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What is deep learning good at?
Image and language processing

What do many of deep learning’s successes 
have in common? 

                     * Vectors 
                     * Grids 
                     * Sequences



But many important domains are richly structured

“Bell, based in Los Angeles, makes 
and distributes electronic, computer 

and building products.”

Natural language

CodeEveryday scenes

Biological species

Sub-atomic particles

Molecules
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Graph neural network (GNN)“My data is structured”:



Background: Graph Neural Networks
General idea 

• Analogous to a convolutional network, but over arbitrary graphs (rather than just grids)

• Can learn to reason about entities and their relations


Key literature surveys 
• Scarselli et al. (2009) "The Graph Neural Network Model".  

Summarizes the initial papers on the topic from ~2005-2009. Original innovation, general formalism.

• Li et al. (2015) “Gated graph sequence neural networks”.  

Simplified the formalism, trained via backprop, used RNNs for sharing update steps across time.

• Bronstein et al. (2016) “Geometric deep learning: going beyond Euclidean data”.  

Survey of spectral and spatial approaches for deep learning on graphs.

• Gilmer et al. (2017) “Neural Message Passing for Quantum Chemistry”.  

Introduced “message-passing neural network” (MPNNs) formalism, unifying various approaches such as 
graph convolutional networks.


• Battaglia et al. (2018). “Relational inductive biases, deep learning, and graph networks”.  
Introduced the “graph network” (GN) formalism, extends MPNNs, unifies non-local neural networks/self-
attention/Transformer.

http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.1015.7227&rep=rep1&type=pdf
http://Gated%20Graph%20Sequence%20Neural%20Networks
https://arxiv.org/abs/1611.08097
https://arxiv.org/abs/1704.01212
https://arxiv.org/abs/1806.01261


Graph Networks (GNs)
Why do we need another graph neural network variant? 

• We designed GNs to be both expressive, and easy to implement 

• A GN block is a “graph-to-graph” function approximator


• The output graph’s structure (number of nodes and edge connectivity) matches the input graph’s

• The output graph-, node-, and edge-level attributes will be functions of the input graph’s

Graph Network

(a type of Graph Neural Network)


Battaglia et al., 2018, arXiv



Interaction Network: Learning simulation as message-passing

Battaglia et al., 2016, NeurIPS
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Edge function 

• Compute “message” from 
node and edge attributes 
associated with an edge

Battaglia et al., 2016, NeurIPS
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Battaglia et al., 2016, NeurIPS

Interaction Network: Learning simulation as message-passing

e0k  �e(ek,vrk ,vsk)

Node function 

• Update node info from 
previous node state and 
aggregated “messages”

ē0i  
X

rk=i

e0k
<latexit sha1_base64="0AP0FdVQCoTWr4vw2qd2N79/8UI=">AAACJHicbVDLSsNAFJ34rPVVdelmsEhdlaQKCiIURHBZwT6gCWEyvWmHTh7MTJQS8jFu/BU3Lnzgwo3f4rQNqK0HBg7nnMvce7yYM6lM89NYWFxaXlktrBXXNza3tks7uy0ZJYJCk0Y8Eh2PSOAshKZiikMnFkACj0PbG16O/fYdCMmi8FaNYnAC0g+ZzyhRWnJL57ZHRGoHRA08P4Usq7gM2xx8RYSI7rEtk8BNhTvEF5hl+CdYcYduqWxWzQnwPLFyUkY5Gm7pze5FNAkgVJQTKbuWGSsnJUIxyiEr2omEmNAh6UNX05AEIJ10cmSGD7XSw34k9AsVnqi/J1ISSDkKPJ0cLylnvbH4n9dNlH/mpCyMEwUhnX7kJxyrCI8bwz0mgCo+0oRQwfSumA6IIFTpXou6BGv25HnSqlWt42rt5qRcv8rrKKB9dICOkIVOUR1dowZqIooe0BN6Qa/Go/FsvBsf0+iCkc/soT8wvr4BxWGlew==</latexit>

v0
i  �v(ē0i,vi,u)

<latexit sha1_base64="jxYbCVerB7T7gwW7neXIAfQZxio="></latexit>

Message aggregation 

vi
<latexit sha1_base64="hUi6Ub9IhNgbI7A9xLInt3zjXvI=">AAAB83icbVDLSgMxFL2pr1pfVZdugkVwVWaqoMuCCC4r2Ad0hpJJM21oJjMkmUIZ+htuXCji1p9x59+YaWehrQcCh3Pu5Z6cIBFcG8f5RqWNza3tnfJuZW//4PCoenzS0XGqKGvTWMSqFxDNBJesbbgRrJcoRqJAsG4wucv97pQpzWP5ZGYJ8yMykjzklBgreV5EzDgIs+l8wAfVmlN3FsDrxC1IDQq0BtUvbxjTNGLSUEG07rtOYvyMKMOpYPOKl2qWEDohI9a3VJKIaT9bZJ7jC6sMcRgr+6TBC/X3RkYirWdRYCfzjHrVy8X/vH5qwls/4zJJDZN0eShMBTYxzgvAQ64YNWJmCaGK26yYjoki1NiaKrYEd/XL66TTqLtX9cbjda15X9RRhjM4h0tw4Qaa8AAtaAOFBJ7hFd5Qil7QO/pYjpZQsXMKf4A+fwB+Z5H9</latexit>

ek
<latexit sha1_base64="OQpkykekKrFqANy+Vz8tfCCeeOc=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclaQKuiyI4LKCfUBTymR60w6dTMLMRCihv+HGhSJu/Rl3/o2TNgttPTBwOOde7pkTJIJr47rfztr6xubWdmmnvLu3f3BYOTpu6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWBym/udJ1Sax/LRTBPsR3QkecgZNVby/YiacRBmOBtMBpWqW3PnIKvEK0gVCjQHlS9/GLM0QmmYoFr3PDcx/Ywqw5nAWdlPNSaUTegIe5ZKGqHuZ/PMM3JulSEJY2WfNGSu/t7IaKT1NArsZJ5RL3u5+J/XS01408+4TFKDki0OhakgJiZ5AWTIFTIjppZQprjNStiYKsqMralsS/CWv7xK2vWad1mrP1xVG3dFHSU4hTO4AA+uoQH30IQWMEjgGV7hzUmdF+fd+ViMrjnFzgn8gfP5A2d4ke4=</latexit>

Trained to predict 

body coordinates



Nodes: bodies

Edges: gravitational forces

Nodes: balls

Edges: rigid collisions between 
            balls, and walls

Nodes: masses

Edges: springs and rigid 

            collisions

Physical systems as graphs

Battaglia et al., 2016, NeurIPS



Stringn-body
M

od
el

Tr
ue

Balls

1000-step rollouts of true (top row) vs predicted (bottom row)

Battaglia et al., 2016, NeurIPS



Stringn-body
M

od
el

Tr
ue

Balls

Zero-shot generalisation to larger systems

Battaglia et al., 2016, NeurIPS



Interaction Network: Predicting potential energy

Node aggregation and global function 

• Rather than making node-wise 
predictions, node updates can be 
used to make global predictions.

P.E.

Trained to predict system’s 

potential energy

Battaglia et al., 2016, NeurIPS

u0  �u(v̄0)

v̄0  
X

i

v0
i

<latexit sha1_base64="6ce7el1Qy7Ix+j9njm+JKXPho6c=">AAACHHicbVDLSsNAFJ34rPUVdelmsEhdlaQVdFkQwWUF+4AmhMl00g6dScLMpFJCPsSNv+LGhSJuXAj+jZM2oLYeGDiccy5z7/FjRqWyrC9jZXVtfWOztFXe3tnd2zcPDjsySgQmbRyxSPR8JAmjIWkrqhjpxYIg7jPS9cdXud+dECFpFN6paUxcjoYhDShGSkue2XB8JFKHIzXyg3SSZVXoMBIoJER0Dx2ZcC+lGfwJVD3qmRWrZs0Al4ldkAoo0PLMD2cQ4YSTUGGGpOzbVqzcFAlFMSNZ2UkkiREeoyHpaxoiTqSbzo7L4KlWBjCIhH6hgjP190SKuJRT7utkvqRc9HLxP6+fqODSTWkYJ4qEeP5RkDCoIpg3BQdUEKzYVBOEBdW7QjxCAmGl+yzrEuzFk5dJp16zG7X67XmleV3UUQLH4AScARtcgCa4AS3QBhg8gCfwAl6NR+PZeDPe59EVo5g5An9gfH4DX/Kiyg==</latexit>



Our “Graph Network” generalizes/extends “Interaction Network”

ek,vsk ,vrk ,u

ē0i,vi,u

ē0, v̄0,u

Edge block 
For each edge,                            , 

are passed to an “edge-wise function”:


Node block 
For each node,                  , are 

passed to a “node-wise function”:


Global block 
Across the graph,                  , are 

passed to a “global function”:




Message-Passing NN (eg. Interaction Net, GCN)

Gilmer et al. 2017

Non-Local NN (eg. Transformer)

Vaswani et al. 2017; Wang et al. 2017

Relation Network

Raposo et al. 2017; Santoro et al. 2017

Deep Sets

Zhang et al. 2017

Graph Network

(a type of Graph Neural Network)


Battaglia et al. 2018

Battaglia et al., 2018, arXiv



The GN’s graph-to-graph interface promotes stacking GN blocks, 

passing one GN’s output to another GN as input

Shared GN core Encode-process-decode Recurrent GN architecture

Composing GN blocks

Battaglia et al., 2018, arXiv



Systems: "DeepMind Control Suite" (Mujoco) & real JACO

DeepMind Control Suite (Tassa et al., 2018)

JACO Arm



Sanchez-Gonzalez et al., 2018, ICML

Kinematic tree of the actuated system as a graph

Controllable physical system as a graph:


• Bodies → Nodes


• Joints → Edges


• Global properties



Chained 100-step predictions

Input graph (t) Next graph (t+1)

Sanchez-Gonzalez et al., 2018, ICML

Forward model: supervised, 1-step training w/ random control inputs



Single model trained:

• Pendulum, Cartpole, Acrobot, Swimmer6 

& Cheetah

Zero-shot generalization: Swimmer

• # training links: {3, 4, 5, 6, -, 8, 9, -, -, …}

• # testing links:  {-,  -,  -,  -, 7, -,  -, 10-14}

Sanchez-Gonzalez et al., 2018, ICML

Forward model: Multiple systems & zero-shot generalization



(Real JACO trajectories, rendered using Mujoco)

Recurrent GN

Sanchez-Gonzalez et al., 2018, ICML

Forward model: Real JACO data



Identifiable conditionUnidentifiable condition

Sanchez-Gonzalez et al., 2018, ICML

Unobserved system parameters (e.g. mass, length) are implicitly inferred
Inference: GN-based system identification



Sanchez-Gonzalez et al., 2018, ICML

Inference: GN-based system identification
Unobserved system parameters (e.g. mass, length) are implicitly inferred



The GN-based forward model is differentiable, so we can backpropagate through it to 
search for a sequence of actions that maximize reward.

