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Looks like a 
transition state?

Huang H, et al. Communications biology. 2022

Guess what it represents?

Alexandros Altis, …, & Gerhard 
Stock JCP 2008 

Why should you trust these projections?

Dimension reduction can be challenging

Tribello & Gasparotto Frontiers in Mol. Bio. 2019

2D -> 1D

3D -> 2D
N-D -> 2D



• State Predictive Information Bottleneck (SPIB)
D Wang & Tiwary, J. Chem. Phys. 2021

• Dynamics Constrained Autoencoder (DynAE)
D Wang, Y Wang, Evans & Tiwary, arXiv:2209.00905

Learning useful and meaningful low-dimensional 
representations via AI + physics

3



• State Predictive Information Bottleneck (SPIB)
D Wang & Tiwary, J. Chem. Phys. 2021

Introducing “metastable states” into representation learning
1. Identifying metastable states

2. Predicting transition states

3. Enhancing sampling

D Wang, Zhao, Weeks, Tiwary. JPCB. 2022

D Wang & Tiwary, J. Chem. Phys. 2021

SPIB + metadynamics

SPIB + weighted ensemble
Mehdi, D Wang, Pant, Tiwary JCTC 2022

D Wang & Tiwary (under preparation)

Learning useful and meaningful low-dimensional 
representations via AI + physics
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• State Predictive Information Bottleneck (SPIB)
D Wang & Tiwary, J. Chem. Phys. 2021

• Dynamics Constrained Autoencoder (DynAE)
D Wang, Y Wang, Evans & Tiwary, arXiv:2209.00905

Introducing the law of dynamics into representation learning
1. Recovering kinetics 
from distorted data

2. Learning dihedrals 
from atomic coordinates

3. Interpreting 
experimental data

Learning useful and meaningful low-dimensional 
representations via AI + physics
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• State Predictive Information Bottleneck (SPIB)
D Wang & Tiwary, J. Chem. Phys. 2021

• Dynamics Constrained Autoencoder (DynAE)
D Wang, Y Wang, Evans & Tiwary, arXiv:2209.00905

Learning useful and meaningful low-dimensional 
representations via AI + physics
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Encoder Decoder
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Rate Distortion Theory (Shannon); Information bottleneck (Tishby, Pereira, Bialek 1999)
Wang, Ribeiro, Tiwary (Nat. Comm. 2019); D. Wang, Tiwary (J. Chem. Phys. 2021) 

“Guitar”

Bottleneck
<latexit sha1_base64="gErFdx+GQ01/+vkHeSj+sR5wZ0k=">AAACA3icbVDLSsNAFL3xWeur6k43g0VwVRIp6rLoxpVUsQ9oYplMJ+3QySTMTIQSAm78FTcuFHHrT7jzb5y2WWjrgYEz59zLvff4MWdK2/a3tbC4tLyyWlgrrm9sbm2XdnabKkokoQ0S8Ui2fawoZ4I2NNOctmNJcehz2vKHl2O/9UClYpG406OYeiHuCxYwgrWRuqV9N8R64AdpO3OZQNOfn95m99fdUtmu2BOgeeLkpAw56t3Sl9uLSBJSoQnHSnUcO9ZeiqVmhNOs6CaKxpgMcZ92DBU4pMpLJzdk6MgoPRRE0jyh0UT93ZHiUKlR6JvK8Y5q1huL/3mdRAfnXspEnGgqyHRQkHCkIzQOBPWYpETzkSGYSGZ2RWSAJSbaxFY0ITizJ8+T5knFOa1Ub6rl2kUeRwEO4BCOwYEzqMEV1KEBBB7hGV7hzXqyXqx362NaumDlPXvwB9bnDz0Pl+k=</latexit>

X 2 RN
<latexit sha1_base64="wtcOR/W8D+sfJs9K7CUPLudij2Q=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwVRIp6rKoC5dV7AOaWibTSTt0MgkzE6GEgBt/xY0LRdz6E+78GydtF9p6YODMOfdy7z1+zJnSjvNtLSwuLa+sFtaK6xubW9v2zm5DRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wMvebD1QqFok7PYppJ8R9wQJGsDZS1973QqwHfpCOMo8JNPn56W12f9W1S07ZGQPNE3dKSjBFrWt/eb2IJCEVmnCsVNt1Yt1JsdSMcJoVvUTRGJMh7tO2oQKHVHXS8Q0ZOjJKDwWRNE9oNFZ/d6Q4VGoU+qYy31HNern4n9dOdHDeSZmIE00FmQwKEo50hPJAUI9JSjQfGYKJZGZXRAZYYqJNbEUTgjt78jxpnJTd03LlplKqXkzjKMABHMIxuHAGVbiGGtSBwCM8wyu8WU/Wi/VufUxKF6xpzx78gfX5A2IcmAA=</latexit>

y 2 RD
<latexit sha1_base64="Ag9olpTWTewrHI72eqH0BI6eaIw=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwVRIp6rLoxmUV+4A2lslk0g6dTMLMRKih4MZfceNCEbf+hDv/xknbhbYeGDhzzr3ce4+fcKa043xbC4tLyyurhbXi+sbm1ra9s9tQcSoJrZOYx7LlY0U5E7Sumea0lUiKI5/Tpj+4zP3mPZWKxeJWDxPqRbgnWMgI1kbq2vudCOu+H2YPow4TaPLzs5vRXdC1S07ZGQPNE3dKSjBFrWt/dYKYpBEVmnCsVNt1Eu1lWGpGOB0VO6miCSYD3KNtQwWOqPKy8Q0jdGSUAIWxNE9oNFZ/d2Q4UmoY+aYy31HNern4n9dOdXjuZUwkqaaCTAaFKUc6RnkgKGCSEs2HhmAimdkVkT6WmGgTW9GE4M6ePE8aJ2X3tFy5rpSqF9M4CnAAh3AMLpxBFa6gBnUg8AjP8Apv1pP1Yr1bH5PSBWvaswd/YH3+AJQxmCE=</latexit>

z 2 Rd

Input Target

Picture from Ribeiro, Singh, Guestrin. 2016

Information bottleneck - an approach to model human 
and artificial intelligence



Encoder Decoder
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“Dog”

Bottleneck
<latexit sha1_base64="gErFdx+GQ01/+vkHeSj+sR5wZ0k=">AAACA3icbVDLSsNAFL3xWeur6k43g0VwVRIp6rLoxpVUsQ9oYplMJ+3QySTMTIQSAm78FTcuFHHrT7jzb5y2WWjrgYEz59zLvff4MWdK2/a3tbC4tLyyWlgrrm9sbm2XdnabKkokoQ0S8Ui2fawoZ4I2NNOctmNJcehz2vKHl2O/9UClYpG406OYeiHuCxYwgrWRuqV9N8R64AdpO3OZQNOfn95m99fdUtmu2BOgeeLkpAw56t3Sl9uLSBJSoQnHSnUcO9ZeiqVmhNOs6CaKxpgMcZ92DBU4pMpLJzdk6MgoPRRE0jyh0UT93ZHiUKlR6JvK8Y5q1huL/3mdRAfnXspEnGgqyHRQkHCkIzQOBPWYpETzkSGYSGZ2RWSAJSbaxFY0ITizJ8+T5knFOa1Ub6rl2kUeRwEO4BCOwYEzqMEV1KEBBB7hGV7hzXqyXqx362NaumDlPXvwB9bnDz0Pl+k=</latexit>

X 2 RN
<latexit sha1_base64="wtcOR/W8D+sfJs9K7CUPLudij2Q=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwVRIp6rKoC5dV7AOaWibTSTt0MgkzE6GEgBt/xY0LRdz6E+78GydtF9p6YODMOfdy7z1+zJnSjvNtLSwuLa+sFtaK6xubW9v2zm5DRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wMvebD1QqFok7PYppJ8R9wQJGsDZS1973QqwHfpCOMo8JNPn56W12f9W1S07ZGQPNE3dKSjBFrWt/eb2IJCEVmnCsVNt1Yt1JsdSMcJoVvUTRGJMh7tO2oQKHVHXS8Q0ZOjJKDwWRNE9oNFZ/d6Q4VGoU+qYy31HNern4n9dOdHDeSZmIE00FmQwKEo50hPJAUI9JSjQfGYKJZGZXRAZYYqJNbEUTgjt78jxpnJTd03LlplKqXkzjKMABHMIxuHAGVbiGGtSBwCM8wyu8WU/Wi/VufUxKF6xpzx78gfX5A2IcmAA=</latexit>

y 2 RD
<latexit sha1_base64="Ag9olpTWTewrHI72eqH0BI6eaIw=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwVRIp6rLoxmUV+4A2lslk0g6dTMLMRKih4MZfceNCEbf+hDv/xknbhbYeGDhzzr3ce4+fcKa043xbC4tLyyurhbXi+sbm1ra9s9tQcSoJrZOYx7LlY0U5E7Sumea0lUiKI5/Tpj+4zP3mPZWKxeJWDxPqRbgnWMgI1kbq2vudCOu+H2YPow4TaPLzs5vRXdC1S07ZGQPNE3dKSjBFrWt/dYKYpBEVmnCsVNt1Eu1lWGpGOB0VO6miCSYD3KNtQwWOqPKy8Q0jdGSUAIWxNE9oNFZ/d2Q4UmoY+aYy31HNern4n9dOdXjuZUwkqaaCTAaFKUc6RnkgKGCSEs2HhmAimdkVkT6WmGgTW9GE4M6ePE8aJ2X3tFy5rpSqF9M4CnAAh3AMLpxBFa6gBnUg8AjP8Apv1pP1Yr1bH5PSBWvaswd/YH3+AJQxmCE=</latexit>

z 2 Rd

Input Target

Picture from Ribeiro, Singh, Guestrin. 2016

Information bottleneck - an approach to model human 
and artificial intelligence

Rate Distortion Theory (Shannon); Information bottleneck (Tishby, Pereira, Bialek 1999)
Wang, Ribeiro, Tiwary (Nat. Comm. 2019); D. Wang, Tiwary (J. Chem. Phys. 2021) 



