2hZzTxEOnwOqjBiZagFll1A3kokN9V6nRXWZ1EC1r2mXWtRGwUj6bw9qlIKfxtDnqkGGR29RNicMp41TMokyKTIYssZY00luWDqChulWf6TJyB2bpdKdqAQVL/EDplbHmdgXzMEygYQ2XCkuSjw71tReZkSES38CGxsoZ0wZ+oaZo2bD9SLqMXYMvpcqu9g0Y8TyKkfYvNCPYh0VKByimHimE6tA1exL0+i43q1ohdTnmS5mwlKrjBgYGHg69bO0D7tVcWb2g2r3SAIbXVJt9aRyKmJHYv1DaJCVzOKLMV/OP8DXBECOEIHzN8UngPD0VWBDp6A9nll7TZMPZOXixLWYQfMLIkJiYKU5zZGqL7QEVG9vlHU2pmpFgLLTFneeyAhfb7kPIi8AzePoBZyldrimlAcwntjzAtcYNu1h4Tt8 pNgm+i5lURr+yzxyNTzL1jvKD58qTNuJNE/HGRowzaZRjW3lSU7Zsn0TliVfKt4e22m+o7YD0pma6NahJTTmxlXs0dAkXJQTcW+7ZGPIOXA36TwUsLCehdG7ghuAUx1O4JOQTGx+CGuAHLIG7yWWhr/yMhUg6sAVZ9lZujGwKYDOpL7IDW/XMqJ7Zqn2j2rdVh0Z12KHCpe6tfJzZeggUotCr26DfULqhUpVLdZBdyq0Bysf9sLZBcI88su02qa8V9UdwxI3NQqMP0iKYoAN3x46tgLibK94+bnEWWoUWNsVwshVMLHBldUW3eGFDnOJibF+LMIg7FWObC1GegNa6t6B3asVqfte6Xt2FhWiNw11aiGULISyEaCFuLYRzFJEptmFxWE0MTS67D0EcJiv8bvODzgDXXCYPLlXkCsRysBFfdnAsirhlmtPhodYkY2uSyY ojU4OErdlFtb2dQJfqaNo93emFOkrQm0u9aLaNuXJClYypNTxELR9cCJX7WPOMVOALId/2saWaqjFNMXyzFDeKVJuOLPmAe0YgjebkEKZylBAO1y5/DPEzTdM57B98OgPVugcIe1QAVWsVEEoEWIwTshJAoU7I5H5kh7Y5DhPO/Ox8dKHGrQL4+sjhunFpbpgzdcN0UE+92S1E/rtV9JM2LfWS7HxLoUkgCgpaHw3Wt8B76XQmCrZNm0dXymvg81JePRmB703AbVvW5xE1MKphh10gbkB8BQinCqLcpx286kcPQQRTuw+nvYWb1XE7ptW6T3EcNpBQGYSo3eusu1t0j+GkabmLZCJMq8cY17kKB4dtp43zYjjzY+fBBP5aqgSc66q04rroOCucCiorrbJtaYJ3D2OAxmfPs1ZM0WNwnitxcQCOMeXEf1amla+Nr+feV +QqK1xdao/8Mda2aq5/nzm4lPIM/dX6qBH9lA72o3z10Q3x4MymORocUOPLYFiA+0gnsgXoMDcZVFqAc2r0R4mxAatoQKwIDzmIEIMgmSoClPDqygivjHA/9qlXzjCSI6M4ikmXGMpiN5enHpfHasuV+DkDq84t9ckMClKNMpTdRZIzWGKWcjfLnJjpDYASQ9XPkPIzTqBAWYZQAcTkHewJFcuyti7Udc15IbuQ+3U47DMndXc6VxGdTGksFUrVetrjmqCLMuy5kAKTd9/CwjpQpjUpzbxZM9R5gyuNBAXpUQvo+/V8s1FUn0PpI8jiwlSZNSd9UdQ0uwtBYvWIKJVDVZwPrxIyHQyTeNqy5kVkMdq8KMtSq4Avq/68CDQ168C1K/38EUz5IAKpXtb6ffT48WN0+vLp8/0XL0920fHO+K87L3ZPlRjoNBgf7JyeHh2f 