Sanchez-Gonzalez et al., 2018, ICML

Control: Model-based planning



Sanchez-Gonzalez et al., 2018, ICML

Control: Multiple systems via a single model



Sanchez-Gonzalez et al., 2020, ICML

Learning to simulate fluids and complex materials

d✓

<latexit sha1_base64="nE73T9eRJLfcXyuQQcLQ7L/NSko=">AAACCHicbVDLSsNAFJ3UV62vqks3g0VwVZJS0GXBjcsK9gFtKJPJpBk6mQkzN0IJ/QGXbvUj3Ilb/8Jv8CectlnY1gMXDufcy733BKngBlz32yltbe/s7pX3KweHR8cn1dOzrlGZpqxDlVC6HxDDBJesAxwE66eakSQQrBdM7uZ+74lpw5V8hGnK/ISMJY84JWClfjgaQsyAjKo1t+4ugDeJV5AaKtAeVX+GoaJZwiRQQYwZeG4Kfk40cCrYrDLMDEsJnZAxG1gqScKMny/uneErq4Q4UtqWBLxQ/07kJDFmmgS2MyEQm3VvLv7nDTKIbv2cyzQDJulyUZQJDArPn8ch14yCmFpCqOb2VkxjogkFG9HqFjFWtiFOGvYZm463nsUm6TbqXrPefGjWWs0ipzK6QJfoGnnoBrXQPWqjDqJIoBf0it6cZ+fd+XA+l60lp5g5Rytwvn4BCNOaYw==</latexit>

Update

<latexit sha1_base64="dx/DLB+2YgKIzz8J93z5l13N0KU=">AAACBnicbVBNS8NAEN34WetX1aOXxSJ4Kkkp6LHgxWMF0xbaUDabTbt2Nxt2J0IJvXv0qj/Cm3j1b/gb/BNu2xxs64OBx3szzMwLU8ENuO63s7G5tb2zW9or7x8cHh1XTk7bRmWaMp8qoXQ3JIYJnjAfOAjWTTUjMhSsE45vZ37niWnDVfIAk5QFkgwTHnNKwEptP40IsEGl6tbcOfA68QpSRQVag8pPP1I0kywBKogxPc9NIciJBk4Fm5b7mWEpoWMyZD1LEyKZCfL5tVN8aZUIx0rbSgDP1b8TOZHGTGRoOyWBkVn1ZuJ/Xi+D+CbIeZJmwBK6WBRnAoPCs9dxxDWjICaWEKq5vRXTEdGEgg1oeYsYKtswknX7jE3HW81inbTrNa9Ra9zXq81GkVMJnaMLdIU8dI2a6A61kI8oekQv6BW9Oc/Ou/PhfC5aN5xi5gwtwfn6BWX+mXs=</latexit>

xi

<latexit sha1_base64="o+q+3RyI9+o0o6Yl/gGV2k97X3I=">AAACDHicbVDLSsNAFL3xWeur6tJNsAiuSlIKuiy4cVnBPqAJZTKdtEPnEWYmYgn9BZdu9SPciVv/wW/wJ5y0WdjWAwOHc+7lnjlRwqg2nvftbGxube/slvbK+weHR8eVk9OOlqnCpI0lk6oXIU0YFaRtqGGklyiCeMRIN5rc5n73kShNpXgw04SEHI0EjSlGxkpBwJEZR3H2NBvQQaXq1bw53HXiF6QKBVqDyk8wlDjlRBjMkNZ930tMmCFlKGZkVg5STRKEJ2hE+pYKxIkOs3nmmXtplaEbS2WfMO5c/buRIa71lEd2Ms+oV71c/M/rpya+CTMqktQQgReH4pS5Rrp5Ae6QKoINm1qCsKI2q4vHSCFsbE3LV9hI2oExr9vP2Hb81S7WSade8xu1xn2j2mwUPZXgHC7gCny4hibcQQvagCGBF3iFN+fZeXc+nM/F6IZT7JzBEpyvX5trnFw=</latexit>

v0
i

<latexit sha1_base64="MM0Dt+bH5t8Xia8T3E22+f67fLc=">AAACDnicbVDLSgMxFL3js9ZX1aWbYBFclZlS0GXBjcsK9gHttGTSTBuaZIYkUyhD/8GlW/0Id+LWX/Ab/Akz7Sxs64HA4Zx7uScniDnTxnW/na3tnd29/cJB8fDo+OS0dHbe0lGiCG2SiEeqE2BNOZO0aZjhtBMrikXAaTuY3Gd+e0qVZpF8MrOY+gKPJAsZwcZK/Z7AZhyE6XTedwdsUCq7FXcBtEm8nJQhR2NQ+ukNI5IIKg3hWOuu58bGT7EyjHA6L/YSTWNMJnhEu5ZKLKj200XqObq2yhCFkbJPGrRQ/26kWGg9E4GdzFLqdS8T//O6iQnv/JTJODFUkuWhMOHIRCirAA2ZosTwmSWYKGazIjLGChNji1q9wkeRHRiLqv2Mbcdb72KTtKoVr1apPdbK9VreUwEu4QpuwINbqMMDNKAJBBS8wCu8Oc/Ou/PhfC5Ht5x85wJW4Hz9AtFqnPw=</latexit>

e0i,j

<latexit sha1_base64="EA58GTTUFUPeOoLMCo5cRQ5lATs=">AAACFHicbVC7TsMwFHV4lvIKZWSxqJAYUJVUkWCsxMJYJPqQ2hI5rtOa2nFkO4gqym8wssJHsCFWdr6Bn8BpM9CWI1k6Oude3eMTxIwq7Tjf1tr6xubWdmmnvLu3f3BoH1XaSiQSkxYWTMhugBRhNCItTTUj3VgSxANGOsHkOvc7j0QqKqI7PY3JgKNRREOKkTaSb1f6HOlxEKYku3f8lF48ZL5ddWrODHCVuAWpggJN3/7pDwVOOIk0ZkipnuvEepAiqSlmJCv3E0VihCdoRHqGRogTNUhn2TN4ZpQhDIU0L9Jwpv7dSBFXasoDM5knVcteLv7n9RIdXg1SGsWJJhGeHwoTBrWAeRFwSCXBmk0NQVhSkxXiMZIIa1PX4hU2EmZgzOvmM6Ydd7mLVdKu11yv5t161YZX9FQCJ+AUnAMXXIIGuAFN0AIYPIEX8ArerGfr3fqwPueja1axcwwWYH39Al/EntI=</latexit>

v0
j

<latexit sha1_base64="jyE9FVANU3acfSW6HZ2A8CYdfcM=">AAACDnicbVDLSgMxFM3UV62vqks3wSK4KjNlQJcFNy4r2Ae005JJM21sHkOSKZSh/+DSrX6EO3HrL/gN/oSZdha29UDgcM693JMTxoxq47rfTmFre2d3r7hfOjg8Oj4pn561tEwUJk0smVSdEGnCqCBNQw0jnVgRxENG2uHkLvPbU6I0leLRzGIScDQSNKIYGSv1exyZcRil03nfHTwNyhW36i4AN4mXkwrI0RiUf3pDiRNOhMEMad313NgEKVKGYkbmpV6iSYzwBI1I11KBONFBukg9h1dWGcJIKvuEgQv170aKuNYzHtrJLKVe9zLxP6+bmOg2SKmIE0MEXh6KEgaNhFkFcEgVwYbNLEFYUZsV4jFSCBtb1OoVNpJ2YMxr9jO2HW+9i03SqlU9v+o/+JW6n/dUBBfgElwDD9yAOrgHDdAEGCjwAl7Bm/PsvDsfzudytODkO+dgBc7XL9MHnP0=</latexit>

vm
i

<latexit sha1_base64="6yxeFdMRmeSuWhewsYDAJn3mCcE=">AAACDnicbVDLSgMxFL3js9ZX1aWbYBFclZlS0GXBjcsK9gHttGTSTBuaZIYkUyhD/8GlW/0Id+LWX/Ab/Akz7Sxs64HA4Zx7uScniDnTxnW/na3tnd29/cJB8fDo+OS0dHbe0lGiCG2SiEeqE2BNOZO0aZjhtBMrikXAaTuY3Gd+e0qVZpF8MrOY+gKPJAsZwcZK/Z7AZhyE6XTeFwM2KJXdirsA2iReTsqQozEo/fSGEUkElYZwrHXXc2Pjp1gZRjidF3uJpjEmEzyiXUslFlT76SL1HF1bZYjCSNknDVqofzdSLLSeicBOZin1upeJ/3ndxIR3fspknBgqyfJQmHBkIpRVgIZMUWL4zBJMFLNZERljhYmxRa1e4aPIDoxF1X7GtuOtd7FJWtWKV6vUHmvlei3vqQCXcAU34MEt1OEBGtAEAgpe4BXenGfn3flwPpejW06+cwErcL5+ATRcnTk=</latexit>

emi,j

<latexit sha1_base64="fWBXWQO7sBW/E8khYhlG66Oeaxs=">AAACFHicbVC7TsMwFHV4lvIKZWSxqJAYUJVUkWCsxMJYJPqQ2hI5rtOa2nFkO4gqym8wssJHsCFWdr6Bn8BpM9CWI1k6Oude3eMTxIwq7Tjf1tr6xubWdmmnvLu3f3BoH1XaSiQSkxYWTMhugBRhNCItTTUj3VgSxANGOsHkOvc7j0QqKqI7PY3JgKNRREOKkTaSb1f6HOlxEKYku+d+Si8eMt+uOjVnBrhK3IJUQYGmb//0hwInnEQaM6RUz3ViPUiR1BQzkpX7iSIxwhM0Ij1DI8SJGqSz7Bk8M8oQhkKaF2k4U/9upIgrNeWBmcyTqmUvF//zeokOrwYpjeJEkwjPD4UJg1rAvAg4pJJgzaaGICypyQrxGEmEtalr8QobCTMw5nXzGdOOu9zFKmnXa65X8269asMreiqBE3AKzoELLkED3IAmaAEMnsALeAVv1rP1bn1Yn/PRNavYOQYLsL5+AcObnw8=</latexit>