Encoder Decoder
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Information bottleneck - an approach to model human 
and artificial intelligence

Large variance

Bottleneck
<latexit sha1_base64="gErFdx+GQ01/+vkHeSj+sR5wZ0k=">AAACA3icbVDLSsNAFL3xWeur6k43g0VwVRIp6rLoxpVUsQ9oYplMJ+3QySTMTIQSAm78FTcuFHHrT7jzb5y2WWjrgYEz59zLvff4MWdK2/a3tbC4tLyyWlgrrm9sbm2XdnabKkokoQ0S8Ui2fawoZ4I2NNOctmNJcehz2vKHl2O/9UClYpG406OYeiHuCxYwgrWRuqV9N8R64AdpO3OZQNOfn95m99fdUtmu2BOgeeLkpAw56t3Sl9uLSBJSoQnHSnUcO9ZeiqVmhNOs6CaKxpgMcZ92DBU4pMpLJzdk6MgoPRRE0jyh0UT93ZHiUKlR6JvK8Y5q1huL/3mdRAfnXspEnGgqyHRQkHCkIzQOBPWYpETzkSGYSGZ2RWSAJSbaxFY0ITizJ8+T5knFOa1Ub6rl2kUeRwEO4BCOwYEzqMEV1KEBBB7hGV7hzXqyXqx362NaumDlPXvwB9bnDz0Pl+k=</latexit>

X 2 RN
<latexit sha1_base64="wtcOR/W8D+sfJs9K7CUPLudij2Q=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwVRIp6rKoC5dV7AOaWibTSTt0MgkzE6GEgBt/xY0LRdz6E+78GydtF9p6YODMOfdy7z1+zJnSjvNtLSwuLa+sFtaK6xubW9v2zm5DRYkktE4iHsmWjxXlTNC6ZprTViwpDn1Om/7wMvebD1QqFok7PYppJ8R9wQJGsDZS1973QqwHfpCOMo8JNPn56W12f9W1S07ZGQPNE3dKSjBFrWt/eb2IJCEVmnCsVNt1Yt1JsdSMcJoVvUTRGJMh7tO2oQKHVHXS8Q0ZOjJKDwWRNE9oNFZ/d6Q4VGoU+qYy31HNern4n9dOdHDeSZmIE00FmQwKEo50hPJAUI9JSjQfGYKJZGZXRAZYYqJNbEUTgjt78jxpnJTd03LlplKqXkzjKMABHMIxuHAGVbiGGtSBwCM8wyu8WU/Wi/VufUxKF6xpzx78gfX5A2IcmAA=</latexit>

y 2 RD
<latexit sha1_base64="Ag9olpTWTewrHI72eqH0BI6eaIw=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwVRIp6rLoxmUV+4A2lslk0g6dTMLMRKih4MZfceNCEbf+hDv/xknbhbYeGDhzzr3ce4+fcKa043xbC4tLyyurhbXi+sbm1ra9s9tQcSoJrZOYx7LlY0U5E7Sumea0lUiKI5/Tpj+4zP3mPZWKxeJWDxPqRbgnWMgI1kbq2vudCOu+H2YPow4TaPLzs5vRXdC1S07ZGQPNE3dKSjBFrWt/dYKYpBEVmnCsVNt1Eu1lWGpGOB0VO6miCSYD3KNtQwWOqPKy8Q0jdGSUAIWxNE9oNFZ/d2Q4UmoY+aYy31HNern4n9dOdXjuZUwkqaaCTAaFKUc6RnkgKGCSEs2HhmAimdkVkT6WmGgTW9GE4M6ePE8aJ2X3tFy5rpSqF9M4CnAAh3AMLpxBFa6gBnUg8AjP8Apv1pP1Yr1bH5PSBWvaswd/YH3+AJQxmCE=</latexit>

z 2 Rd

Input Target

<latexit sha1_base64="cxPVzlRgczlraCU5+pNokxecCfc=">AAAB/nicbVDLSsNAFL3xWesrKq7cDBbBVUmkqBuh6MZlBfuANpTJdNIOnUzCzEQIoeCvuHGhiFu/w51/46SNoK0HBg7n3Ms9c/yYM6Ud58taWl5ZXVsvbZQ3t7Z3du29/ZaKEklok0Q8kh0fK8qZoE3NNKedWFIc+py2/fFN7rcfqFQsEvc6jakX4qFgASNYG6lvH/ZCrEd+kKWTqx/amfTtilN1pkCLxC1IBQo0+vZnbxCRJKRCE46V6rpOrL0MS80Ip5NyL1E0xmSMh7RrqMAhVV42jT9BJ0YZoCCS5gmNpurvjQyHSqWhbybzhGrey8X/vG6ig0svYyJONBVkdihIONIRyrtAAyYp0Tw1BBPJTFZERlhiok1jZVOCO//lRdI6q7rn1dpdrVK/LuoowREcwym4cAF1uIUGNIFABk/wAq/Wo/VsvVnvs9Elq9g5gD+wPr4B7riWIA==</latexit>

y = X

<latexit sha1_base64="/0edvkCUefscjmv0t27m3fMPC1o=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARXJVEiroRirpwWcFeoAllMp20QycXZk6EErJ146u4caGIW9/AnW/jpI2grT8MfPznHOac34sFV2BZX0ZpaXllda28XtnY3NreMXf32ipKJGUtGolIdj2imOAhawEHwbqxZCTwBOt446u83rlnUvEovINJzNyADEPuc0pAW30TOwGBkeenk+ziB7tZP3WumQCCIeubVatmTYUXwS6gigo1++anM4hoErAQqCBK9WwrBjclEjgVLKs4iWIxoWMyZD2NIQmYctPpJRk+0s4A+5HULwQ8dX9PpCRQahJ4ujNfVs3XcvO/Wi8B/9xNeRgnwEI6+8hPBIYI57HgAZeMgphoIFRyvSumIyIJBR1eRYdgz5+8CO2Tmn1aq9/Wq43LIo4yOkCH6BjZ6Aw10A1qohai6AE9oRf0ajwaz8ab8T5rLRnFzD76I+PjG1ZOmr8=</latexit>

y = X�tSlow large variance

Fast processes

Small fluctuations Filte
r o

ut
Δ𝑡Time delay

Rate Distortion Theory (Shannon); Information bottleneck (Tishby, Pereira, Bialek 1999)
Wang, Ribeiro, Tiwary (Nat. Comm. 2019); D. Wang, Tiwary (J. Chem. Phys. 2021) 

Too expensive to decode 
the full configuration

Is it necessary?
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Committor: A useful projection
Onsager 1939; Vanden-Eijnden 2006

• Committor encapsulates mechanisms and is arguably the 
perfect coordinate for biased molecular dynamics

• Requires good state definition
• Becomes difficult for multi-state systems

Lesson:
Instead of reconstructing the whole configuration, 

predicting states is enough

the probability that 
trajectories initiated at 
configuration X reach 
state B prior to state A

𝑞(𝐗):

How to get the state labels?



Central idea:

If the system was initially located at state i, then after the time delay     , it 
should still have the largest probability to be found at state i.

Δ𝑡

(Metastability of state i with respect to      )Δ𝑡

controls the level of coarse-graining
Δ𝑡

11
D. Wang, P. Tiwary (J. Chem. Phys. 2021) 

Learn metastable states on-the-fly

filters out states with very short life-time



12

Arbitrarily 
discretizing Δ𝑡 = 0.5

Estimate state-
transition probability

0.08, 𝟎. 𝟖𝟒, 0.08,⋯ , 0 !

1st refinement

×

⋯
Converged

×

D. Wang, P. Tiwary (J. Chem. Phys. 2021) 

Learn metastable states on-the-fly
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Arbitrarily 
discretizing Δ𝑡 = 0.5

Estimate state-
transition probability

0.08, 𝟎. 𝟖𝟒, 0.08,⋯ , 0 !