7R9NYOpJyjzgosbwcKJW8kmAw5QMVNH5JAa3gW/0jgz0ymthGgxgUUTRvpDp3NWVd98hQPwRVgPGRMwEUXbr9IBaKyYDugjFYotYK6CfP/Sd2TKBOlRvv2TJhqAqdMZEbNwyfp2ilER0w2OxP/c2hF4r+FP31eIzk2dFo6GFgFM+e6i58nFN2oCHRGUrFfCAmOylhJAFjhKIXBVot5A0YB7jLAQXq5+gsZE1oHB8aWwP8VklbIDhH+bXNeBJLmiAMGRLkd6xTO5U7SKepjiVp186EI1n+MtTJe3OgDCfRirxhU9noFprDiznDYSf6rp00+JI69zkBupglc3kWYn61sFR7lgj8VcN0qtuUkqE5qCcJCEBQmX6A6G5m+HqvKlOceAWp74fkvfQRFUG1W2CxnGe6nVkX6gj/bL5CaxpDCHCTPahHoNmPerqkJNU8Ao+rOD vzW14Ym569Qik3FOfRou64u2kvDRAs9fQyENH0IikaJLVMEsLU5l+U2neaGkfqbsY5ZdxWqBc8D2Bm/e0o2WmF3eRh+i8RC6Fy0q4NMK7SnhnhLwSciOMK2FshHtaqGR7pWzvTAndPUjnzqBwrskrseHvG/6+WQZ3xwh3DPCpkT01skMjO8xXCwJaSPXlsyxseRNZr9bMWGrSPSP1DhplqxGf1sSnlfisJq6m5D2tiZ9W4nFNPNa7CwOe4TDI9aoFiIBjD9ITqGXzGcUsVk9+MTcZUZE3seQMOs3bL+SLMm+RKs188n++VH/kFhWHJLUeVYB9SBLkt0/sZxhT8k7fdkXYME/eHq6PHmVanSG7lr2fEnZQsEq/F/exckSL+ByWVAcWlV1+JSF1RvYMaBK3Q4+CowFShPuqv4j5LDH2nYE+JCCEpuba+ZOOr6avnITeO/ V+WhwrkL83Qfx9KzsjnObmtSepwCioqq5UZl3/utWuUxL9OLyaCkxMdE4h8elNhfuqwLRy0DJvyUd+TXg83PyGRA6DsZc6PS7b/Dz2RJu8sYpt/dRQXLEnzJ2nYpwbdVhMYDYwprmYg8sQ4WzD27Zg1yR2tnNtcYa2SywNFjXUUKdrQyeehyGkXo75oUcXKFPIoKNkJslwmhWdQR2ry4VStVtT5SxKChUdEou1X6r2a6oikgSFyhsGFmtcqsY1VTFC4ZVDFJ5Fu0kL1U1qsW65kLdDPhRNgs8C6Q/ZMLD7gNhWdoJwmA2tn3Q+JjKplMn62a2Rm96Xl2bNPLSVE2aNJLDfkQWa5G/t4ydRi+Qd6aB0dBST+n0FYjyZZFK9rdD7DFZDva3QwxWZqSJtRUYKrg9F3r6/ig5xMJPqbaX5wnq3+izTN1f3yKl6Fqjfq9pxd bac58qrYepJfp5UQ+vjtk79EKhClHG96mep7yZF7QyZiAO1ahiic8gnNzb28EX2US5z+fn6yP4/Ee3Gq63h6OvhX777en37m+L/S3zW+2PvT72HvVHvz73t3l7vuPey5/V474fe33p/f/DDg388+OeDf+XQTz8pOH/oNV4P/v0/oPzG/A==</latexit>
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Distribution Matching
Why?