em+1
i,j

<latexit sha1_base64="ZPbDpb/FsB6W11nLRsKTK1rgJ8I=">AAACGHicbVDLSsNAFJ3UV62vqODGzWARBKUkJaDLghuXFewD2hgm00k7diYJMxOhxPyIS7f6Ee7ErTu/wZ9w0mZhWw8MHM65l3vm+DGjUlnWt1FaWV1b3yhvVra2d3b3zP2DtowSgUkLRywSXR9JwmhIWooqRrqxIIj7jHT88XXudx6JkDQK79QkJi5Hw5AGFCOlJc886nOkRn6Qkuw+5ed25qX04iHzzKpVs6aAy8QuSBUUaHrmT38Q4YSTUGGGpOzZVqzcFAlFMSNZpZ9IEiM8RkPS0zREnEg3nebP4KlWBjCIhH6hglP170aKuJQT7uvJPK1c9HLxP6+XqODKTWkYJ4qEeHYoSBhUEczLgAMqCFZsognCguqsEI+QQFjpyuavsGGkB0a8rj+j27EXu1gm7XrNdmrOrVNtOEVPZXAMTsAZsMElaIAb0AQtgMETeAGv4M14Nt6ND+NzNloyip1DMAfj6xebJqCL</latexit>

vm+1
i

<latexit sha1_base64="IUzod+b9A2xfmFN7REG4xbjxQ6Y=">AAACFHicbVDLSsNAFJ34rPUV69JNsAiCUJIS0GXBjcsK9gFtLJPppB06jzAzKZaQ33DpVj/Cnbh17zf4E07aLGzrgYHDOfdyz5wwpkRp1/22Nja3tnd2S3vl/YPDo2P7pNJWIpEIt5CgQnZDqDAlHLc00RR3Y4khCynuhJPb3O9MsVRE8Ac9i3HA4IiTiCCojTSwK30G9TiM0mn2mLIrLxuQgV11a+4czjrxClIFBZoD+6c/FChhmGtEoVI9z411kEKpCaI4K/cThWOIJnCEe4ZyyLAK0nn2zLkwytCJhDSPa2eu/t1IIVNqxkIzmSdVq14u/uf1Eh3dBCnhcaIxR4tDUUIdLZy8CGdIJEaazgyBSBKT1UFjKCHSpq7lK3QkzMCY1c1nTDveahfrpF2veX7Nv/erDb/oqQTOwDm4BB64Bg1wB5qgBRB4Ai/gFbxZz9a79WF9LkY3rGLnFCzB+voFgVie5g==</latexit>

(b)

(c) (e)(d)

(a) Xt0

<latexit sha1_base64="FFNUwHHZRtxXaCXRYfUeptosCzE=">AAACB3icbVDLSgNBEOz1GeMr6tHLYBA8hd0Q0GPAi8cI5gHJGmYns8mQeSwzs0JY8gEevepHeBOvfobf4E84SfZgEgsaiqpuuruihDNjff/b29jc2t7ZLewV9w8Oj45LJ6cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1O4+Z7fvTfqnsV/w50DoJclKGHI1+6ac3UCQVVFrCsTHdwE9smGFtGeF0WuylhiaYjPGQdh2VWFATZvNzp+jSKQMUK+1KWjRX/05kWBgzEZHrFNiOzKo3E//zuqmNb8KMySS1VJLFojjlyCo0+x0NmKbE8okjmGjmbkVkhDUm1iW0vIUPlWsYiap7xqUTrGaxTlrVSlCr1O5r5Xotz6kA53ABVxDANdThDhrQBAJjeIFXePOevXfvw/tctG54+cwZLMH7+gUL25nV</latexit>

X̃tK

<latexit sha1_base64="JKqdNdDDw0syQmrxVhW8095cHk4=">AAACEXicbVDLSsNAFJ34rPXRqEs3wSK4KkkJ6LLgRnBTwT6gjWEymbRDJ5MwcyOUkK9w6VY/wp249Qv8Bn/CaZuFbT0wcDjnXO6dE6ScKbDtb2Njc2t7Z7eyV90/ODyqmccnXZVkktAOSXgi+wFWlDNBO8CA034qKY4DTnvB5Gbm956oVCwRDzBNqRfjkWARIxi05Ju1ITAe0rxfPObg3xW+Wbcb9hzWOnFKUkcl2r75MwwTksVUAOFYqYFjp+DlWAIjnBbVYaZoiskEj+hAU4Fjqrx8fnhhXWgltKJE6ifAmqt/J3IcKzWNA52MMYzVqjcT//MGGUTXXs5EmgEVZLEoyrgFiTVrwQqZpAT4VBNMJNO3WmSMJSagu1rewkeJDozjpv6MbsdZ7WKddJsNx22492695ZY9VdAZOkeXyEFXqIVuURt1EEEZekGv6M14Nt6ND+NzEd0wyplTtATj6xd5x53X</latexit>

Construct graph

<latexit sha1_base64="KgZz/W1U1ZSTbiYjGx8yvaxjGkE=">AAACEXicbVDLSgMxFM3UV62Pjrp0EyyCqzJTCrosdOOygn1AO5RMmmlDM8mQ3BHK0K9w6VY/wp249Qv8Bn/CtJ2FbT0QOJxzLvfmhIngBjzv2yns7O7tHxQPS0fHJ6dl9+y8Y1SqKWtTJZTuhcQwwSVrAwfBeolmJA4F64bT5sLvPjFtuJKPMEtYEJOx5BGnBKw0dMtNJQ3olAIea5JMhm7Fq3pL4G3i56SCcrSG7s9gpGgaMwlUEGP6vpdAkBENnAo2Lw1SwxJCp2TM+pZKEjMTZMvD5/jaKiMcKW2fBLxU/05kJDZmFoc2GROYmE1vIf7n9VOI7oKMyyQFJulqUZQKDAovWsAjrhkFMbOEUM3trZhOiCYUbFfrW8RY2cAkrtnP2Hb8zS62SadW9evV+kOt0qjnPRXRJbpCN8hHt6iB7lELtRFFKXpBr+jNeXbenQ/ncxUtOPnMBVqD8/ULGHudmg==</latexit>

Pass messages

<latexit sha1_base64="9tacSZQOx3eLpABdYEbeVlXf9UU=">AAACDXicbVDLSgMxFL3js9ZX1aWbYBFclZlS0GXBjcsK9gHtUDJppg3NY0wyQhn6DS7d6ke4E7d+g9/gT5i2s7CtFwKHc8595EQJZ8b6/re3sbm1vbNb2CvuHxweHZdOTltGpZrQJlFc6U6EDeVM0qZlltNOoikWEaftaHw709tPVBum5IOdJDQUeChZzAi2jgob2BgkqDF4SE2/VPYr/rzQOghyUIa8Gv3ST2+gSCqotIS7Sd3AT2yYYW0Z4XRa7KWGJpiM3fCugxK7TWE2P3qKLh0zQLHS7kmL5uzfjgwLYyYick6B7cisajPyP62b2vgmzJhMUkslWSyKU46sQrME0IBpSiyfOICJZu5WREZYY2JdTstb+FA5w0hU3WdcOsFqFuugVa0EtUrtvlqu1/KcCnAOF3AFAVxDHe6gAU0g8Agv8Apv3rP37n14nwvrhpf3nMFSeV+/0IOcbQ==</latexit>

Extract dynamics info

<latexit sha1_base64="ZKYSFsM/df4nTI3cKPXEj+eVBeA=">AAACF3icbVDLSgMxFM34rPU1Kq7cBIvgqsyUgi4LIrisYB/QDiWTZtrQPIYkIw5DP8SlW/0Id+LWpd/gT5hpZ2FbDwQO59zLuTlhzKg2nvftrK1vbG5tl3bKu3v7B4fu0XFby0Rh0sKSSdUNkSaMCtIy1DDSjRVBPGSkE05ucr/zSJSmUjyYNCYBRyNBI4qRsdLAPb19MgphA4epQJxiDamI5MCteFVvBrhK/IJUQIHmwP3pDyVOOBEGM6R1z/diE2RIGYoZmZb7iSYxwhM0Ij1LbRTRQTY7fwovrDKEkVT2CQNn6t+NDHGtUx7aSY7MWC97ufif10tMdB1kVMSJIQLPg6KEQSNh3gUcUkWwYaklCCtqb4V4jPI6bGOLKWwk7cCY1+xnbDv+cherpF2r+vVq/b5WadSLnkrgDJyDS+CDK9AAd6AJWgCDDLyAV/DmPDvvzofzOR9dc4qdE7AA5+sXmiyf/g==</latexit>

Learned simulator, s✓

<latexit sha1_base64="5WSv3EZZle02BJIlGhj8/bkroYM=">AAACH3icbVDLSgNBEJz1/TbqUYTBKHiQsBsCehS8ePCgYFRIQuiddJLBeSwzvUIInvwSj171I7yJ13yDP+HkcfBVMFBUVdPTlWZKeorjQTQ1PTM7N7+wuLS8srq2XtjYvPY2dwKrwirrblPwqKTBKklSeJs5BJ0qvEnvTof+zT06L625ol6GDQ0dI9tSAAWpWdg5R3AGW9xLnSsg6w75nm/WqYsEe81CMS7FI/C/JJmQIpvgoln4rLesyDUaEgq8ryVxRo0+OJJC4cNSPfeYgbiDDtYCNaDRN/qjMx74flBavG1deIb4SP0+0QftfU+nIamBuv63NxT/82o5tY8bfWmynNCI8aJ2rjhZPuyEt6RDQaoXCAgnw1+56IIDQaG5n1tUx4ZAV5fDMaGd5HcXf8l1uZRUSpXLcvGkMulpgW2zXXbAEnbETtgZu2BVJtgje2Yv7DV6it6i9+hjHJ2KJjNb7AeiwRcAXaLC</latexit>