1st refinement

×

⋯
Converged

×

D. Wang, P. Tiwary (J. Chem. Phys. 2021) 

Learn metastable states on-the-fly



Encoder Decoder
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Bottleneck
<latexit sha1_base64="gErFdx+GQ01/+vkHeSj+sR5wZ0k=">AAACA3icbVDLSsNAFL3xWeur6k43g0VwVRIp6rLoxpVUsQ9oYplMJ+3QySTMTIQSAm78FTcuFHHrT7jzb5y2WWjrgYEz59zLvff4MWdK2/a3tbC4tLyyWlgrrm9sbm2XdnabKkokoQ0S8Ui2fawoZ4I2NNOctmNJcehz2vKHl2O/9UClYpG406OYeiHuCxYwgrWRuqV9N8R64AdpO3OZQNOfn95m99fdUtmu2BOgeeLkpAw56t3Sl9uLSBJSoQnHSnUcO9ZeiqVmhNOs6CaKxpgMcZ92DBU4pMpLJzdk6MgoPRRE0jyh0UT93ZHiUKlR6JvK8Y5q1huL/3mdRAfnXspEnGgqyHRQkHCkIzQOBPWYpETzkSGYSGZ2RWSAJSbaxFY0ITizJ8+T5knFOa1Ub6rl2kUeRwEO4BCOwYEzqMEV1KEBBB7hGV7hzXqyXqx362NaumDlPXvwB9bnDz0Pl+k=</latexit>

X 2 RN
<latexit sha1_base64="Ag9olpTWTewrHI72eqH0BI6eaIw=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwVRIp6rLoxmUV+4A2lslk0g6dTMLMRKih4MZfceNCEbf+hDv/xknbhbYeGDhzzr3ce4+fcKa043xbC4tLyyurhbXi+sbm1ra9s9tQcSoJrZOYx7LlY0U5E7Sumea0lUiKI5/Tpj+4zP3mPZWKxeJWDxPqRbgnWMgI1kbq2vudCOu+H2YPow4TaPLzs5vRXdC1S07ZGQPNE3dKSjBFrWt/dYKYpBEVmnCsVNt1Eu1lWGpGOB0VO6miCSYD3KNtQwWOqPKy8Q0jdGSUAIWxNE9oNFZ/d2Q4UmoY+aYy31HNern4n9dOdXjuZUwkqaaCTAaFKUc6RnkgKGCSEs2HhmAimdkVkT6WmGgTW9GE4M6ePE8aJ2X3tFy5rpSqF9M4CnAAh3AMLpxBFa6gBnUg8AjP8Apv1pP1Yr1bH5PSBWvaswd/YH3+AJQxmCE=</latexit>

z 2 Rd

Input Target
<latexit sha1_base64="dxmSerNk5XOuJQjGUHMD1NmOSWk=">AAACDnicbVA9SwNBEN2LXzF+RS1tFkPAKtxJUMugKSyjmA/IxbC32UuW7O0du3NCOO4X2PhXbCwUsbW289+4l6TQxAcDj/dmmJnnRYJrsO1vK7eyura+kd8sbG3v7O4V9w9aOowVZU0ailB1PKKZ4JI1gYNgnUgxEniCtb3xVea3H5jSPJR3MIlYLyBDyX1OCRipXyy7AYGR5yeTtJ+4dSaAYEhdLvHM8JLb9L7eL5bsij0FXibOnJTQHI1+8csdhDQOmAQqiNZdx46glxAFnAqWFtxYs4jQMRmyrqGSBEz3kuk7KS4bZYD9UJmSgKfq74mEBFpPAs90ZjfqRS8T//O6MfgXvYTLKAYm6WyRHwsMIc6ywQOuGAUxMYRQxc2tmI6IIhRMggUTgrP48jJpnVacs0r1plqqXc7jyKMjdIxOkIPOUQ1dowZqIooe0TN6RW/Wk/VivVsfs9acNZ85RH9gff4A3Ticnw==</latexit>

y�t 2 RD

State Predictive Information bottleneck (SPIB)
Introducing “metastable states” into representation learning

X = past configuration
y = future state label

z is bottleneck or Reaction Coordinate (RC)

Compresses X maximally: low I(X, z)
Predicts y maximally: high I(y, z)

where I is mutual information
To find z, maximize objective function*   

β controls complexity of RC
Use a variational approach to construct a lower bound for optimization

-> Alemi, Alexander A., et al. "Deep variational information bottleneck." (2016)  arXiv:1612.00410

<latexit sha1_base64="DnvHy2H6XVC+W+u+wQMAKzxENQw="></latexit>

LIB ⌘ I(z,y�t)� �I(X, z)

D. Wang, P. Tiwary (J. Chem. Phys. 2021) 
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Lower bound: 

<latexit sha1_base64="NnU2NSbBUIATbZiFEQe8OdnMDPw=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSiJF3QhFNy4r2Ae0oUymk3bo5MHMjRhC1m78FTcuFHHrF7jzb5y0EbT1wMCZc+7l3nvcSHAFlvVlLCwuLa+sltbK6xubW9vmzm5LhbGkrElDEcqOSxQTPGBN4CBYJ5KM+K5gbXd8lfvtOyYVD4NbSCLm+GQYcI9TAlrqmwc9YPeQcg9nPZ/AyPXSJMMX+OfTyfpmxapaE+B5Yhekggo0+uZnbxDS2GcBUEGU6tpWBE5KJHAqWFbuxYpFhI7JkHU1DYjPlJNOTsnwkVYG2AulfgHgifq7IyW+Uonv6sp8QzXr5eJ/XjcG79xJeRDFwAI6HeTFAkOI81zwgEtGQSSaECq53hXTEZGEgk6vrEOwZ0+eJ62Tqn1ard3UKvXLIo4S2keH6BjZ6AzV0TVqoCai6AE9oRf0ajwaz8ab8T4tXTCKnj30B8bHN6XgmuA=</latexit>

if y = X
<latexit sha1_base64="MbQoP31bL353Q46bnLU6Ayw55Lg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69BIvgxZJIUY9VETxWsB/QhLLZTtqlmw92J8US+k+8eFDEq//Em//GbZuDtj4YeLw3w8w8PxFcoW1/G4WV1bX1jeJmaWt7Z3fP3D9oqjiVDBosFrFs+1SB4BE0kKOAdiKBhr6Alj+8nfqtEUjF4+gRxwl4Ie1HPOCMopa6pun6gNRFeMLsrHl9N+maZbtiz2AtEycnZZKj3jW/3F7M0hAiZIIq1XHsBL2MSuRMwKTkpgoSyoa0Dx1NIxqC8rLZ5RPrRCs9K4ilrgitmfp7IqOhUuPQ150hxYFa9Kbif14nxeDKy3iUpAgRmy8KUmFhbE1jsHpcAkMx1oQyyfWtFhtQSRnqsEo6BGfx5WXSPK84F5XqQ7Vcu8njKJIjckxOiUMuSY3ckzppEEZG5Jm8kjcjM16Md+Nj3low8plD8gfG5w9EmZNu</latexit>

�-VAE
<latexit sha1_base64="eRLpRfEHsR9GCO7YhMZDHHuofuM=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMeoCB4jmAcmS5iddJIhs7PLTK8YlvyFFw+KePVvvPk3TpI9aGJBQ1HVTXdXEEth0HW/ndzS8srqWn69sLG5tb1T3N2rmyjRHGo8kpFuBsyAFApqKFBCM9bAwkBCIxheT/zGI2gjInWPoxj8kPWV6AnO0EoPbYQnTOuXN+NOseSW3SnoIvEyUiIZqp3iV7sb8SQEhVwyY1qeG6OfMo2CSxgX2omBmPEh60PLUsVCMH46vXhMj6zSpb1I21JIp+rviZSFxozCwHaGDAdm3puI/3mtBHsXfipUnCAoPlvUSyTFiE7ep12hgaMcWcK4FvZWygdMM442pIINwZt/eZHUT8reWfn07rRUucriyJMDckiOiUfOSYXckiqpEU4UeSav5M0xzovz7nzMWnNONrNP/sD5/AGRuJDc</latexit>

VAE

Variational autoencoder (VAE)

<latexit sha1_base64="YYSD0PtJTeLhJdXY8TeCrf0PWvQ="></latexit>

LIB � L =
1

M

MX

n=1

[log q✓(y
n+s|z(n))� � log

p✓(z(n)|Xn)

r✓(z(n))
]

D. Wang, P. Tiwary (J. Chem. Phys. 2021) 

<latexit sha1_base64="JmlRACifpIzujjLuTA1JNXU+2rM=">AAACFnicbVDLSsNAFJ3Ud31VXboZLIILLYkUdSOIblxWsLXQhDKZ3ujQyYOZG7GEfIUbf8WNC0Xcijv/xkmN4OvAwJlz7uXee/xECo22/W5VJianpmdm56rzC4tLy7WV1Y6OU8WhzWMZq67PNEgRQRsFSugmCljoS7jwhyeFf3ENSos4OsdRAl7ILiMRCM7QSP3ajotwg5kIaO6GDK/8IBvl9JB+fbr5tktdH5AZ0enX6nbDHoP+JU5J6qREq197cwcxT0OIkEumdc+xE/QyplBwCXnVTTUkjA/ZJfQMjVgI2svGZ+V00ygDGsTKvAjpWP3ekbFQ61Hom8piW/3bK8T/vF6KwYGXiShJESL+OShIJcWYFhnRgVDAUY4MYVwJsyvlV0wxjibJqgnB+X3yX9LZbTh7jeZZs350XMYxS9bJBtkiDtknR+SUtEibcHJL7skjebLurAfr2Xr5LK1YZc8a+QHr9QMWGp6m</latexit>

if y = X, � = 1

State Predictive Information bottleneck (SPIB)
Introducing “metastable states” into representation learning
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Lower bound: 

categorical decoder weighted VampPrior

Gaussian encoder

Tomczak, Welling PMLR 2018

<latexit sha1_base64="wGp/wVGrLmQua4e19l/rsekjlJ4="></latexit>

log p✓(z
n|Xn) = logN (zn;µ,�I)

<latexit sha1_base64="Ldb5rlO6TASfOiSvKtAWjCafyfA=">AAACUnicbVLLSgMxFE3HVx2rVl26CRahbsqMFHUjFN24rGAf0Cklk2ba0GRmSO4IZZhvFMSNH+LGhZo+lNr2QuDknHvIzUn8WHANjvOeszY2t7Z38rv2XmH/4LB4dNzUUaIoa9BIRKrtE80ED1kDOAjWjhUj0hes5Y/uJ3rrmSnNo/AJxjHrSjIIecApAUP1ityTBIZ+kHoyyfAtXtz2Ug+GDEhW/mXb2YXn2X89mg8k+eeaMWuNvWLJqTjTwqvAnYMSmle9V3z1+hFNJAuBCqJ1x3Vi6KZEAaeCZbaXaBYTOiID1jEwJJLpbjqNJMPnhunjIFJmhYCn7KIjJVLrsfRN52REvaxNyHVaJ4HgppvyME6AhXR2UJAIDBGe5Iv7XDEKYmwAoYqbWTEdEkUomFewTQju8pVXQfOy4l5Vqo/VUu1uHkcenaIzVEYuukY19IDqqIEoekEf6At9595yn5b5JbNWKzf3nKB/ZRV+AGOftms=</latexit>