With some assumptions on forward model.

Theorem 1. p(y|x1) = p(y|x2) � x1 = G(x2),
where G is some rotation-reflection operation.

<latexit sha1_base64="hztLGq5rJtqx/uDFAy8SKarCZ6A="></latexit>

[G., 2020]
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Distribution Matching

• Learn a 3D volume whose simulated 
projection distribution  matches 
data distribution

• Use GAN 
• No pose estimation
• No required good initial volume
• End-to-end



Algorithm
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Distances
Wasserstein Distance

WD(p1, p2) = inf
���(p1,p2)

E(y1,y2)�� [�y1 � y2�]

<latexit sha1_base64="YlNDbcMWutJnTdPLPePimGDBJuw="></latexit>

xrec = argmin
x

inf
���(px,pdata)

E(y1,y2)�� [�y1 � y2�]

<latexit sha1_base64="ZGZKB/AYYa3H71n5Pih0hEq4cgQ="></latexit>
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Dual form

xrec = argmin
x

max
D�:�D��L<1

�
Ey�pdata [D�(y)] � Ey�px [D�(y)]

�

<latexit sha1_base64="KBGe4+w04dwtGf+d/Yw92+6iw8A="></latexit>

xrec = argmin
x

max
s:�s�L<1

�
Ey�pdata [s(y)] � Ey�px [s(y)]

�

<latexit sha1_base64="8U99MFKTrg6lsrf4IbAS57p29zM="></latexit>

Using Neural Network : universal approximation property

Acquired 
Measurements

Simulated  
measurements



Optimization
Min max loss

xrec = argmin
x

max
D�

�
Ey�pdata [D�(y)] � Ey�px [D�(y)] + � · Ey�pint [(��yD�(y)� � 1)2]

�

<latexit sha1_base64="OucIt1z1hjpx+CnHVskapdA7gos="></latexit>

LS(x,D�) =
B�

b=1

D�(yb
data) �

B�

b=1

D�(yb
sim) + �

B�

b=1

(��yD�(yb
int)� � 1)2)