+ + Y

<latexit sha1_base64="C1xyllpmZMUYK+XNx5+4VuBPsq8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48t2A9pQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJb3ZpqgH9GR5CFn1Fip+TAoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX1atVas1ap1/I4inAG53AJHlxDHe6gAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDtU2M1g==</latexit>

Encoder

<latexit sha1_base64="2+XkK014vL90vl0Ij8Xd5rhJ1O0=">AAAB+XicbVBNS8NAEN3Ur1q/oh69BIvgqSSloMeCCB4r2FZoQ9lsJu3SzSbsTool9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5QSq4Rtf9tkobm1vbO+Xdyt7+weGRfXzS0UmmGLRZIhL1GFANgktoI0cBj6kCGgcCusH4Zu53J6A0T+QDTlPwYzqUPOKMopEGtt1HeELN8lvJkhDUbGBX3Zq7gLNOvIJUSYHWwP7qhwnLYpDIBNW657kp+jlVyJmAWaWfaUgpG9Mh9AyVNAbt54vLZ86FUUInSpQpic5C/T2R01jraRyYzpjiSK96c/E/r5dhdO3nXKYZgmTLRVEmHEyceQxOyBUwFFNDKFPc3OqwEVWUoQmrYkLwVl9eJ516zWvUGvf1arNRxFEmZ+ScXBKPXJEmuSMt0iaMTMgzeSVvVm69WO/Wx7K1ZBUzp+QPrM8fI56T8Q==</latexit>

Decoder

<latexit sha1_base64="MHO1RhIvSdZtp+JfFqB8966djGs=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lKQY8FPXisYFuhDWWzmbRLNx/sTool9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5fiqFRsf5tkobm1vbO+Xdyt7+weGRfXzS0UmmOLR5IhP16DMNUsTQRoESHlMFLPIldP3xzdzvTkBpkcQPOE3Bi9gwFqHgDI00sO0+whNqnt8CTwJQs4FddWrOAnSduAWpkgKtgf3VDxKeRRAjl0zrnuuk6OVMoeASZpV+piFlfMyG0DM0ZhFoL19cPqMXRglomChTMdKF+nsiZ5HW08g3nRHDkV715uJ/Xi/D8NrLRZxmCDFfLgozSTGh8xhoIBRwlFNDGFfC3Er5iCnG0YRVMSG4qy+vk0695jZqjft6tdko4iiTM3JOLolLrkiT3JEWaRNOJuSZvJI3K7derHfrY9lasoqZU/IH1ucPFDmT5w==</latexit>

Processor

<latexit sha1_base64="l2Ou2IN2XBt/d+RYyz8H4cC7DN0=">AAAB+3icbVBNS8NAEN34WetXrEcvwSJ4Kkkp6LHgxWMF+wFtKJvtpF26yYbdibSE/BUvHhTx6h/x5r9x2+agrQ8GHu/NMDMvSATX6Lrf1tb2zu7efumgfHh0fHJqn1U6WqaKQZtJIVUvoBoEj6GNHAX0EgU0CgR0g+ndwu8+gdJcxo84T8CP6DjmIWcUjTS0KwOEGWqWtZRkoLVU+dCuujV3CWeTeAWpkgKtof01GEmWRhAjE1Trvucm6GdUIWcC8vIg1ZBQNqVj6Bsa0wi0ny1vz50ro4ycUCpTMTpL9fdERiOt51FgOiOKE73uLcT/vH6K4a2f8ThJEWK2WhSmwkHpLIJwRlwBQzE3hDLFza0Om1BFGZq4yiYEb/3lTdKp17xGrfFQrzYbRRwlckEuyTXxyA1pknvSIm3CyIw8k1fyZuXWi/Vufaxat6xi5pz8gfX5AwCDlQU=</latexit>

X

<latexit sha1_base64="YcYNd+qc6FAGcxNRGOeDB4K1c2s=">AAACAXicbVDJSgNBEO2JW4xb1KOXxiB4CjNhQI8BLx4TMAskQ+jp1CRNehm6e4Qw5OTRq36EN/Hql/gN/oSd5aCJDwoe71VRVS9OOTPW97+8wtb2zu5ecb90cHh0fFI+PWsblWkKLaq40t2YGOBMQssyy6GbaiAi5tCJJ3dzv/MI2jAlH+w0hUiQkWQJo8Q6qdkdlCt+1V8Ab5JgRSpohcag/N0fKpoJkJZyYkwv8FMb5URbRjnMSv3MQErohIyg56gkAkyULw6d4SunDHGitCtp8UL9PZETYcxUxK5TEDs2695c/M/rZTa5jXIm08yCpMtFScaxVXj+NR4yDdTyqSOEauZuxXRMNKHWZfN3Cx8p1zAWNfeMSydYz2KTtGvVIKyGzbBSD1c5FdEFukTXKEA3qI7uUQO1EEWAntELevWevDfv3ftYtha81cw5+gPv8wdb05dA</latexit>

GN1

<latexit sha1_base64="GTGUb6TDiX9p76VUL7Jp1WFRj4g=">AAACDXicbVDLSgMxFM34rPVVdekmWARXZaYUdFlwoSupYB/QjiWTZtrQJDMmd8Qy9BtcutWPcCdu/Qa/wZ8wbWdhWw8EDuecy705QSy4Adf9dlZW19Y3NnNb+e2d3b39wsFhw0SJpqxOIxHpVkAME1yxOnAQrBVrRmQgWDMYXk785iPThkfqDkYx8yXpKx5ySsBKfgfYE2iZXt2M771uoeiW3CnwMvEyUkQZat3CT6cX0UQyBVQQY9qeG4OfEg2cCjbOdxLDYkKHpM/alioimfHT6dFjfGqVHg4jbZ8CPFX/TqREGjOSgU1KAgOz6E3E/7x2AuGFn3IVJ8AUnS0KE4EhwpMGcI9rRkGMLCFUc3srpgOiCQXb0/wW0Y9sYCDL9jO2HW+xi2XSKJe8SqlyWylWK1lPOXSMTtAZ8tA5qqJrVEN1RNEDekGv6M15dt6dD+dzFl1xspkjNAfn6xfpdZx8</latexit>

GNM

<latexit sha1_base64="d61byIFxVcGYOmj/SqU+DmAcDW4=">AAACDXicbVDLSgMxFM3UV62vqks3wSK4KjNlQJcFF7pRKtgHtGPJpJk2NJkZkztiGfoNLt3qR7gTt36D3+BPmLazsK0HAodzzuXeHD8WXINtf1u5ldW19Y38ZmFre2d3r7h/0NBRoiir00hEquUTzQQPWR04CNaKFSPSF6zpDy8mfvORKc2j8A5GMfMk6Yc84JSAkbwOsCdQMr28Gd9fd4slu2xPgZeJk5ESylDrFn86vYgmkoVABdG67dgxeClRwKlg40In0SwmdEj6rG1oSCTTXjo9eoxPjNLDQaTMCwFP1b8TKZFaj6RvkpLAQC96E/E/r51AcO6lPIwTYCGdLQoSgSHCkwZwjytGQYwMIVRxcyumA6IIBdPT/BbRj0xgICvmM6YdZ7GLZdKolB237N66paqb9ZRHR+gYnSIHnaEqukI1VEcUPaAX9IrerGfr3fqwPmfRnJXNHKI5WF+/FrCcmA==</latexit>

GM

<latexit sha1_base64="TqmcrSjbP6ihdayIcK66nOC8HQo=">AAACA3icbVDLSsNAFJ3UV62vqks3g0VwVZIS0GXBhW6EivYBbSyT6SQdOo8wMxFK6NKlW/0Id+LWD/Eb/AmnbRa29cCFwzn3cu89YcKoNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUYdLEkknVCZEmjArSNNQw0kkUQTxkpB2OrqZ++4koTaV4MOOEBBzFgkYUI2Ol++vH23654lbdGeAq8XJSATka/fJPbyBxyokwmCGtu56bmCBDylDMyKTUSzVJEB6hmHQtFYgTHWSzUyfwzCoDGEllSxg4U/9OZIhrPeah7eTIDPWyNxX/87qpiS6DjIokNUTg+aIoZdBIOP0bDqgi2LCxJQgram+FeIgUwsams7iFxdI2DHnNPmPT8ZazWCWtWtXzq/6dX6n7eU5FcAJOwTnwwAWogxvQAE2AQQxewCt4c56dd+fD+Zy3Fpx85hgswPn6BZ88l+4=</latexit>

G0

<latexit sha1_base64="Lg+Gbl8ypr9TXTUrQY5GS4sMNvA=">AAACA3icbVDLSgNBEOz1GeMr6tHLYhA8hd0Q0GPAgx4jmgcka5idzG6GzGOZmRXCkqNHr/oR3sSrH+I3+BNOkj2YxIKGoqqb7q4wYVQbz/t21tY3Nre2CzvF3b39g8PS0XFLy1Rh0sSSSdUJkSaMCtI01DDSSRRBPGSkHY6up377iShNpXgw44QEHMWCRhQjY6X7m0evXyp7FW8Gd5X4OSlDjka/9NMbSJxyIgxmSOuu7yUmyJAyFDMyKfZSTRKERygmXUsF4kQH2ezUiXtulYEbSWVLGHem/p3IENd6zEPbyZEZ6mVvKv7ndVMTXQUZFUlqiMDzRVHKXCPd6d/ugCqCDRtbgrCi9lYXD5FC2Nh0FrewWNqGIa/aZ2w6/nIWq6RVrfi1Su2uVq7X8pwKcApncAE+XEIdbqEBTcAQwwu8wpvz7Lw7H87nvHXNyWdOYAHO1y9wc5fR</latexit>