µ = µ✓(X)

� = �✓(X)

(future state prediction) (multi-modal distribution)
<latexit sha1_base64="Sj+vpLFWLdZH0EzbeVmxBBy+wLc="></latexit>

r✓(z) =
KX

k=1

!k p✓(z|uk)

mixture of Gaussians

<latexit sha1_base64="0VyFGl2ZKROmUzUHGbxihqrOqNs="></latexit>

log q✓(y
n+s|zn) =

DX

i=1

yn+s
i logDi(z

n; ✓)

<latexit sha1_base64="YYSD0PtJTeLhJdXY8TeCrf0PWvQ="></latexit>

LIB � L =
1

M

MX

n=1

[log q✓(y
n+s|z(n))� � log

p✓(z(n)|Xn)

r✓(z(n))
]

softmax-outputOne-hot vector

e.g. [0, 0, 1, 0 ]

D. Wang, P. Tiwary (J. Chem. Phys. 2021) 

State Predictive Information bottleneck (SPIB)
Introducing “metastable states” into representation learning
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1. SPIB: A future state predictor

<latexit sha1_base64="UjqZzqvev0TsUvdVfxIdXg2DEzQ=">AAACBXicbVDLSgNBEJyNrxhfqx71MBiEeAm7ElQQIagHjxHMA5KwzE5mkzGzD2Z6hWXJxYu/4sWDIl79B2/+jZNkD5pY0FBUddPd5UaCK7CsbyO3sLi0vJJfLaytb2xumds7DRXGkrI6DUUoWy5RTPCA1YGDYK1IMuK7gjXd4dXYbz4wqXgY3EESsa5P+gH3OCWgJcfcrzlp55oJIBhGpeTi/rzjExi4XtoaHTlm0SpbE+B5YmekiDLUHPOr0wtp7LMAqCBKtW0rgm5KJHAq2KjQiRWLCB2SPmtrGhCfqW46+WKED7XSw14odQWAJ+rviZT4SiW+qzvHJ6pZbyz+57Vj8M66KQ+iGFhAp4u8WGAI8TgS3OOSURCJJoRKrm/FdEAkoaCDK+gQ7NmX50njuGyflCu3lWL1Mosjj/bQASohG52iKrpBNVRHFD2iZ/SK3own48V4Nz6mrTkjm9lFf2B8/gC4WJgX</latexit>

P�t(y = j;X)

SPIB
State-transition density

<latexit sha1_base64="X23qZzecXsO9CNriHKgYDyU93ak=">AAAB/3icbVDJSgNBEO1xjXEbFbx4aQxCvIQZCSpIIKgHjxHMAskw9HR6kjY9C901wjDm4K948aCIV3/Dm39jZzlo4oOCx3tVVNXzYsEVWNa3sbC4tLyymlvLr29sbm2bO7sNFSWSsjqNRCRbHlFM8JDVgYNgrVgyEniCNb3B1chvPjCpeBTeQRozJyC9kPucEtCSa+7X3KxzzQQQDMNiWrm/wGmFH7tmwSpZY+B5Yk9JAU1Rc82vTjeiScBCoIIo1batGJyMSOBUsGG+kygWEzogPdbWNCQBU042vn+Ij7TSxX4kdYWAx+rviYwESqWBpzsDAn01643E/7x2Av65k/EwToCFdLLITwSGCI/CwF0uGQWRakKo5PpWTPtEEgo6srwOwZ59eZ40Tkr2aal8Wy5UL6dx5NABOkRFZKMzVEU3qIbqiKJH9Ixe0ZvxZLwY78bHpHXBmM7soT8wPn8AR2qU/A==</latexit>

P�t(y = j; y = i)
State-transition matrix

Markov state model (MSM)

• Refines state labels on-the-fly

• Identifies the “boundary” -- transition states
<latexit sha1_base64="MCasK8LYm52PGvl8N/4VXB07ayY="></latexit>

transition state ⌘ {X | P�t(y = i;X) = P�t(y = j;X), i 6= j}

Encoder Decoder

Bottleneck
<latexit sha1_base64="gErFdx+GQ01/+vkHeSj+sR5wZ0k=">AAACA3icbVDLSsNAFL3xWeur6k43g0VwVRIp6rLoxpVUsQ9oYplMJ+3QySTMTIQSAm78FTcuFHHrT7jzb5y2WWjrgYEz59zLvff4MWdK2/a3tbC4tLyyWlgrrm9sbm2XdnabKkokoQ0S8Ui2fawoZ4I2NNOctmNJcehz2vKHl2O/9UClYpG406OYeiHuCxYwgrWRuqV9N8R64AdpO3OZQNOfn95m99fdUtmu2BOgeeLkpAw56t3Sl9uLSBJSoQnHSnUcO9ZeiqVmhNOs6CaKxpgMcZ92DBU4pMpLJzdk6MgoPRRE0jyh0UT93ZHiUKlR6JvK8Y5q1huL/3mdRAfnXspEnGgqyHRQkHCkIzQOBPWYpETzkSGYSGZ2RWSAJSbaxFY0ITizJ8+T5knFOa1Ub6rl2kUeRwEO4BCOwYEzqMEV1KEBBB7hGV7hzXqyXqx362NaumDlPXvwB9bnDz0Pl+k=</latexit>

X 2 RN
<latexit sha1_base64="Ag9olpTWTewrHI72eqH0BI6eaIw=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwVRIp6rLoxmUV+4A2lslk0g6dTMLMRKih4MZfceNCEbf+hDv/xknbhbYeGDhzzr3ce4+fcKa043xbC4tLyyurhbXi+sbm1ra9s9tQcSoJrZOYx7LlY0U5E7Sumea0lUiKI5/Tpj+4zP3mPZWKxeJWDxPqRbgnWMgI1kbq2vudCOu+H2YPow4TaPLzs5vRXdC1S07ZGQPNE3dKSjBFrWt/dYKYpBEVmnCsVNt1Eu1lWGpGOB0VO6miCSYD3KNtQwWOqPKy8Q0jdGSUAIWxNE9oNFZ/d2Q4UmoY+aYy31HNern4n9dOdXjuZUwkqaaCTAaFKUc6RnkgKGCSEs2HhmAimdkVkT6WmGgTW9GE4M6ePE8aJ2X3tFy5rpSqF9M4CnAAh3AMLpxBFa6gBnUg8AjP8Apv1pP1Yr1bH5PSBWvaswd/YH3+AJQxmCE=</latexit>

z 2 Rd

Input Target
<latexit sha1_base64="dxmSerNk5XOuJQjGUHMD1NmOSWk=">AAACDnicbVA9SwNBEN2LXzF+RS1tFkPAKtxJUMugKSyjmA/IxbC32UuW7O0du3NCOO4X2PhXbCwUsbW289+4l6TQxAcDj/dmmJnnRYJrsO1vK7eyura+kd8sbG3v7O4V9w9aOowVZU0ailB1PKKZ4JI1gYNgnUgxEniCtb3xVea3H5jSPJR3MIlYLyBDyX1OCRipXyy7AYGR5yeTtJ+4dSaAYEhdLvHM8JLb9L7eL5bsij0FXibOnJTQHI1+8csdhDQOmAQqiNZdx46glxAFnAqWFtxYs4jQMRmyrqGSBEz3kuk7KS4bZYD9UJmSgKfq74mEBFpPAs90ZjfqRS8T//O6MfgXvYTLKAYm6WyRHwsMIc6ywQOuGAUxMYRQxc2tmI6IIhRMggUTgrP48jJpnVacs0r1plqqXc7jyKMjdIxOkIPOUQ1dowZqIooe0TN6RW/Wk/VivVsfs9acNZ85RH9gff4A3Ticnw==</latexit>

y�t 2 RD



State predictive information bottleneck converges to 
0.5 committor as time-delay increased

Calculations by Vanessa Meraz
Reference isocommittor surfaces from finite element code

thanks to Luke Evans and Maria Cameron

Co
m
m
itt
or

Muller potential

20



“State predictive information bottleneck”, Wang, Tiwary (JCP 2021)

Information bottleneck 
gives sharply peaked committor

State predictive information bottleneck accurately identifies 
transition states for alanine dipeptide in vacuum

Arbitrary number of starting states
give 2/3 states for long/short ∆t

Lag time is fast mode filter & 
works with any number of states 22



Transition states from Likelihood 
Maximization (24000 trajs ~ 72ns)

Wang, Zhao, Weeks, Tiwary JPCB 2022 Mullen, Shea, Peters (2014)

Transition states from SPIB
(25 ns equilibrium traj~40 transitions)

controls the level of 
coarse-graining

Correct transition states for NaCl ion-pair dissociation

23
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SPIB

Markov state model (MSM)