<latexit sha1_base64="jJpQu6B8JPDfHHLQxBoOZjIscuU="></latexit>

yb
data � pdata

<latexit sha1_base64="kUwd78t/b+wk5XViFU2iDnwQR4I="></latexit>

yb
sim � px

<latexit sha1_base64="lHrjXAgUYYiZbD90paB8lIHEVf0="></latexit>

yb
int � pint

<latexit sha1_base64="/PM+2CgYjuOo+QToaOEbG8Dg+ls="></latexit>

Empirical

Sample a batch

19



Sampler/Simulator/Generator/
CryoEM physics simulator

x

<latexit sha1_base64="dRHFIzPVdyDV1p0IfvH4Ys1q/fI="></latexit>

Take Projection

<latexit sha1_base64="KAc4me3XoWxjY0YzSi/Xv31kvdQ="></latexit>

Rotate by � � p�

<latexit sha1_base64="f+qR8Fm3olXNjq3FZ9kwOlWCK74="></latexit>

Add noise n � pn

<latexit sha1_base64="f4V2Gk27DRvTo8IZg3rWvii4ZYg="></latexit>

Shift by t � pt

<latexit sha1_base64="rpTx8ULxtQjthbwWwtoHJOLPuGQ="></latexit>

Convolve by Cc � pc

<latexit sha1_base64="PpoP5mMe5s73xZ7Woy3RrNdw744=">AAALOHiclVZLb9w2EFbSV6K+nPbYC1F70SJIFiu3iZuiAQI4MWwgSV07TgJbhkFJs7u0qUdIyt41oZ/QX9Nb0f6Q3noreu2ttw4l7V qi7GJDYAXtfB+/Gc2QQwYZZ1INBn9cu/7Ou++9/8GNm+6HH338yadLtz57KdNchLAXpjwVrwMqgbME9hRTHF5nAmgccHgVnKwb/NUpCMnS5IWaZnAY01HChiykCk1HS1+tp8lpyk+BBFOy4j8j60can2FBfMliktX/Vo6Wlgf9QTlI98WrX5adem wf3br5rx+lYR5DokJOpTzwBpk61FQoFnIoXD+XkNHwhI5Al99RkB6aIjJMBf4SRUpri0djKadxgMyYqrG0MWO8FDMWIYey7TUI4sJtWg5yNfzuULMkyxUkYRXQMOdEpcQkj0RMQKj4lNAwxO/KqcJ4WwovvENtgjfTW4AMKYfoYf/B6qEeAyZcIS4ggbMwjWOaRNof0pjxaQRDmnNVaF8OZ+9uz+2RspiSIJUEOeeg5Pdo95GDtS9zpeN8lPKo0GIUFNq7M+iv3bszKDocAdOaM+gjofohrRlMwHOo3GAk7Tg5DXC9K YgZQpWoYeOSETkHbbzCpHBnL4WlbNwvrlyHu6g2fv5baZt0LagdcCzl26QE6f+n3VZQY5B5IHF54b4sNNH+WOLagdv67qB/H6e0M41rnXOy4lZRyTc5FbByMWXV+CBXObnSz9qFn3neFUumVzv6Zuao6aZyUBzgXvAvnN3Wl60WDwXKR61pUlRmiJ gNQJa9y+UtD4s6aXopCzF3YhebjUw5jQeiTX0FNowFwjdZrMMnbqlL2sIZFU3hBWLFUE05UbBMRtkLdjMIGeXEdMOUV42g6YUlO4V5Et+0viDQO/YHsmS/zdi3Geu4Ombgug3uNMCO9n4D7Mg+b4DPbXCT8QCEmlGwZ+pNmwNvsJ2ZwilckAK49k/xUBGMJiM8V/TDwjT15oSnaVZgqkVMntpaj+fQYxvamkNbNhSxRNVY1PG2gUczA9H8hI3OKgjOzXwsXVRVkJyjTq9NmViUSWeN2gzRYZxZDD+NYUQ7MQcnFu+k2 /wsBu+ITDAnypqGEQo7rxGenExNiyq3UXU8+S+XvZYDXW2e2eiRU9zgeP5V7N0sLPmzDNfkHil3TE16VkkOL9D4B1wnkwr9MUO4FBBxyajMAHMjlGUzxuPjufF4btxKIhbqeinH2psD2yINKrsMhd6eKW+kON0/YxGMqdIlaz7lySSrZqTZTFE/w Q6QpJzFTOHFxe3dLQfZBYUteUSwl5MMbxZEsnMgoMI+DteXgHfAZKTG2O1hotAd3om05/XvhXjbacKmEyWmGHgNKLH2WTG7VUolUNxo9FetUioaFI0DxLRUFCoIXhY9+2rYfXm52ve+7T/4aXX50f362njD+cL50vna8Zw155Gz6Ww7e07o/Oz84vzm/O7+6v7p/uX+XVGvX6vnfO60hvvPf1fcHX4=</latexit>

ysim � p(y|x)