G1

<latexit sha1_base64="xIuoir5ryklHsAD7MaDiTCCcfgg=">AAACA3icbVDLSgNBEOz1GeMr6tHLYhA8hd0Q0GPAgx4jmgcka5idzG6GzGOZmRXCkqNHr/oR3sSrH+I3+BNOkj2YxIKGoqqb7q4wYVQbz/t21tY3Nre2CzvF3b39g8PS0XFLy1Rh0sSSSdUJkSaMCtI01DDSSRRBPGSkHY6up377iShNpXgw44QEHMWCRhQjY6X7m0e/Xyp7FW8Gd5X4OSlDjka/9NMbSJxyIgxmSOuu7yUmyJAyFDMyKfZSTRKERygmXUsF4kQH2ezUiXtulYEbSWVLGHem/p3IENd6zEPbyZEZ6mVvKv7ndVMTXQUZFUlqiMDzRVHKXCPd6d/ugCqCDRtbgrCi9lYXD5FC2Nh0FrewWNqGIa/aZ2w6/nIWq6RVrfi1Su2uVq7X8pwKcApncAE+XEIdbqEBTcAQwwu8wpvz7Lw7H87nvHXNyWdOYAHO1y9yEJfS</latexit>

GM�1

<latexit sha1_base64="Gxn1cL5fSMigvy/by6WJkXf4dVc=">AAACB3icbVDLSgNBEOyNrxhfUY9eFoPgxbAbFvQY8KAXIYJ5QLKG2ckkGTKPZWZWCEs+wKNX/Qhv4tXP8Bv8CSfJHkxiQUNR1U13VxQzqo3nfTu5tfWNza38dmFnd2//oHh41NAyUZjUsWRStSKkCaOC1A01jLRiRRCPGGlGo+up33wiSlMpHsw4JiFHA0H7FCNjpebNY3p34U+6xZJX9mZwV4mfkRJkqHWLP52exAknwmCGtG77XmzCFClDMSOTQifRJEZ4hAakbalAnOgwnZ07cc+s0nP7UtkSxp2pfydSxLUe88h2cmSGetmbiv957cT0r8KUijgxROD5on7CXCPd6e9ujyqCDRtbgrCi9lYXD5FC2NiEFrewgbQNQ16xz9h0/OUsVkmjUvaDcnAflKpBllMeTuAUzsGHS6jCLdSgDhhG8AKv8OY8O+/Oh/M5b8052cwxLMD5+gVhKZls</latexit>

…

vM
i

<latexit sha1_base64="K8ptrxAWIfv/jWSN0NEGxQaxfv4=">AAACDnicbVDLSgMxFM3UV62vqks3wSK4KjNlQJcFN26ECvYB7bRk0kwbmseQZApl6D+4dKsf4U7c+gt+gz9hpp2FbT0QOJxzL/fkhDGj2rjut1PY2t7Z3Svulw4Oj45PyqdnLS0ThUkTSyZVJ0SaMCpI01DDSCdWBPGQkXY4ucv89pQoTaV4MrOYBByNBI0oRsZK/R5HZhxG6XTefxjQQbniVt0F4CbxclIBORqD8k9vKHHCiTCYIa27nhubIEXKUMzIvNRLNIkRnqAR6VoqECc6SBep5/DKKkMYSWWfMHCh/t1IEdd6xkM7maXU614m/ud1ExPdBikVcWKIwMtDUcKgkTCrAA6pItiwmSUIK2qzQjxGCmFji1q9wkbSDox5zX7GtuOtd7FJWrWq51f9R79S9/OeiuACXIJr4IEbUAf3oAGaAAMFXsAreHOenXfnw/lcjhacfOccrMD5+gUAfJ0Z</latexit>

yi

<latexit sha1_base64="a0E07BY1kzRmpgSd9OCqSiqwSkg=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclUQCuiy4cVnBPqAJZTKdtENnJmFmIoTQ33DjQhG3/ow7/8ZJm4W2Hhg4nHMv98yJUs60cd1vZ2Nza3tnt7ZX3z84PDpunJz2dJIpQrsk4YkaRFhTziTtGmY4HaSKYhFx2o9md6Xff6JKs0Q+mjylocATyWJGsLFSEAhsplFc5PMRGzWabstdAK0TryJNqNAZNb6CcUIyQaUhHGs99NzUhAVWhhFO5/Ug0zTFZIYndGipxILqsFhknqNLq4xRnCj7pEEL9fdGgYXWuYjsZJlRr3ql+J83zEx8GxZMppmhkiwPxRlHJkFlAWjMFCWG55ZgopjNisgUK0yMraluS/BWv7xOetctz2/5D36z7Vd11OAcLuAKPLiBNtxDB7pAIIVneIU3J3NenHfnYzm64VQ7Z/AHzucPfteR8g==</latexit>

s✓

<latexit sha1_base64="/eFKtYhNqpN7eD7T8uySdbfGqnE=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0kkoMeCF48V7Ae0oWy2k3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT5pmyTTHFo8kYnuhsyAFApaKFBCN9XA4lBCJ5zczv3OE2gjEvWA0xSCmI2UiARnaKWuGfRxDMgG1Zpbdxeg68QrSI0UaA6qX/1hwrMYFHLJjOl5bopBzjQKLmFW6WcGUsYnbAQ9SxWLwQT54t4ZvbDKkEaJtqWQLtTfEzmLjZnGoe2MGY7NqjcX//N6GUY3QS5UmiEovlwUZZJiQufP06HQwFFOLWFcC3sr5WOmGUcbUcWG4K2+vE7aV3XPr/v3fq3hF3GUyRk5J5fEI9ekQe5Ik7QIJ5I8k1fy5jw6L86787FsLTnFzCn5A+fzBy+qkAc=</latexit>

s✓

<latexit sha1_base64="/eFKtYhNqpN7eD7T8uySdbfGqnE=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0kkoMeCF48V7Ae0oWy2k3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT5pmyTTHFo8kYnuhsyAFApaKFBCN9XA4lBCJ5zczv3OE2gjEvWA0xSCmI2UiARnaKWuGfRxDMgG1Zpbdxeg68QrSI0UaA6qX/1hwrMYFHLJjOl5bopBzjQKLmFW6WcGUsYnbAQ9SxWLwQT54t4ZvbDKkEaJtqWQLtTfEzmLjZnGoe2MGY7NqjcX//N6GUY3QS5UmiEovlwUZZJiQufP06HQwFFOLWFcC3sr5WOmGUcbUcWG4K2+vE7aV3XPr/v3fq3hF3GUyRk5J5fEI9ekQe5Ik7QIJ5I8k1fy5jw6L86787FsLTnFzCn5A+fzBy+qkAc=</latexit>



Learning to simulate fluids and complex materials

d✓

<latexit sha1_base64="nE73T9eRJLfcXyuQQcLQ7L/NSko=">AAACCHicbVDLSsNAFJ3UV62vqks3g0VwVZJS0GXBjcsK9gFtKJPJpBk6mQkzN0IJ/QGXbvUj3Ilb/8Jv8CectlnY1gMXDufcy733BKngBlz32yltbe/s7pX3KweHR8cn1dOzrlGZpqxDlVC6HxDDBJesAxwE66eakSQQrBdM7uZ+74lpw5V8hGnK/ISMJY84JWClfjgaQsyAjKo1t+4ugDeJV5AaKtAeVX+GoaJZwiRQQYwZeG4Kfk40cCrYrDLMDEsJnZAxG1gqScKMny/uneErq4Q4UtqWBLxQ/07kJDFmmgS2MyEQm3VvLv7nDTKIbv2cyzQDJulyUZQJDArPn8ch14yCmFpCqOb2VkxjogkFG9HqFjFWtiFOGvYZm463nsUm6TbqXrPefGjWWs0ipzK6QJfoGnnoBrXQPWqjDqJIoBf0it6cZ+fd+XA+l60lp5g5Rytwvn4BCNOaYw==</latexit>

Update

<latexit sha1_base64="dx/DLB+2YgKIzz8J93z5l13N0KU=">AAACBnicbVBNS8NAEN34WetX1aOXxSJ4Kkkp6LHgxWMF0xbaUDabTbt2Nxt2J0IJvXv0qj/Cm3j1b/gb/BNu2xxs64OBx3szzMwLU8ENuO63s7G5tb2zW9or7x8cHh1XTk7bRmWaMp8qoXQ3JIYJnjAfOAjWTTUjMhSsE45vZ37niWnDVfIAk5QFkgwTHnNKwEptP40IsEGl6tbcOfA68QpSRQVag8pPP1I0kywBKogxPc9NIciJBk4Fm5b7mWEpoWMyZD1LEyKZCfL5tVN8aZUIx0rbSgDP1b8TOZHGTGRoOyWBkVn1ZuJ/Xi+D+CbIeZJmwBK6WBRnAoPCs9dxxDWjICaWEKq5vRXTEdGEgg1oeYsYKtswknX7jE3HW81inbTrNa9Ra9zXq81GkVMJnaMLdIU8dI2a6A61kI8oekQv6BW9Oc/Ou/PhfC5aN5xi5gwtwfn6BWX+mXs=</latexit>

xi

<latexit sha1_base64="o+q+3RyI9+o0o6Yl/gGV2k97X3I=">AAACDHicbVDLSsNAFL3xWeur6tJNsAiuSlIKuiy4cVnBPqAJZTKdtEPnEWYmYgn9BZdu9SPciVv/wW/wJ5y0WdjWAwOHc+7lnjlRwqg2nvftbGxube/slvbK+weHR8eVk9OOlqnCpI0lk6oXIU0YFaRtqGGklyiCeMRIN5rc5n73kShNpXgw04SEHI0EjSlGxkpBwJEZR3H2NBvQQaXq1bw53HXiF6QKBVqDyk8wlDjlRBjMkNZ930tMmCFlKGZkVg5STRKEJ2hE+pYKxIkOs3nmmXtplaEbS2WfMO5c/buRIa71lEd2Ms+oV71c/M/rpya+CTMqktQQgReH4pS5Rrp5Ae6QKoINm1qCsKI2q4vHSCFsbE3LV9hI2oExr9vP2Hb81S7WSade8xu1xn2j2mwUPZXgHC7gCny4hibcQQvagCGBF3iFN+fZeXc+nM/F6IZT7JzBEpyvX5trnFw=</latexit>