2. SPIB: A continuous embedding of Markov state model that 
preserves maximum information about state transitions

Na-Cl Ion Pair Dissociation

Contact state

Dissociated 
state

Wang, Zhao, Weeks, Tiwary JPCB 2022

Encoder Decoder

Bottleneck
<latexit sha1_base64="gErFdx+GQ01/+vkHeSj+sR5wZ0k=">AAACA3icbVDLSsNAFL3xWeur6k43g0VwVRIp6rLoxpVUsQ9oYplMJ+3QySTMTIQSAm78FTcuFHHrT7jzb5y2WWjrgYEz59zLvff4MWdK2/a3tbC4tLyyWlgrrm9sbm2XdnabKkokoQ0S8Ui2fawoZ4I2NNOctmNJcehz2vKHl2O/9UClYpG406OYeiHuCxYwgrWRuqV9N8R64AdpO3OZQNOfn95m99fdUtmu2BOgeeLkpAw56t3Sl9uLSBJSoQnHSnUcO9ZeiqVmhNOs6CaKxpgMcZ92DBU4pMpLJzdk6MgoPRRE0jyh0UT93ZHiUKlR6JvK8Y5q1huL/3mdRAfnXspEnGgqyHRQkHCkIzQOBPWYpETzkSGYSGZ2RWSAJSbaxFY0ITizJ8+T5knFOa1Ub6rl2kUeRwEO4BCOwYEzqMEV1KEBBB7hGV7hzXqyXqx362NaumDlPXvwB9bnDz0Pl+k=</latexit>

X 2 RN
<latexit sha1_base64="Ag9olpTWTewrHI72eqH0BI6eaIw=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwVRIp6rLoxmUV+4A2lslk0g6dTMLMRKih4MZfceNCEbf+hDv/xknbhbYeGDhzzr3ce4+fcKa043xbC4tLyyurhbXi+sbm1ra9s9tQcSoJrZOYx7LlY0U5E7Sumea0lUiKI5/Tpj+4zP3mPZWKxeJWDxPqRbgnWMgI1kbq2vudCOu+H2YPow4TaPLzs5vRXdC1S07ZGQPNE3dKSjBFrWt/dYKYpBEVmnCsVNt1Eu1lWGpGOB0VO6miCSYD3KNtQwWOqPKy8Q0jdGSUAIWxNE9oNFZ/d2Q4UmoY+aYy31HNern4n9dOdXjuZUwkqaaCTAaFKUc6RnkgKGCSEs2HhmAimdkVkT6WmGgTW9GE4M6ePE8aJ2X3tFy5rpSqF9M4CnAAh3AMLpxBFa6gBnUg8AjP8Apv1pP1Yr1bH5PSBWvaswd/YH3+AJQxmCE=</latexit>

z 2 Rd

Input Target
<latexit sha1_base64="dxmSerNk5XOuJQjGUHMD1NmOSWk=">AAACDnicbVA9SwNBEN2LXzF+RS1tFkPAKtxJUMugKSyjmA/IxbC32UuW7O0du3NCOO4X2PhXbCwUsbW289+4l6TQxAcDj/dmmJnnRYJrsO1vK7eyura+kd8sbG3v7O4V9w9aOowVZU0ailB1PKKZ4JI1gYNgnUgxEniCtb3xVea3H5jSPJR3MIlYLyBDyX1OCRipXyy7AYGR5yeTtJ+4dSaAYEhdLvHM8JLb9L7eL5bsij0FXibOnJTQHI1+8csdhDQOmAQqiNZdx46glxAFnAqWFtxYs4jQMRmyrqGSBEz3kuk7KS4bZYD9UJmSgKfq74mEBFpPAs90ZjfqRS8T//O6MfgXvYTLKAYm6WyRHwsMIc6ywQOuGAUxMYRQxc2tmI6IIhRMggUTgrP48jJpnVacs0r1plqqXc7jyKMjdIxOkIPOUQ1dowZqIooe0TN6RW/Wk/VivVsfs9acNZ85RH9gff4A3Ticnw==</latexit>

y�t 2 RD
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SPIB

Markov state model (MSM)

2. SPIB: A continuous embedding of Markov state model that 
preserves maximum information about state transitions

Na-Cl Ion Pair Dissociation

Contact state

Dissociated 
state

Wang, Zhao, Weeks, Tiwary JPCB 2022

Encoder Decoder

Bottleneck
<latexit sha1_base64="gErFdx+GQ01/+vkHeSj+sR5wZ0k=">AAACA3icbVDLSsNAFL3xWeur6k43g0VwVRIp6rLoxpVUsQ9oYplMJ+3QySTMTIQSAm78FTcuFHHrT7jzb5y2WWjrgYEz59zLvff4MWdK2/a3tbC4tLyyWlgrrm9sbm2XdnabKkokoQ0S8Ui2fawoZ4I2NNOctmNJcehz2vKHl2O/9UClYpG406OYeiHuCxYwgrWRuqV9N8R64AdpO3OZQNOfn95m99fdUtmu2BOgeeLkpAw56t3Sl9uLSBJSoQnHSnUcO9ZeiqVmhNOs6CaKxpgMcZ92DBU4pMpLJzdk6MgoPRRE0jyh0UT93ZHiUKlR6JvK8Y5q1huL/3mdRAfnXspEnGgqyHRQkHCkIzQOBPWYpETzkSGYSGZ2RWSAJSbaxFY0ITizJ8+T5knFOa1Ub6rl2kUeRwEO4BCOwYEzqMEV1KEBBB7hGV7hzXqyXqx362NaumDlPXvwB9bnDz0Pl+k=</latexit>

X 2 RN
<latexit sha1_base64="Ag9olpTWTewrHI72eqH0BI6eaIw=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwVRIp6rLoxmUV+4A2lslk0g6dTMLMRKih4MZfceNCEbf+hDv/xknbhbYeGDhzzr3ce4+fcKa043xbC4tLyyurhbXi+sbm1ra9s9tQcSoJrZOYx7LlY0U5E7Sumea0lUiKI5/Tpj+4zP3mPZWKxeJWDxPqRbgnWMgI1kbq2vudCOu+H2YPow4TaPLzs5vRXdC1S07ZGQPNE3dKSjBFrWt/dYKYpBEVmnCsVNt1Eu1lWGpGOB0VO6miCSYD3KNtQwWOqPKy8Q0jdGSUAIWxNE9oNFZ/d2Q4UmoY+aYy31HNern4n9dOdXjuZUwkqaaCTAaFKUc6RnkgKGCSEs2HhmAimdkVkT6WmGgTW9GE4M6ePE8aJ2X3tFy5rpSqF9M4CnAAh3AMLpxBFa6gBnUg8AjP8Apv1pP1Yr1bH5PSBWvaswd/YH3+AJQxmCE=</latexit>

z 2 Rd

Input Target
<latexit sha1_base64="dxmSerNk5XOuJQjGUHMD1NmOSWk=">AAACDnicbVA9SwNBEN2LXzF+RS1tFkPAKtxJUMugKSyjmA/IxbC32UuW7O0du3NCOO4X2PhXbCwUsbW289+4l6TQxAcDj/dmmJnnRYJrsO1vK7eyura+kd8sbG3v7O4V9w9aOowVZU0ailB1PKKZ4JI1gYNgnUgxEniCtb3xVea3H5jSPJR3MIlYLyBDyX1OCRipXyy7AYGR5yeTtJ+4dSaAYEhdLvHM8JLb9L7eL5bsij0FXibOnJTQHI1+8csdhDQOmAQqiNZdx46glxAFnAqWFtxYs4jQMRmyrqGSBEz3kuk7KS4bZYD9UJmSgKfq74mEBFpPAs90ZjfqRS8T//O6MfgXvYTLKAYm6WyRHwsMIc6ywQOuGAUxMYRQxc2tmI6IIhRMggUTgrP48jJpnVacs0r1plqqXc7jyKMjdIxOkIPOUQ1dowZqIooe0TN6RW/Wk/VivVsfs9acNZ85RH9gff4A3Ticnw==</latexit>

y�t 2 RD



Forget noise and learn features 
that predict future

RC = Information 
Bottleneck

Machine Learning 
+ 

Enhanced Sampling

Run enhanced sampling 
using current RC estimate

Y Wang, Ribeiro, Tiwary, Curr. Op. Struc. Bio. 2019                     Y Wang, Ribeiro, Tiwary, Nat. Commun. 2019
Mehdi, D Wang, Pant, Tiwary JCTC 2022

3. SPIB: A blueprint for sampling
the learned RC could be used to enhance molecular dynamics 

<latexit sha1_base64="yQ+r7o+o+HTYk6KcaQzTFemX/xc="></latexit>

LIB ⌘ I(�,y)� �I(X,�)

26

Agnostic to the enhanced sampling method used



(1) Small molecule permeation through lipid bilayer

Applications: Overview

S Mehdi, D Wang, S Pant, P Tiwary JCTC 2022

(3) Imatinib dissociation from Abl kinase 

Lee, D Wang, Tiwary (under preparation) 

(4) Helix position changes of SSTR2 GPCR

Vani, Aranganathan, D Wang, Tiwary (bioRxiv 2022)

(5) Protein folding of chignolin

SPIB + metadynamics Alphafold2 + SPIB + metadynamics

(6) Loop dynamics of T4 lysozyme

D Wang & Tiwary (under preparation)

SPIB + weighted ensemble

27

(2) Nucleation of urea and glycine in water

Zou, Beyerle, Tsai, Tiwary.  PNAS 2023



• State Predictive Information Bottleneck
D Wang & Tiwary, J. Chem. Phys. 2021

Learning useful and meaningful low-dimensional 
representations from physics

Introducing “metastable states” into representation learning
1. Identifying metastable states

2. Predicting transition states

3. Enhancing sampling

D Wang, Zhao, Weeks, Tiwary. JPCB. 2022

D Wang & Tiwary, J. Chem. Phys. 2021

SPIB + metadynamics

SPIB + weighted ensemble
Mehdi, D Wang, Pant, Tiwary JCTC 2022

D Wang & Tiwary (under preparation) 28



• State Predictive Information Bottleneck
D Wang & Tiwary, J. Chem. Phys. 2021

• Dynamics Constrained Autoencoder 
D Wang, Y Wang, Evans & Tiwary, arXiv:2209.00905

Learning useful and meaningful low-dimensional 
representations from physics

Introducing the law of dynamics into representation learning
1. Recovering kinetics 
from distorted data

2. Learning dihedrals 
from atomic coordinates

3. Interpreting 
experimental data

29



Kingma & Welling. (2013). arXiv:1312.6114.
Dilokthanakul et al. (2016). arXiv:1611.02648.
Kobyzev, Prince, & Brubaker. (2020). 