<latexit sha1_base64="866uYPa2GACXyXHBhpyFaiQ9Qhs="></latexit>

CryoEM-Physics Simulator/Generator

<latexit sha1_base64="9NA4kfNXDClKBszgqDt2FSOXryk="></latexit>

20



Simulator/Generator

x

<latexit sha1_base64="dRHFIzPVdyDV1p0IfvH4Ys1q/fI="></latexit>

Take Projection

<latexit sha1_base64="KAc4me3XoWxjY0YzSi/Xv31kvdQ="></latexit>

Rotate by � � p�

<latexit sha1_base64="f+qR8Fm3olXNjq3FZ9kwOlWCK74="></latexit>

Shift by t � pt

<latexit sha1_base64="rpTx8ULxtQjthbwWwtoHJOLPuGQ="></latexit>

Convolve by Cc � pc

<latexit sha1_base64="PpoP5mMe5s73xZ7Woy3RrNdw744=">AAALOHiclVZLb9w2EFbSV6K+nPbYC1F70SJIFiu3iZuiAQI4MWwgSV07TgJbhkFJs7u0qUdIyt41oZ/QX9Nb0f6Q3noreu2ttw4l7V qi7GJDYAXtfB+/Gc2QQwYZZ1INBn9cu/7Ou++9/8GNm+6HH338yadLtz57KdNchLAXpjwVrwMqgbME9hRTHF5nAmgccHgVnKwb/NUpCMnS5IWaZnAY01HChiykCk1HS1+tp8lpyk+BBFOy4j8j60can2FBfMliktX/Vo6Wlgf9QTlI98WrX5adem wf3br5rx+lYR5DokJOpTzwBpk61FQoFnIoXD+XkNHwhI5Al99RkB6aIjJMBf4SRUpri0djKadxgMyYqrG0MWO8FDMWIYey7TUI4sJtWg5yNfzuULMkyxUkYRXQMOdEpcQkj0RMQKj4lNAwxO/KqcJ4WwovvENtgjfTW4AMKYfoYf/B6qEeAyZcIS4ggbMwjWOaRNof0pjxaQRDmnNVaF8OZ+9uz+2RspiSIJUEOeeg5Pdo95GDtS9zpeN8lPKo0GIUFNq7M+iv3bszKDocAdOaM+gjofohrRlMwHOo3GAk7Tg5DXC9K YgZQpWoYeOSETkHbbzCpHBnL4WlbNwvrlyHu6g2fv5baZt0LagdcCzl26QE6f+n3VZQY5B5IHF54b4sNNH+WOLagdv67qB/H6e0M41rnXOy4lZRyTc5FbByMWXV+CBXObnSz9qFn3neFUumVzv6Zuao6aZyUBzgXvAvnN3Wl60WDwXKR61pUlRmiJ gNQJa9y+UtD4s6aXopCzF3YhebjUw5jQeiTX0FNowFwjdZrMMnbqlL2sIZFU3hBWLFUE05UbBMRtkLdjMIGeXEdMOUV42g6YUlO4V5Et+0viDQO/YHsmS/zdi3Geu4Ombgug3uNMCO9n4D7Mg+b4DPbXCT8QCEmlGwZ+pNmwNvsJ2ZwilckAK49k/xUBGMJiM8V/TDwjT15oSnaVZgqkVMntpaj+fQYxvamkNbNhSxRNVY1PG2gUczA9H8hI3OKgjOzXwsXVRVkJyjTq9NmViUSWeN2gzRYZxZDD+NYUQ7MQcnFu+k2 /wsBu+ITDAnypqGEQo7rxGenExNiyq3UXU8+S+XvZYDXW2e2eiRU9zgeP5V7N0sLPmzDNfkHil3TE16VkkOL9D4B1wnkwr9MUO4FBBxyajMAHMjlGUzxuPjufF4btxKIhbqeinH2psD2yINKrsMhd6eKW+kON0/YxGMqdIlaz7lySSrZqTZTFE/w Q6QpJzFTOHFxe3dLQfZBYUteUSwl5MMbxZEsnMgoMI+DteXgHfAZKTG2O1hotAd3om05/XvhXjbacKmEyWmGHgNKLH2WTG7VUolUNxo9FetUioaFI0DxLRUFCoIXhY9+2rYfXm52ve+7T/4aXX50f362njD+cL50vna8Zw155Gz6Ww7e07o/Oz84vzm/O7+6v7p/uX+XVGvX6vnfO60hvvPf1fcHX4=</latexit>

Add noise n � pn

<latexit sha1_base64="f4V2Gk27DRvTo8IZg3rWvii4ZYg="></latexit>

ysim � p(y|x)

<latexit sha1_base64="866uYPa2GACXyXHBhpyFaiQ9Qhs="></latexit>

Sample ysim � p(y|x)

<latexit sha1_base64="866uYPa2GACXyXHBhpyFaiQ9Qhs="></latexit>
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Simulator/Generator
Backpropagable

ysim � p(y|x)