v0
i

<latexit sha1_base64="MM0Dt+bH5t8Xia8T3E22+f67fLc=">AAACDnicbVDLSgMxFL3js9ZX1aWbYBFclZlS0GXBjcsK9gHttGTSTBuaZIYkUyhD/8GlW/0Id+LWX/Ab/Akz7Sxs64HA4Zx7uScniDnTxnW/na3tnd29/cJB8fDo+OS0dHbe0lGiCG2SiEeqE2BNOZO0aZjhtBMrikXAaTuY3Gd+e0qVZpF8MrOY+gKPJAsZwcZK/Z7AZhyE6XTedwdsUCq7FXcBtEm8nJQhR2NQ+ukNI5IIKg3hWOuu58bGT7EyjHA6L/YSTWNMJnhEu5ZKLKj200XqObq2yhCFkbJPGrRQ/26kWGg9E4GdzFLqdS8T//O6iQnv/JTJODFUkuWhMOHIRCirAA2ZosTwmSWYKGazIjLGChNji1q9wkeRHRiLqv2Mbcdb72KTtKoVr1apPdbK9VreUwEu4QpuwINbqMMDNKAJBBS8wCu8Oc/Ou/PhfC5Ht5x85wJW4Hz9AtFqnPw=</latexit>

e0i,j

<latexit sha1_base64="EA58GTTUFUPeOoLMCo5cRQ5lATs=">AAACFHicbVC7TsMwFHV4lvIKZWSxqJAYUJVUkWCsxMJYJPqQ2hI5rtOa2nFkO4gqym8wssJHsCFWdr6Bn8BpM9CWI1k6Oude3eMTxIwq7Tjf1tr6xubWdmmnvLu3f3BoH1XaSiQSkxYWTMhugBRhNCItTTUj3VgSxANGOsHkOvc7j0QqKqI7PY3JgKNRREOKkTaSb1f6HOlxEKYku3f8lF48ZL5ddWrODHCVuAWpggJN3/7pDwVOOIk0ZkipnuvEepAiqSlmJCv3E0VihCdoRHqGRogTNUhn2TN4ZpQhDIU0L9Jwpv7dSBFXasoDM5knVcteLv7n9RIdXg1SGsWJJhGeHwoTBrWAeRFwSCXBmk0NQVhSkxXiMZIIa1PX4hU2EmZgzOvmM6Ydd7mLVdKu11yv5t161YZX9FQCJ+AUnAMXXIIGuAFN0AIYPIEX8ArerGfr3fqwPueja1axcwwWYH39Al/EntI=</latexit>

v0
j

<latexit sha1_base64="jyE9FVANU3acfSW6HZ2A8CYdfcM=">AAACDnicbVDLSgMxFM3UV62vqks3wSK4KjNlQJcFNy4r2Ae005JJM21sHkOSKZSh/+DSrX6EO3HrL/gN/oSZdha29UDgcM693JMTxoxq47rfTmFre2d3r7hfOjg8Oj4pn561tEwUJk0smVSdEGnCqCBNQw0jnVgRxENG2uHkLvPbU6I0leLRzGIScDQSNKIYGSv1exyZcRil03nfHTwNyhW36i4AN4mXkwrI0RiUf3pDiRNOhMEMad313NgEKVKGYkbmpV6iSYzwBI1I11KBONFBukg9h1dWGcJIKvuEgQv170aKuNYzHtrJLKVe9zLxP6+bmOg2SKmIE0MEXh6KEgaNhFkFcEgVwYbNLEFYUZsV4jFSCBtb1OoVNpJ2YMxr9jO2HW+9i03SqlU9v+o/+JW6n/dUBBfgElwDD9yAOrgHDdAEGCjwAl7Bm/PsvDsfzudytODkO+dgBc7XL9MHnP0=</latexit>

vm
i

<latexit sha1_base64="6yxeFdMRmeSuWhewsYDAJn3mCcE=">AAACDnicbVDLSgMxFL3js9ZX1aWbYBFclZlS0GXBjcsK9gHttGTSTBuaZIYkUyhD/8GlW/0Id+LWX/Ab/Akz7Sxs64HA4Zx7uScniDnTxnW/na3tnd29/cJB8fDo+OS0dHbe0lGiCG2SiEeqE2BNOZO0aZjhtBMrikXAaTuY3Gd+e0qVZpF8MrOY+gKPJAsZwcZK/Z7AZhyE6XTeFwM2KJXdirsA2iReTsqQozEo/fSGEUkElYZwrHXXc2Pjp1gZRjidF3uJpjEmEzyiXUslFlT76SL1HF1bZYjCSNknDVqofzdSLLSeicBOZin1upeJ/3ndxIR3fspknBgqyfJQmHBkIpRVgIZMUWL4zBJMFLNZERljhYmxRa1e4aPIDoxF1X7GtuOtd7FJWtWKV6vUHmvlei3vqQCXcAU34MEt1OEBGtAEAgpe4BXenGfn3flwPpejW06+cwErcL5+ATRcnTk=</latexit>

emi,j

<latexit sha1_base64="fWBXWQO7sBW/E8khYhlG66Oeaxs=">AAACFHicbVC7TsMwFHV4lvIKZWSxqJAYUJVUkWCsxMJYJPqQ2hI5rtOa2nFkO4gqym8wssJHsCFWdr6Bn8BpM9CWI1k6Oude3eMTxIwq7Tjf1tr6xubWdmmnvLu3f3BoH1XaSiQSkxYWTMhugBRhNCItTTUj3VgSxANGOsHkOvc7j0QqKqI7PY3JgKNRREOKkTaSb1f6HOlxEKYku+d+Si8eMt+uOjVnBrhK3IJUQYGmb//0hwInnEQaM6RUz3ViPUiR1BQzkpX7iSIxwhM0Ij1DI8SJGqSz7Bk8M8oQhkKaF2k4U/9upIgrNeWBmcyTqmUvF//zeokOrwYpjeJEkwjPD4UJg1rAvAg4pJJgzaaGICypyQrxGEmEtalr8QobCTMw5nXzGdOOu9zFKmnXa65X8269asMreiqBE3AKzoELLkED3IAmaAEMnsALeAVv1rP1bn1Yn/PRNavYOQYLsL5+AcObnw8=</latexit>

em+1
i,j

<latexit sha1_base64="ZPbDpb/FsB6W11nLRsKTK1rgJ8I=">AAACGHicbVDLSsNAFJ3UV62vqODGzWARBKUkJaDLghuXFewD2hgm00k7diYJMxOhxPyIS7f6Ee7ErTu/wZ9w0mZhWw8MHM65l3vm+DGjUlnWt1FaWV1b3yhvVra2d3b3zP2DtowSgUkLRywSXR9JwmhIWooqRrqxIIj7jHT88XXudx6JkDQK79QkJi5Hw5AGFCOlJc886nOkRn6Qkuw+5ed25qX04iHzzKpVs6aAy8QuSBUUaHrmT38Q4YSTUGGGpOzZVqzcFAlFMSNZpZ9IEiM8RkPS0zREnEg3nebP4KlWBjCIhH6hglP170aKuJQT7uvJPK1c9HLxP6+XqODKTWkYJ4qEeHYoSBhUEczLgAMqCFZsognCguqsEI+QQFjpyuavsGGkB0a8rj+j27EXu1gm7XrNdmrOrVNtOEVPZXAMTsAZsMElaIAb0AQtgMETeAGv4M14Nt6ND+NzNloyip1DMAfj6xebJqCL</latexit>

vm+1
i

<latexit sha1_base64="IUzod+b9A2xfmFN7REG4xbjxQ6Y=">AAACFHicbVDLSsNAFJ34rPUV69JNsAiCUJIS0GXBjcsK9gFtLJPppB06jzAzKZaQ33DpVj/Cnbh17zf4E07aLGzrgYHDOfdyz5wwpkRp1/22Nja3tnd2S3vl/YPDo2P7pNJWIpEIt5CgQnZDqDAlHLc00RR3Y4khCynuhJPb3O9MsVRE8Ac9i3HA4IiTiCCojTSwK30G9TiM0mn2mLIrLxuQgV11a+4czjrxClIFBZoD+6c/FChhmGtEoVI9z411kEKpCaI4K/cThWOIJnCEe4ZyyLAK0nn2zLkwytCJhDSPa2eu/t1IIVNqxkIzmSdVq14u/uf1Eh3dBCnhcaIxR4tDUUIdLZy8CGdIJEaazgyBSBKT1UFjKCHSpq7lK3QkzMCY1c1nTDveahfrpF2veX7Nv/erDb/oqQTOwDm4BB64Bg1wB5qgBRB4Ai/gFbxZz9a79WF9LkY3rGLnFCzB+voFgVie5g==</latexit>

(b)

(c) (e)(d)

(a) Xt0

<latexit sha1_base64="FFNUwHHZRtxXaCXRYfUeptosCzE=">AAACB3icbVDLSgNBEOz1GeMr6tHLYBA8hd0Q0GPAi8cI5gHJGmYns8mQeSwzs0JY8gEevepHeBOvfobf4E84SfZgEgsaiqpuuruihDNjff/b29jc2t7ZLewV9w8Oj45LJ6cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1O4+Z7fvTfqnsV/w50DoJclKGHI1+6ac3UCQVVFrCsTHdwE9smGFtGeF0WuylhiaYjPGQdh2VWFATZvNzp+jSKQMUK+1KWjRX/05kWBgzEZHrFNiOzKo3E//zuqmNb8KMySS1VJLFojjlyCo0+x0NmKbE8okjmGjmbkVkhDUm1iW0vIUPlWsYiap7xqUTrGaxTlrVSlCr1O5r5Xotz6kA53ABVxDANdThDhrQBAJjeIFXePOevXfvw/tctG54+cwZLMH7+gUL25nV</latexit>

X̃tK

<latexit sha1_base64="JKqdNdDDw0syQmrxVhW8095cHk4=">AAACEXicbVDLSsNAFJ34rPXRqEs3wSK4KkkJ6LLgRnBTwT6gjWEymbRDJ5MwcyOUkK9w6VY/wp249Qv8Bn/CaZuFbT0wcDjnXO6dE6ScKbDtb2Njc2t7Z7eyV90/ODyqmccnXZVkktAOSXgi+wFWlDNBO8CA034qKY4DTnvB5Gbm956oVCwRDzBNqRfjkWARIxi05Ju1ITAe0rxfPObg3xW+Wbcb9hzWOnFKUkcl2r75MwwTksVUAOFYqYFjp+DlWAIjnBbVYaZoiskEj+hAU4Fjqrx8fnhhXWgltKJE6ifAmqt/J3IcKzWNA52MMYzVqjcT//MGGUTXXs5EmgEVZLEoyrgFiTVrwQqZpAT4VBNMJNO3WmSMJSagu1rewkeJDozjpv6MbsdZ7WKddJsNx22492695ZY9VdAZOkeXyEFXqIVuURt1EEEZekGv6M14Nt6ND+NzEd0wyplTtATj6xd5x53X</latexit>