Encoder Decoder
<latexit sha1_base64="gErFdx+GQ01/+vkHeSj+sR5wZ0k=">AAACA3icbVDLSsNAFL3xWeur6k43g0VwVRIp6rLoxpVUsQ9oYplMJ+3QySTMTIQSAm78FTcuFHHrT7jzb5y2WWjrgYEz59zLvff4MWdK2/a3tbC4tLyyWlgrrm9sbm2XdnabKkokoQ0S8Ui2fawoZ4I2NNOctmNJcehz2vKHl2O/9UClYpG406OYeiHuCxYwgrWRuqV9N8R64AdpO3OZQNOfn95m99fdUtmu2BOgeeLkpAw56t3Sl9uLSBJSoQnHSnUcO9ZeiqVmhNOs6CaKxpgMcZ92DBU4pMpLJzdk6MgoPRRE0jyh0UT93ZHiUKlR6JvK8Y5q1huL/3mdRAfnXspEnGgqyHRQkHCkIzQOBPWYpETzkSGYSGZ2RWSAJSbaxFY0ITizJ8+T5knFOa1Ub6rl2kUeRwEO4BCOwYEzqMEV1KEBBB7hGV7hzXqyXqx362NaumDlPXvwB9bnDz0Pl+k=</latexit>

X 2 RN

<latexit sha1_base64="Ag9olpTWTewrHI72eqH0BI6eaIw=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwVRIp6rLoxmUV+4A2lslk0g6dTMLMRKih4MZfceNCEbf+hDv/xknbhbYeGDhzzr3ce4+fcKa043xbC4tLyyurhbXi+sbm1ra9s9tQcSoJrZOYx7LlY0U5E7Sumea0lUiKI5/Tpj+4zP3mPZWKxeJWDxPqRbgnWMgI1kbq2vudCOu+H2YPow4TaPLzs5vRXdC1S07ZGQPNE3dKSjBFrWt/dYKYpBEVmnCsVNt1Eu1lWGpGOB0VO6miCSYD3KNtQwWOqPKy8Q0jdGSUAIWxNE9oNFZ/d2Q4UmoY+aYy31HNern4n9dOdXjuZUwkqaaCTAaFKUc6RnkgKGCSEs2HhmAimdkVkT6WmGgTW9GE4M6ePE8aJ2X3tFy5rpSqF9M4CnAAh3AMLpxBFa6gBnUg8AjP8Apv1pP1Yr1bH5PSBWvaswd/YH3+AJQxmCE=</latexit>

z 2 Rd
Input Target

<latexit sha1_base64="gErFdx+GQ01/+vkHeSj+sR5wZ0k=">AAACA3icbVDLSsNAFL3xWeur6k43g0VwVRIp6rLoxpVUsQ9oYplMJ+3QySTMTIQSAm78FTcuFHHrT7jzb5y2WWjrgYEz59zLvff4MWdK2/a3tbC4tLyyWlgrrm9sbm2XdnabKkokoQ0S8Ui2fawoZ4I2NNOctmNJcehz2vKHl2O/9UClYpG406OYeiHuCxYwgrWRuqV9N8R64AdpO3OZQNOfn95m99fdUtmu2BOgeeLkpAw56t3Sl9uLSBJSoQnHSnUcO9ZeiqVmhNOs6CaKxpgMcZ92DBU4pMpLJzdk6MgoPRRE0jyh0UT93ZHiUKlR6JvK8Y5q1huL/3mdRAfnXspEnGgqyHRQkHCkIzQOBPWYpETzkSGYSGZ2RWSAJSbaxFY0ITizJ8+T5knFOa1Ub6rl2kUeRwEO4BCOwYEzqMEV1KEBBB7hGV7hzXqyXqx362NaumDlPXvwB9bnDz0Pl+k=</latexit>

X 2 RN

Traditional prior: 
Standard Gaussian -> over-regularization
VampPrior
Mixture of Gaussians
Normalizing flow -> under-regularization

<latexit sha1_base64="xRX7ekLriFKadHgGkcwfdMOEVRM="></latexit>

L(�, ,!) ⌘

Ep̂(X)Eq�(z|X)


� log q (X|z) + � log

q�(z|X)

r!(z)

�

= LREC + �LREG,

<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�
<latexit sha1_base64="rQ+lnlZ8/oEDmphri0GPm78PfAY=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY9FLx4r2A9ol5JNs21okg1JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvUpwZ6/vfXmltfWNzq7xd2dnd2z+oHh61TZJqQlsk4YnuRthQziRtWWY57SpNsYg47USTu9zvPFFtWCIf7VTRUOCRZDEj2OZSXxk2qNb8uj8HWiVBQWpQoDmofvWHCUkFlZZwbEwv8JUNM6wtI5zOKv3UUIXJBI9oz1GJBTVhNr91hs6cMkRxol1Ji+bq74kMC2OmInKdAtuxWfZy8T+vl9r4JsyYVKmlkiwWxSlHNkH542jINCWWTx3BRDN3KyJjrDGxLp6KCyFYfnmVtC/qwVX98uGy1rgt4ijDCZzCOQRwDQ24hya0gMAYnuEV3jzhvXjv3seiteQVM8fwB97nDyctjlM=</latexit>

 

<latexit sha1_base64="RdtIM9pG8uF5jYdE2Kc0Emtj/U0=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6VQNyWRoi6LblxWsA9oQphMJ+3QmSTMTIQa8gVu/BU3LhRx69qdf+OkDaitBy4czrmXe+/xY0alsqwvo7Syura+Ud6sbG3v7O6Z+wddGSUCkw6OWCT6PpKE0ZB0FFWM9GNBEPcZ6fmTq9zv3REhaRTeqmlMXI5GIQ0oRkpLnllzOFJjP0jvM0dSDoWXOhEnI5TVf5wTz6xaDWsGuEzsglRBgbZnfjrDCCechAozJOXAtmLlpkgoihnJKk4iSYzwBI3IQNMQcSLddPZOBmtaGcIgErpCBWfq74kUcSmn3Ned+Yly0cvF/7xBooILN6VhnCgS4vmiIGFQRTDPBg6pIFixqSYIC6pvhXiMBMJKJ1jRIdiLLy+T7mnDPms0b5rV1mURRxkcgWNQBzY4By1wDdqgAzB4AE/gBbwaj8az8Wa8z1tLRjFzCP7A+PgGUmGc6g==</latexit>

z ⇠ r!(z)

Dilemma in Representation Learning

Latent representation

Reconstruction error Regulariser

Variational autoencoder (VAE)
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A lesson learned from physics

Wang, D., Wang, Y., Evans, L., & Tiwary, P. (2022). arXiv:2209.00905.

Though different systems can have different probability or free energy 
distributions, they typically obey the same dynamics, such as Newton's second 
law in classical mechanics and Schrödinger's equation in quantum mechanics

Falling apples Solar systemPendulum system

Lesson:

<latexit sha1_base64="eh7akcSvLJJef8MkWf0u7WhoyX4=">AAAB/XicbVDLSsNAFL3xWesrPnZugkUQhJKUom6EopsuK9gHtLFMppN26MwkzEyEGoK/4saFIm79D3f+jdPHQlsPXDiccy/33hPEjCrtut/W0vLK6tp6biO/ubW9s2vv7TdUlEhM6jhikWwFSBFGBalrqhlpxZIgHjDSDIY3Y7/5QKSikbjTo5j4HPUFDSlG2khd+7B61Qklwml8X8rSEs/OeH/QtQtu0Z3AWSTejBRghlrX/ur0IpxwIjRmSKm258baT5HUFDOS5TuJIjHCQ9QnbUMF4kT56eT6zDkxSs8JI2lKaGei/p5IEVdqxAPTyZEeqHlvLP7ntRMdXvopFXGiicDTRWHCHB054yicHpUEazYyBGFJza0OHiAThjaB5U0I3vzLi6RRKnrnxfJtuVC5nsWRgyM4hlPw4AIqUIUa1AHDIzzDK7xZT9aL9W59TFuXrNnMAfyB9fkD+mKU7w==</latexit>

H =
p
2

2m
+mgh

<latexit sha1_base64="E63s0PhiuvMk3Zuwcs5GnBQ39ec=">AAACFnicbVDLSsNAFJ34rPUVdekmWISKtCSlqBuh6KbLCvYBTS2T6aQdOpOEmRuhhHyFG3/FjQtF3Io7/8bpQ9DWAxcO59zLvfd4EWcKbPvLWFpeWV1bz2xkN7e2d3bNvf2GCmNJaJ2EPJQtDyvKWUDrwIDTViQpFh6nTW94Pfab91QqFga3MIpoR+B+wHxGMGipaxaql64vMUmibuLCgAJO70ppUhLpqejzvFNwSah+nJOumbOL9gTWInFmJIdmqHXNT7cXkljQAAjHSrUdO4JOgiUwwmmadWNFI0yGuE/bmgZYUNVJJm+l1rFWepYfSl0BWBP190SChVIj4elOgWGg5r2x+J/XjsG/6CQsiGKgAZku8mNuQWiNM7J6TFICfKQJJpLpWy0ywDol0ElmdQjO/MuLpFEqOmfF8k05V7maxZFBh+gI5ZGDzlEFVVEN1RFBD+gJvaBX49F4Nt6M92nrkjGbOUB/YHx8A0Izn3A=</latexit>