<latexit sha1_base64="866uYPa2GACXyXHBhpyFaiQ9Qhs=">AAALM3iclV ZLb9w2EFbSV6I+4qTHXojYC6RBslhtk7gpGiCAE8MGktS1YyewtTAoaXaXNvUISdm7ZnXvr+mtaP9K0VvRa39Abx1K2rUedrEhIEGY+fjNaGY4HC/hTKpe748rVz/48KOPP7l23f70s8+/uLF089aejFPhw64f81i89agEziLYVUxxeJsIoKHH4Y13vGb0b05ASBZHr9U0gUFIRxEbMp8qFB0u3V5xX5LpoXZFSCQLM+LimyR3jPQnfE2+XjlcWu51e/ki7Q+n/Fi2yrV1ePP6v24Q+2kIkfI5lfLA6SVqoKlQzOeQ2W4qIaH+MR2Bzn8hIx0UBWQYC3wiRXJpDUdDKaehh8iQqrFs6ozwQp2RCDmUdaueF2Z2VXKQquG3A82iJFUQ+YVDw5QTFRMTNxIwAb7iU0J9H/8rpQr9rTG8dgbaOG+21xTSpxyCJ93H/YEeAz8BhXoBEZz6cRjSKNDukIaMTwMY0pSrTLtyOP u2O3aH5HmUBKHESzkHJb9DuYsYTHseKx2mo5gHmRYjL9POvV539eG9XtbCCJiWmF4XAcWDsKozHk+hMIOe1P3k1MNSUxAyVBWkBo1lI1IO2liFSWbPPrIGszG/OHPp7qLc+PvvxW3CtSC3xzGV7xMShP8fd51BjUGmnsTywiOZaaLdscTagbv6fq/7CLfUI421zjlZsQuv5LuUClg539I3NshlRi61s3puZx53xaLp5Ya+mRmqmikMZAd4FtxzY3f1RdXiIEH+KjlNiPIIEXMAyLJzMX3DwqJGqlbyRMyNNJPNRiadxgLRJr8CG8YC7psolu4TO+cldeKEiirxAr6iqyadSJgHI+8FOwn4jHJiumHMi0ZQtcKi7cy8iWtan+fp7eYPsmi/jthvItawOmbKtaZyu6Jsce9XlC3aVxXlq6Zyg3EPhJpBsGfqjSYG3mE7M4lTWJACuHZP8FIRjEYjvFf0k8w09eqGF3GS6fx ye9HkejZXPWuqNueqzaYqYJEqdUHL2jreygxE9RfWW1XgnZn9mLqgyCA5Q55OHTJpQCatGm0iRAtx2kC4cQgj2vLZO27gjtvNr4HgLZIJxkQ1tqGHohnXAG9OpqZZEduguJ7cvWWnZkAXh2e2OuQEDzjefwV6J/Fz/CzCJbhD8hNTgl4WlMNzbfg91smk0P6QoDonEGGOKMQAcyHkaTPCo6O58Ggu3IwC5uuylEPtzBVbIvYKufSF3poxr8e43T1lAYyp0jlqvuX5JCl2xMmMUT/HDhDFnIVM4eBid+7ni+yAwpY8ItjLSYKTBU5sZ0BA+V1ctisBx79opMbY7WGi0BzORNpxug99nHaqatOJIpMMHANyXf2umA2UUgkkNxzdfiOVinpZ5QIxLRWJMoLDotMcDdsfe/2u86D7+Mf+8tNH5dh4zfrKum3dsRxr1XpqbVhb1q7lWz9bv1i/Wb/bv9p/2n/ZfxfQq1fKPV9 atWX/8x+sZRtg</latexit>

x

<latexit sha1_base64="dRHFIzPVdyDV1p0IfvH4Ys1q/fI="></latexit>

• Sample the batch and update D� using

�� = ���LB(x,D�).

• Sample the batch and update x using

�x = �xLB(x,D�),

= �x

�
�

N�

n=1

D�(yb
sim)

�
.

<latexit sha1_base64="LeD1/gxHpcyRHfKnsnolasa3Mzo="></latexit>

ysim � p(y|x)

<latexit sha1_base64="866uYPa2GACXyXHBhpyFaiQ9Qhs="></latexit>
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CryoGAN