Construct graph

<latexit sha1_base64="KgZz/W1U1ZSTbiYjGx8yvaxjGkE=">AAACEXicbVDLSgMxFM3UV62Pjrp0EyyCqzJTCrosdOOygn1AO5RMmmlDM8mQ3BHK0K9w6VY/wp249Qv8Bn/CtJ2FbT0QOJxzLvfmhIngBjzv2yns7O7tHxQPS0fHJ6dl9+y8Y1SqKWtTJZTuhcQwwSVrAwfBeolmJA4F64bT5sLvPjFtuJKPMEtYEJOx5BGnBKw0dMtNJQ3olAIea5JMhm7Fq3pL4G3i56SCcrSG7s9gpGgaMwlUEGP6vpdAkBENnAo2Lw1SwxJCp2TM+pZKEjMTZMvD5/jaKiMcKW2fBLxU/05kJDZmFoc2GROYmE1vIf7n9VOI7oKMyyQFJulqUZQKDAovWsAjrhkFMbOEUM3trZhOiCYUbFfrW8RY2cAkrtnP2Hb8zS62SadW9evV+kOt0qjnPRXRJbpCN8hHt6iB7lELtRFFKXpBr+jNeXbenQ/ncxUtOPnMBVqD8/ULGHudmg==</latexit>

Pass messages

<latexit sha1_base64="9tacSZQOx3eLpABdYEbeVlXf9UU=">AAACDXicbVDLSgMxFL3js9ZX1aWbYBFclZlS0GXBjcsK9gHtUDJppg3NY0wyQhn6DS7d6ke4E7d+g9/gT5i2s7CtFwKHc8595EQJZ8b6/re3sbm1vbNb2CvuHxweHZdOTltGpZrQJlFc6U6EDeVM0qZlltNOoikWEaftaHw709tPVBum5IOdJDQUeChZzAi2jgob2BgkqDF4SE2/VPYr/rzQOghyUIa8Gv3ST2+gSCqotIS7Sd3AT2yYYW0Z4XRa7KWGJpiM3fCugxK7TWE2P3qKLh0zQLHS7kmL5uzfjgwLYyYick6B7cisajPyP62b2vgmzJhMUkslWSyKU46sQrME0IBpSiyfOICJZu5WREZYY2JdTstb+FA5w0hU3WdcOsFqFuugVa0EtUrtvlqu1/KcCnAOF3AFAVxDHe6gAU0g8Agv8Apv3rP37n14nwvrhpf3nMFSeV+/0IOcbQ==</latexit>

Extract dynamics info

<latexit sha1_base64="ZKYSFsM/df4nTI3cKPXEj+eVBeA=">AAACF3icbVDLSgMxFM34rPU1Kq7cBIvgqsyUgi4LIrisYB/QDiWTZtrQPIYkIw5DP8SlW/0Id+LWpd/gT5hpZ2FbDwQO59zLuTlhzKg2nvftrK1vbG5tl3bKu3v7B4fu0XFby0Rh0sKSSdUNkSaMCtIy1DDSjRVBPGSkE05ucr/zSJSmUjyYNCYBRyNBI4qRsdLAPb19MgphA4epQJxiDamI5MCteFVvBrhK/IJUQIHmwP3pDyVOOBEGM6R1z/diE2RIGYoZmZb7iSYxwhM0Ij1LbRTRQTY7fwovrDKEkVT2CQNn6t+NDHGtUx7aSY7MWC97ufif10tMdB1kVMSJIQLPg6KEQSNh3gUcUkWwYaklCCtqb4V4jPI6bGOLKWwk7cCY1+xnbDv+cherpF2r+vVq/b5WadSLnkrgDJyDS+CDK9AAd6AJWgCDDLyAV/DmPDvvzofzOR9dc4qdE7AA5+sXmiyf/g==</latexit>

Learned simulator, s✓

<latexit sha1_base64="5WSv3EZZle02BJIlGhj8/bkroYM=">AAACH3icbVDLSgNBEJz1/TbqUYTBKHiQsBsCehS8ePCgYFRIQuiddJLBeSwzvUIInvwSj171I7yJ13yDP+HkcfBVMFBUVdPTlWZKeorjQTQ1PTM7N7+wuLS8srq2XtjYvPY2dwKrwirrblPwqKTBKklSeJs5BJ0qvEnvTof+zT06L625ol6GDQ0dI9tSAAWpWdg5R3AGW9xLnSsg6w75nm/WqYsEe81CMS7FI/C/JJmQIpvgoln4rLesyDUaEgq8ryVxRo0+OJJC4cNSPfeYgbiDDtYCNaDRN/qjMx74flBavG1deIb4SP0+0QftfU+nIamBuv63NxT/82o5tY8bfWmynNCI8aJ2rjhZPuyEt6RDQaoXCAgnw1+56IIDQaG5n1tUx4ZAV5fDMaGd5HcXf8l1uZRUSpXLcvGkMulpgW2zXXbAEnbETtgZu2BVJtgje2Yv7DV6it6i9+hjHJ2KJjNb7AeiwRcAXaLC</latexit>

+ + Y

<latexit sha1_base64="C1xyllpmZMUYK+XNx5+4VuBPsq8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48t2A9pQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJb3ZpqgH9GR5CFn1Fip+TAoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX1atVas1ap1/I4inAG53AJHlxDHe6gAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDtU2M1g==</latexit>

Encoder

<latexit sha1_base64="2+XkK014vL90vl0Ij8Xd5rhJ1O0=">AAAB+XicbVBNS8NAEN3Ur1q/oh69BIvgqSSloMeCCB4r2FZoQ9lsJu3SzSbsTool9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5QSq4Rtf9tkobm1vbO+Xdyt7+weGRfXzS0UmmGLRZIhL1GFANgktoI0cBj6kCGgcCusH4Zu53J6A0T+QDTlPwYzqUPOKMopEGtt1HeELN8lvJkhDUbGBX3Zq7gLNOvIJUSYHWwP7qhwnLYpDIBNW657kp+jlVyJmAWaWfaUgpG9Mh9AyVNAbt54vLZ86FUUInSpQpic5C/T2R01jraRyYzpjiSK96c/E/r5dhdO3nXKYZgmTLRVEmHEyceQxOyBUwFFNDKFPc3OqwEVWUoQmrYkLwVl9eJ516zWvUGvf1arNRxFEmZ+ScXBKPXJEmuSMt0iaMTMgzeSVvVm69WO/Wx7K1ZBUzp+QPrM8fI56T8Q==</latexit>

Decoder

<latexit sha1_base64="MHO1RhIvSdZtp+JfFqB8966djGs=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lKQY8FPXisYFuhDWWzmbRLNx/sTool9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5fiqFRsf5tkobm1vbO+Xdyt7+weGRfXzS0UmmOLR5IhP16DMNUsTQRoESHlMFLPIldP3xzdzvTkBpkcQPOE3Bi9gwFqHgDI00sO0+whNqnt8CTwJQs4FddWrOAnSduAWpkgKtgf3VDxKeRRAjl0zrnuuk6OVMoeASZpV+piFlfMyG0DM0ZhFoL19cPqMXRglomChTMdKF+nsiZ5HW08g3nRHDkV715uJ/Xi/D8NrLRZxmCDFfLgozSTGh8xhoIBRwlFNDGFfC3Er5iCnG0YRVMSG4qy+vk0695jZqjft6tdko4iiTM3JOLolLrkiT3JEWaRNOJuSZvJI3K7derHfrY9lasoqZU/IH1ucPFDmT5w==</latexit>

Processor

<latexit sha1_base64="l2Ou2IN2XBt/d+RYyz8H4cC7DN0=">AAAB+3icbVBNS8NAEN34WetXrEcvwSJ4Kkkp6LHgxWMF+wFtKJvtpF26yYbdibSE/BUvHhTx6h/x5r9x2+agrQ8GHu/NMDMvSATX6Lrf1tb2zu7efumgfHh0fHJqn1U6WqaKQZtJIVUvoBoEj6GNHAX0EgU0CgR0g+ndwu8+gdJcxo84T8CP6DjmIWcUjTS0KwOEGWqWtZRkoLVU+dCuujV3CWeTeAWpkgKtof01GEmWRhAjE1Trvucm6GdUIWcC8vIg1ZBQNqVj6Bsa0wi0ny1vz50ro4ycUCpTMTpL9fdERiOt51FgOiOKE73uLcT/vH6K4a2f8ThJEWK2WhSmwkHpLIJwRlwBQzE3hDLFza0Om1BFGZq4yiYEb/3lTdKp17xGrfFQrzYbRRwlckEuyTXxyA1pknvSIm3CyIw8k1fyZuXWi/Vufaxat6xi5pz8gfX5AwCDlQU=</latexit>

X

<latexit sha1_base64="YcYNd+qc6FAGcxNRGOeDB4K1c2s=">AAACAXicbVDJSgNBEO2JW4xb1KOXxiB4CjNhQI8BLx4TMAskQ+jp1CRNehm6e4Qw5OTRq36EN/Hql/gN/oSd5aCJDwoe71VRVS9OOTPW97+8wtb2zu5ecb90cHh0fFI+PWsblWkKLaq40t2YGOBMQssyy6GbaiAi5tCJJ3dzv/MI2jAlH+w0hUiQkWQJo8Q6qdkdlCt+1V8Ab5JgRSpohcag/N0fKpoJkJZyYkwv8FMb5URbRjnMSv3MQErohIyg56gkAkyULw6d4SunDHGitCtp8UL9PZETYcxUxK5TEDs2695c/M/rZTa5jXIm08yCpMtFScaxVXj+NR4yDdTyqSOEauZuxXRMNKHWZfN3Cx8p1zAWNfeMSydYz2KTtGvVIKyGzbBSD1c5FdEFukTXKEA3qI7uUQO1EEWAntELevWevDfv3ftYtha81cw5+gPv8wdb05dA</latexit>