H =
p
2
✓

2m
+mgl(1� cos ✓)

<latexit sha1_base64="p46Tvtqdg2jVidjRwzvt8LscgAY=">AAACJ3icbZBNS8MwGMfT+TbnW9Wjl+IQBHG0ZagXZejBHSe4F9hqSbN0C0vTkqTCKP02XvwqXgQV0aPfxLQbqJsPJPzz+z8PSf5eRImQpvmpFRYWl5ZXiqultfWNzS19e6clwpgj3EQhDXnHgwJTwnBTEklxJ+IYBh7FbW90lfnte8wFCdmtHEfYCeCAEZ8gKBVy9Yv6ec/nECXRne1aaWIHaj/6QXaO7PT4esKUnR0T7iaWnaauXjYrZl7GvLCmogym1XD1l14/RHGAmUQUCtG1zEg6CeSSIIrTUi8WOIJoBAe4qySDARZOkv8zNQ4U6Rt+yNVi0sjp74kEBkKMA091BlAOxayXwf+8biz9MychLIolZmhykR9TQ4ZGFprRJxwjScdKQMSJequBhlDlIVW0JRWCNfvledGyK9ZJpXpTLdcup3EUwR7YB4fAAqegBuqgAZoAgQfwBF7Bm/aoPWvv2sektaBNZ3bBn9K+vgFQeqWj</latexit>

H =
p
2
1

2m1
+

p
2
2

2m2
�G

m1m2

r12
Changing:

Unchanging:
<latexit sha1_base64="X8ZbXdcJvyLqj5inobluaTVNCLU=">AAAB/3icbVDLSsNAFL3xWesrKrhxEyyCq5JIUTdCURCXFewD2lAm00k7dGYSZiZCiV34K25cKOLW33Dn3zhpI2jrgYHDOfdyz5wgZlRp1/2yFhaXlldWC2vF9Y3NrW17Z7ehokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC8yvzmPZGKRuJOj2Lic9QXNKQYaSN17f0OR3oQhOn1+IL/cDTu2iW37E7gzBMvJyXIUevan51ehBNOhMYMKdX23Fj7KZKaYkbGxU6iSIzwEPVJ21CBOFF+Osk/do6M0nPCSJontDNRf2+kiCs14oGZzBKqWS8T//PaiQ7P/ZSKONFE4OmhMGGOjpysDKdHJcGajQxBWFKT1cEDJBHWprKiKcGb/fI8aZyUvdNy5bZSql7mdRTgAA7hGDw4gyrcQA3qgOEBnuAFXq1H69l6s96nowtWvrMHf2B9fAN/rpZt</latexit>

F = ma

<latexit sha1_base64="nEswg9itvC6Cm7luXKEiLCFfvrs="></latexit>

dq

dt
=

@H

@p
,
dp

dt
= �@H

@qor
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Solution: Learning latent representations
from dynamics

Enforce latent representation 
to follow a specific yet generic 

class of dynamics

Enforce latent representation 
to follow a specific 

probability distribution

Representation learning for a three-state model potential

32

Impose a Gaussian Impose overdamped 
Langevin dynamics

Wang, D., Wang, Y., Evans, L., & Tiwary, P. (2022). arXiv:2209.00905.



Enforcing the latent dynamics by minimizing the 
Wasserstein distance

For a Markovian process,

Transition density

<latexit sha1_base64="tDCTMLNA7pPi9v9WbkKXvbxur3I="></latexit>

p(�z|zt) where �z ⌘ zt+�t � zt

<latexit sha1_base64="5KNMSOG404+DQUu6vStmizI4i7o="></latexit>

LREG = DSW (q�(�zt|zt), r!(�zt|zt))

encoded transition density prior transition density

(Sliced) Wasserstein distance
Kolouri, S., Pope, P. E., Martin, C. E., & 
Rohde, G. K. (2018). arXiv:1804.01947.

Minimize

33

“Euclidean distance” for 
probability distributions 

Wang, D., Wang, Y., Evans, L., & Tiwary, P. (2022). arXiv:2209.00905.



Learning Langevin dynamics prior through
likelihood maximization

To get the prior transition density
<latexit sha1_base64="YrvhZVY0/O8d8LF3UKhSvNyrr6g=">AAACEnicbVC7SgNBFJ2NrxhfUUubxSAkTdiVoJZBLSwjmAdkwzI7uZsMmX0wc1eIa77Bxl+xsVDE1srOv3HyKGLigYEz59zLvfd4seAKLevHyKysrq1vZDdzW9s7u3v5/YOGihLJoM4iEcmWRxUIHkIdOQpoxRJo4AloeoOrsd+8B6l4FN7hMIZOQHsh9zmjqCU3X5KuEwXQo0XnGgRSJ6DY9/z0YeTi4/yn5OYLVtmawFwm9owUyAw1N//tdCOWBBAiE1Sptm3F2EmpRM4EjHJOoiCmbEB70NY0pAGoTjo5aWSeaKVr+pHUL0Rzos53pDRQahh4unK8pFr0xuJ/XjtB/6KT8jBOEEI2HeQnwsTIHOdjdrkEhmKoCWWS611N1qeSMtQp5nQI9uLJy6RxWrbPypXbSqF6OYsjS47IMSkSm5yTKrkhNVInjDyRF/JG3o1n49X4MD6npRlj1nNI/sD4+gWlSJ69</latexit>

r!(�zt|zt)

where

Overdamped Langevin dynamics

Assume a diagonal diffusion matrix
<latexit sha1_base64="hbTqz2CCVNOIVYytQn8UioOK3yk="></latexit>

dzi =


Mii(zt)fi(zt) +

@Mii(zt)

@zi

�
dt+

p
2Mii(zt)dt✏i

<latexit sha1_base64="eOl4fxqQWxutnw/kZP5C3TbtoX8="></latexit>

dzt = [M(zt)f(zt) +r ·M(zt)] dt+
p

2M(zt)dwt,

-> dynamically “uncorrelated” latent representation

Likelihood maximization

<latexit sha1_base64="s63MpO1CRPJp0VkxwOXjlwPNpPE=">AAACSHicbZBLSwMxFIUz46vW16hLN8EiVJAyI0XdFIpu3AgV7AM6ZcikmTY08yDJCHWYn+fGpTt/gxsXirgzbadU214IfDnnXnJz3IhRIU3zTdNXVtfWN3Kb+a3tnd09Y/+gIcKYY1LHIQt5y0WCMBqQuqSSkVbECfJdRpru4GbkNx8JFzQMHuQwIh0f9QLqUYykkhzDsX0k+66XeGlxik/paWUmO3bokx76657ZcHq7SyszXNLqGAWzZI4LLoKVQQFkVXOMV7sb4tgngcQMCdG2zEh2EsQlxYykeTsWJEJ4gHqkrTBAPhGdZBxECk+U0oVeyNUJJByrfycS5Asx9F3VOVpRzHsjcZnXjqV31UloEMWSBHjykBczKEM4ShV2KSdYsqEChDlVu0LcRxxhqbLPqxCs+S8vQuO8ZF2UyvflQvU6iyMHjsAxKAILXIIquAU1UAcYPIN38Am+tBftQ/vWfiatupbNHIJ/peu/DjS0Rg==</latexit>

f(z) = f!(z), M = M!(z)

<latexit sha1_base64="PjjD5WFmXko/I8TjhtIpeYN4AlY="></latexit>

Lprior(!;�, ) = �Ep̂(zt,zt+�t) log r!(�zt|zt)
<latexit sha1_base64="GzK7ihf1bqrEpQzsBAX9Eu7/Aww="></latexit>

log r!(�zt ⌘ zt+1 � zt|zt) = �1

2

X

i

"
logMii(zt) +

⇣
�zi �Mii(zt)fi(zt)� @Mii(zt)

@zi

⌘2

2Mii(zt)

#
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In practice, 

a constant diffusion will be enforced

<latexit sha1_base64="8kVoIoexOQ8jE+EiYndRH7uQnFM=">AAACBHicbVA9SwNBEN2LXzF+RS3TLAZBLMKdBLUM2tgIEcwHJOext5kka/b2zt29QDhS2PhXbCwUsfVH2Plv3FxSaOKDgcd7M8zM8yPOlLbtbyuztLyyupZdz21sbm3v5Hf36iqMJYUaDXkomz5RwJmAmmaaQzOSQAKfQ8MfXE78xhCkYqG41aMI3ID0BOsySrSRvHzh2kvY/fjuGLfhIWZD3O4A1yQVvXzRLtkp8CJxZqSIZqh6+a92J6RxAEJTTpRqOXak3YRIzSiHca4dK4gIHZAetAwVJADlJukTY3xolA7uhtKU0DhVf08kJFBqFPimMyC6r+a9ifif14p199xNmIhiDYJOF3VjjnWIJ4ngDpNANR8ZQqhk5lZM+0QSqk1uOROCM//yIqmflJzTUvmmXKxczOLIogI6QEfIQWeogq5QFdUQRY/oGb2iN+vJerHerY9pa8aazeyjP7A+fwCZ8ZgX</latexit>

M⇤
ij ⌘ �ij

Wang, D., Wang, Y., Evans, L., & Tiwary, P. (2022). arXiv:2209.00905.