Real Picked 
Particles

Sampled 
projection

Discriminator

with  

Cryo-EM Physics Simulator

Real

Train D� to output high value

<latexit sha1_base64="U648XTw/h7iM9C1RNtTxiqt6lWo="></latexit>

Discriminator
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CryoGAN

Real Picked 
Particles

Sampled 
projection

Discriminator

with  

Cryo-EM Physics Simulator

Fake

Train D� to output low value

<latexit sha1_base64="vF2m7v49182PxCCPPtfmSYaw0PA=">AAALSniclVbbbttGEGXStE2YXpz2sS+LygKKIBFEt4nrogEC2DFsIEld3xLYNIwlOZLWXl6yu5QlL/gt/Zq+ Fe1zf6NvQV86S1IyL3ahEJBAzDl7ZjgzO7tewplU/f7ft25/dOfjTz69e8++/9nnX3y59OCrQxmnwocDP+axeOtRCZxFcKCY4vA2EUBDj8Mb73zd4G/GICSLo301TeAkpMOIDZhPFZpOl9ZcBROV62iPp5DpfUFZRJbdV2TjVLvJiGXLRMUkTlWSKsLjCzKmhni61On3+vlD2i9O+dKxymfn9MG9924Q+2kIkfI5lfLY6SfqRFOhmM8hs91UQkL9czoEnUeUkS6aAjKIBf4iRXJrjUdDKaehh8yQqpFsYsZ4LWYsQg5k3avnhZldtRynavDjiWYRfjtEfhHQIOUmIyadJGACfMWnhPo+fldKFc ZbU9h3TrQJ3iyvAdKnHIJnvbWVEz0CPgaFuIAILvw4DGkUaHdAQ8anAQxoylWmXTmYvdtdu0vy8kqCVOKlnIOSP6HdRQ52Q1HTMB3GPMi0GHqZdh71e6tPHvWzFkfAtOT0e0gofkirBmPao3CDkdTj5NTDDlQQMoQqzURckXLQxitMMnv2kjWUjfvFlctwF9XGz/8gbZOuBbU9jqX8kJQg/f+06wpqBDL1JLYX7tRME+2OJPYOPNSP+72nuKSeaex1zsmyXUQl36VUwPLVkhXjg9zk5EY/q1d+5nlXLJre7Oj7maOqm8JBdox7wb1y9lBf1y0OCuR/paZJUZ4hYjYA6TjXyzc8LOqk6iUvxNx Js9hsaMppPBBt6itwYCwQvsliGT6xc11SF06oqAovECuGasqJgnky8lmwl4DPKCdmGsa8GARVLyzazcw/cc3o8zy92/xAFh3VGUdNxjp2xwxcb4K7FbClfVQBW7KvK+DrJrjFuAdCzSg4M/VWkwPvcJyZwilsSAFcu2M8VASj0RDPFf0sM0O9uuBlnGSYahGSl02tjTm00YS259B2EwpYpEosaHnbxMOagah+wmarC7xLsx5LFxQVJJeo061TJg3KpNWjTYZoMS4aDDcOYUhbMXvnDd55e/g1GLwlMsGcqMYyjFA08xrgycnUNCtyGxTHk3vYcWoOdLF5Zk+XjHGD4/lXsPcSP+fPMlySuyTfM SXpVSE5uELDn7FPJgX6S4JwLiDCnFGYAeZGyMtmjGdnc+PZ3LgdBczXZSuH2pkDOyL2Crv0hd6ZKW/GuNy9YAGMqNI5a77kxSQpVsTJTFG/wAkQxZyFTOHFxe4+zh+yBwpH8pDgLCcJ3iyIZJdAQPk9fGxXAt4Ko6Ea6fyuh+7wTqQdp/fEx9tOFTaTKDLFwGtAjtXPitk9UyqB4kajt9IopaJeVjlAzEhFoYzgZdFpXg3bL4crPeeH3tqvK53nT8tr413rG+tb6zvLsVat59aWtWMdWL71m/W79af1l/2H/Y/93v63oN6+Va752qo99+/8B5tKJd8=</latexit>

Discriminator
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CryoGAN
Real Picked 

Particles
Sampled 
projection

Discriminator

with  

Cryo-EM Physics Simulator

Fake

Change x to output high value

<latexit sha1_base64="GE2SZLYE5FGHW3X9Fr3O2VPiCuw="></latexit>

Generator

25



Experiments &
Results
Synthetic experiments
Real experiments
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Synthetic Experiment (-20 dB Noise)

41000 projections

Synthetic beta-gal. volume 
Density map fitted on atomic model (2.5 A) 
41,000 projections, uniformly distributed 
Realistic CTF and noise conditions 
Noise extracted from experimental micrographs
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10 mins

100 mins

Results (Structure)

400 mins

Ground Truth
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