Encoder Decoder
<latexit sha1_base64="gErFdx+GQ01/+vkHeSj+sR5wZ0k=">AAACA3icbVDLSsNAFL3xWeur6k43g0VwVRIp6rLoxpVUsQ9oYplMJ+3QySTMTIQSAm78FTcuFHHrT7jzb5y2WWjrgYEz59zLvff4MWdK2/a3tbC4tLyyWlgrrm9sbm2XdnabKkokoQ0S8Ui2fawoZ4I2NNOctmNJcehz2vKHl2O/9UClYpG406OYeiHuCxYwgrWRuqV9N8R64AdpO3OZQNOfn95m99fdUtmu2BOgeeLkpAw56t3Sl9uLSBJSoQnHSnUcO9ZeiqVmhNOs6CaKxpgMcZ92DBU4pMpLJzdk6MgoPRRE0jyh0UT93ZHiUKlR6JvK8Y5q1huL/3mdRAfnXspEnGgqyHRQkHCkIzQOBPWYpETzkSGYSGZ2RWSAJSbaxFY0ITizJ8+T5knFOa1Ub6rl2kUeRwEO4BCOwYEzqMEV1KEBBB7hGV7hzXqyXqx362NaumDlPXvwB9bnDz0Pl+k=</latexit>

X 2 RN

<latexit sha1_base64="Ag9olpTWTewrHI72eqH0BI6eaIw=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwVRIp6rLoxmUV+4A2lslk0g6dTMLMRKih4MZfceNCEbf+hDv/xknbhbYeGDhzzr3ce4+fcKa043xbC4tLyyurhbXi+sbm1ra9s9tQcSoJrZOYx7LlY0U5E7Sumea0lUiKI5/Tpj+4zP3mPZWKxeJWDxPqRbgnWMgI1kbq2vudCOu+H2YPow4TaPLzs5vRXdC1S07ZGQPNE3dKSjBFrWt/dYKYpBEVmnCsVNt1Eu1lWGpGOB0VO6miCSYD3KNtQwWOqPKy8Q0jdGSUAIWxNE9oNFZ/d2Q4UmoY+aYy31HNern4n9dOdXjuZUwkqaaCTAaFKUc6RnkgKGCSEs2HhmAimdkVkT6WmGgTW9GE4M6ePE8aJ2X3tFy5rpSqF9M4CnAAh3AMLpxBFa6gBnUg8AjP8Apv1pP1Yr1bH5PSBWvaswd/YH3+AJQxmCE=</latexit>

z 2 Rd
Input Target

<latexit sha1_base64="gErFdx+GQ01/+vkHeSj+sR5wZ0k=">AAACA3icbVDLSsNAFL3xWeur6k43g0VwVRIp6rLoxpVUsQ9oYplMJ+3QySTMTIQSAm78FTcuFHHrT7jzb5y2WWjrgYEz59zLvff4MWdK2/a3tbC4tLyyWlgrrm9sbm2XdnabKkokoQ0S8Ui2fawoZ4I2NNOctmNJcehz2vKHl2O/9UClYpG406OYeiHuCxYwgrWRuqV9N8R64AdpO3OZQNOfn95m99fdUtmu2BOgeeLkpAw56t3Sl9uLSBJSoQnHSnUcO9ZeiqVmhNOs6CaKxpgMcZ92DBU4pMpLJzdk6MgoPRRE0jyh0UT93ZHiUKlR6JvK8Y5q1huL/3mdRAfnXspEnGgqyHRQkHCkIzQOBPWYpETzkSGYSGZ2RWSAJSbaxFY0ITizJ8+T5knFOa1Ub6rl2kUeRwEO4BCOwYEzqMEV1KEBBB7hGV7hzXqyXqx362NaumDlPXvwB9bnDz0Pl+k=</latexit>

X 2 RN

<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�
<latexit sha1_base64="rQ+lnlZ8/oEDmphri0GPm78PfAY=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY9FLx4r2A9ol5JNs21okg1JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvUpwZ6/vfXmltfWNzq7xd2dnd2z+oHh61TZJqQlsk4YnuRthQziRtWWY57SpNsYg47USTu9zvPFFtWCIf7VTRUOCRZDEj2OZSXxk2qNb8uj8HWiVBQWpQoDmofvWHCUkFlZZwbEwv8JUNM6wtI5zOKv3UUIXJBI9oz1GJBTVhNr91hs6cMkRxol1Ji+bq74kMC2OmInKdAtuxWfZy8T+vl9r4JsyYVKmlkiwWxSlHNkH542jINCWWTx3BRDN3KyJjrDGxLp6KCyFYfnmVtC/qwVX98uGy1rgt4ijDCZzCOQRwDQ24hya0gMAYnuEV3jzhvXjv3seiteQVM8fwB97nDyctjlM=</latexit>

 

Dynamics-constrained autoencoder (DynAE)
Introducing the laws of dynamics into representation learning

Latent representation

<latexit sha1_base64="/cnQnqp55FyGUbacOXxYENU3m/g=">AAACJXicbZDLSgMxFIYz9VbrrerSTbAIdVNmpKgLF0VduKxgL9ApJZOeaUOTmSHJCHXsy7jxVdy4sIjgylcx0xbU1gOBj/8/h5zzexFnStv2p5VZWl5ZXcuu5zY2t7Z38rt7dRXGkkKNhjyUTY8o4CyAmmaaQzOSQITHoeENrlK/cQ9SsTC408MI2oL0AuYzSrSROvkL9xq4Jq4guu/5ycPIVUxg2UncUECPjIrz/uMPHnfyBbtkTwovgjODAppVtZMfu92QxgICTTlRquXYkW4nRGpGOYxybqwgInRAetAyGBABqp1MrhzhI6N0sR9K8wKNJ+rviYQIpYbCM53pimreS8X/vFas/fN2woIo1hDQ6Ud+zLEOcRoZ7jIJVPOhAUIlM7ti2ieSUG2CzZkQnPmTF6F+UnJOS+XbcqFyOYsjiw7QISoiB52hCrpBVVRDFD2hF/SGxtaz9Wq9Wx/T1ow1m9lHf8r6+gZyX6cY</latexit>

�z ⇠ r!(�z|z)
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• Constraining the latent dynamics is 
enough to uniquely identify the latent 
representation up to an isometry

(Theoretically proved by Hasan, et al. 2021)
Draw samples from a flatter distribution to 

focus more on rarely sampled regions 

• Only dynamics matters -> 
more flexible sampling strategies

<latexit sha1_base64="11CCi5GfAwsTszy0jQ94jdnHxTE=">AAACI3icbVDLSiNBFK12fMT4iuPSTWEQdGHoFlFxJSPILBWMCukYbldumyLV3UXVbSHT9L/MZn7FjQuH4MaF/2IlZuHrQMHhnHupe06klbTk+8/e1I/pmdm5ynx1YXFpeaW2+vPSZrkR2BSZysx1BBaVTLFJkhRea4OQRAqvov7JyL+6Q2Nlll7QQGM7gdtUxlIAOalTOwp7QIUuO0UXCMqtMAHqRXHxp9wOtck0ZRxvip0wQgJ++t4uO7W63/DH4F9JMCF1NsFZpzYMu5nIE0xJKLC2Ffia2gUYkkJhWQ1zixpEH26x5WgKCdp2Mc5Y8k2ndHmcGfdS4mP1/UYBibWDJHKToxvtZ28kfue1cooP24VMdU6YireP4lxxl3xUGO9Kg4LUwBEQRrpbueiBAUGu1qorIfgc+Su53G0E+42987368a9JHRW2zjbYFgvYATtmv9kZazLB/rJ79sj+e/+8B2/oPb2NTnmTnTX2Ad7LK5XipXI=</latexit>

p̂data(z) / e��F (z)
<latexit sha1_base64="MCp18ZlHW0my2bGo+jNEw/izH+o="></latexit>

p̂train(z) / e��F (z)/� where � > 1

<latexit sha1_base64="5KNMSOG404+DQUu6vStmizI4i7o="></latexit>

LREG = DSW (q�(�zt|zt), r!(�zt|zt))

• Decorrelates the latent representation 
by assuming a diagonal diffusion matrix 
-> dynamics-based disentanglement

Wang, D., Wang, Y., Evans, L., & Tiwary, P. (2022). arXiv:2209.00905.



Force Diffusion

<latexit sha1_base64="L2SSM1u9mKIH6PF7SKI8dsDQzYc="></latexit>
x0

y0

�
= f(X) =


x

y + x2

�
.

A nonlinear mapping function is used 
to warp the data into a "half-moon" 
shape and make diffusion anisotropic

Three-state model potential
with constant diffusion

Dynamics-AE recovers ground truth

* Dynamics-AE: Wang, Wang, Evans, Tiwary (2022) arXiv:2209.00905

Recover underlying kinetics from distorted data
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Alanine dipeptide in water

Dynamics-AE recovers dihedral 
angles 𝜙 and 𝜓 from a 30-

dimensional space comprising  
three-dimensional coordinates 

of 10 heavy atoms

* Dynamics-AE: Wang, Wang, Evans, Tiwary (2022) arXiv:2209.00905

Learning dihedrals from atomic coordinates
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* Dynamics-AE: Wang, Wang, Evans, Tiwary (2022) arXiv:2209.00905

Learning meaningful representations from experiments

DNA Brownian motion in solution
Fluorescence Optical Microscope

Lameh, Ding, Stein Phys. Rev. Appl. 2020

dSprites dataset
github.com/deepmind/dsprites-dataset
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• State Predictive Information Bottleneck
D Wang & Tiwary, J. Chem. Phys. 2021

• Dynamics Constrained Autoencoder 
D Wang, Y Wang, Evans & Tiwary, arXiv:2209.00905

Introducing the law of dynamics into representation learning

Introducing “metastable states” into representation learning

Take-home: We can use ideas from physics to guide the 
design of artificial intelligence (AI) methods to learn 

useful and also meaningful representations.

All codes open-source @ github.com/tiwarylab
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