GN1

<latexit sha1_base64="GTGUb6TDiX9p76VUL7Jp1WFRj4g=">AAACDXicbVDLSgMxFM34rPVVdekmWARXZaYUdFlwoSupYB/QjiWTZtrQJDMmd8Qy9BtcutWPcCdu/Qa/wZ8wbWdhWw8EDuecy705QSy4Adf9dlZW19Y3NnNb+e2d3b39wsFhw0SJpqxOIxHpVkAME1yxOnAQrBVrRmQgWDMYXk785iPThkfqDkYx8yXpKx5ySsBKfgfYE2iZXt2M771uoeiW3CnwMvEyUkQZat3CT6cX0UQyBVQQY9qeG4OfEg2cCjbOdxLDYkKHpM/alioimfHT6dFjfGqVHg4jbZ8CPFX/TqREGjOSgU1KAgOz6E3E/7x2AuGFn3IVJ8AUnS0KE4EhwpMGcI9rRkGMLCFUc3srpgOiCQXb0/wW0Y9sYCDL9jO2HW+xi2XSKJe8SqlyWylWK1lPOXSMTtAZ8tA5qqJrVEN1RNEDekGv6M15dt6dD+dzFl1xspkjNAfn6xfpdZx8</latexit>

GNM

<latexit sha1_base64="d61byIFxVcGYOmj/SqU+DmAcDW4=">AAACDXicbVDLSgMxFM3UV62vqks3wSK4KjNlQJcFF7pRKtgHtGPJpJk2NJkZkztiGfoNLt3qR7gTt36D3+BPmLazsK0HAodzzuXeHD8WXINtf1u5ldW19Y38ZmFre2d3r7h/0NBRoiir00hEquUTzQQPWR04CNaKFSPSF6zpDy8mfvORKc2j8A5GMfMk6Yc84JSAkbwOsCdQMr28Gd9fd4slu2xPgZeJk5ESylDrFn86vYgmkoVABdG67dgxeClRwKlg40In0SwmdEj6rG1oSCTTXjo9eoxPjNLDQaTMCwFP1b8TKZFaj6RvkpLAQC96E/E/r51AcO6lPIwTYCGdLQoSgSHCkwZwjytGQYwMIVRxcyumA6IIBdPT/BbRj0xgICvmM6YdZ7GLZdKolB237N66paqb9ZRHR+gYnSIHnaEqukI1VEcUPaAX9IrerGfr3fqwPmfRnJXNHKI5WF+/FrCcmA==</latexit>

GM

<latexit sha1_base64="TqmcrSjbP6ihdayIcK66nOC8HQo=">AAACA3icbVDLSsNAFJ3UV62vqks3g0VwVZIS0GXBhW6EivYBbSyT6SQdOo8wMxFK6NKlW/0Id+LWD/Eb/AmnbRa29cCFwzn3cu89YcKoNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUYdLEkknVCZEmjArSNNQw0kkUQTxkpB2OrqZ++4koTaV4MOOEBBzFgkYUI2Ol++vH23654lbdGeAq8XJSATka/fJPbyBxyokwmCGtu56bmCBDylDMyKTUSzVJEB6hmHQtFYgTHWSzUyfwzCoDGEllSxg4U/9OZIhrPeah7eTIDPWyNxX/87qpiS6DjIokNUTg+aIoZdBIOP0bDqgi2LCxJQgram+FeIgUwsams7iFxdI2DHnNPmPT8ZazWCWtWtXzq/6dX6n7eU5FcAJOwTnwwAWogxvQAE2AQQxewCt4c56dd+fD+Zy3Fpx85hgswPn6BZ88l+4=</latexit>

G0

<latexit sha1_base64="Lg+Gbl8ypr9TXTUrQY5GS4sMNvA=">AAACA3icbVDLSgNBEOz1GeMr6tHLYhA8hd0Q0GPAgx4jmgcka5idzG6GzGOZmRXCkqNHr/oR3sSrH+I3+BNOkj2YxIKGoqqb7q4wYVQbz/t21tY3Nre2CzvF3b39g8PS0XFLy1Rh0sSSSdUJkSaMCtI01DDSSRRBPGSkHY6up377iShNpXgw44QEHMWCRhQjY6X7m0evXyp7FW8Gd5X4OSlDjka/9NMbSJxyIgxmSOuu7yUmyJAyFDMyKfZSTRKERygmXUsF4kQH2ezUiXtulYEbSWVLGHem/p3IENd6zEPbyZEZ6mVvKv7ndVMTXQUZFUlqiMDzRVHKXCPd6d/ugCqCDRtbgrCi9lYXD5FC2Nh0FrewWNqGIa/aZ2w6/nIWq6RVrfi1Su2uVq7X8pwKcApncAE+XEIdbqEBTcAQwwu8wpvz7Lw7H87nvHXNyWdOYAHO1y9wc5fR</latexit>

G1

<latexit sha1_base64="xIuoir5ryklHsAD7MaDiTCCcfgg=">AAACA3icbVDLSgNBEOz1GeMr6tHLYhA8hd0Q0GPAgx4jmgcka5idzG6GzGOZmRXCkqNHr/oR3sSrH+I3+BNOkj2YxIKGoqqb7q4wYVQbz/t21tY3Nre2CzvF3b39g8PS0XFLy1Rh0sSSSdUJkSaMCtI01DDSSRRBPGSkHY6up377iShNpXgw44QEHMWCRhQjY6X7m0e/Xyp7FW8Gd5X4OSlDjka/9NMbSJxyIgxmSOuu7yUmyJAyFDMyKfZSTRKERygmXUsF4kQH2ezUiXtulYEbSWVLGHem/p3IENd6zEPbyZEZ6mVvKv7ndVMTXQUZFUlqiMDzRVHKXCPd6d/ugCqCDRtbgrCi9lYXD5FC2Nh0FrewWNqGIa/aZ2w6/nIWq6RVrfi1Su2uVq7X8pwKcApncAE+XEIdbqEBTcAQwwu8wpvz7Lw7H87nvHXNyWdOYAHO1y9yEJfS</latexit>

GM�1

<latexit sha1_base64="Gxn1cL5fSMigvy/by6WJkXf4dVc=">AAACB3icbVDLSgNBEOyNrxhfUY9eFoPgxbAbFvQY8KAXIYJ5QLKG2ckkGTKPZWZWCEs+wKNX/Qhv4tXP8Bv8CSfJHkxiQUNR1U13VxQzqo3nfTu5tfWNza38dmFnd2//oHh41NAyUZjUsWRStSKkCaOC1A01jLRiRRCPGGlGo+up33wiSlMpHsw4JiFHA0H7FCNjpebNY3p34U+6xZJX9mZwV4mfkRJkqHWLP52exAknwmCGtG77XmzCFClDMSOTQifRJEZ4hAakbalAnOgwnZ07cc+s0nP7UtkSxp2pfydSxLUe88h2cmSGetmbiv957cT0r8KUijgxROD5on7CXCPd6e9ujyqCDRtbgrCi9lYXD5FC2NiEFrewgbQNQ16xz9h0/OUsVkmjUvaDcnAflKpBllMeTuAUzsGHS6jCLdSgDhhG8AKv8OY8O+/Oh/M5b8052cwxLMD5+gVhKZls</latexit>

…

vM
i

<latexit sha1_base64="K8ptrxAWIfv/jWSN0NEGxQaxfv4=">AAACDnicbVDLSgMxFM3UV62vqks3wSK4KjNlQJcFN26ECvYB7bRk0kwbmseQZApl6D+4dKsf4U7c+gt+gz9hpp2FbT0QOJxzL/fkhDGj2rjut1PY2t7Z3Svulw4Oj45PyqdnLS0ThUkTSyZVJ0SaMCpI01DDSCdWBPGQkXY4ucv89pQoTaV4MrOYBByNBI0oRsZK/R5HZhxG6XTefxjQQbniVt0F4CbxclIBORqD8k9vKHHCiTCYIa27nhubIEXKUMzIvNRLNIkRnqAR6VoqECc6SBep5/DKKkMYSWWfMHCh/t1IEdd6xkM7maXU614m/ud1ExPdBikVcWKIwMtDUcKgkTCrAA6pItiwmSUIK2qzQjxGCmFji1q9wkbSDox5zX7GtuOtd7FJWrWq51f9R79S9/OeiuACXIJr4IEbUAf3oAGaAAMFXsAreHOenXfnw/lcjhacfOccrMD5+gUAfJ0Z</latexit>

yi

<latexit sha1_base64="a0E07BY1kzRmpgSd9OCqSiqwSkg=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclUQCuiy4cVnBPqAJZTKdtENnJmFmIoTQ33DjQhG3/ow7/8ZJm4W2Hhg4nHMv98yJUs60cd1vZ2Nza3tnt7ZX3z84PDpunJz2dJIpQrsk4YkaRFhTziTtGmY4HaSKYhFx2o9md6Xff6JKs0Q+mjylocATyWJGsLFSEAhsplFc5PMRGzWabstdAK0TryJNqNAZNb6CcUIyQaUhHGs99NzUhAVWhhFO5/Ug0zTFZIYndGipxILqsFhknqNLq4xRnCj7pEEL9fdGgYXWuYjsZJlRr3ql+J83zEx8GxZMppmhkiwPxRlHJkFlAWjMFCWG55ZgopjNisgUK0yMraluS/BWv7xOetctz2/5D36z7Vd11OAcLuAKPLiBNtxDB7pAIIVneIU3J3NenHfnYzm64VQ7Z/AHzucPfteR8g==</latexit>

s✓

<latexit sha1_base64="/eFKtYhNqpN7eD7T8uySdbfGqnE=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0kkoMeCF48V7Ae0oWy2k3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT5pmyTTHFo8kYnuhsyAFApaKFBCN9XA4lBCJ5zczv3OE2gjEvWA0xSCmI2UiARnaKWuGfRxDMgG1Zpbdxeg68QrSI0UaA6qX/1hwrMYFHLJjOl5bopBzjQKLmFW6WcGUsYnbAQ9SxWLwQT54t4ZvbDKkEaJtqWQLtTfEzmLjZnGoe2MGY7NqjcX//N6GUY3QS5UmiEovlwUZZJiQufP06HQwFFOLWFcC3sr5WOmGUcbUcWG4K2+vE7aV3XPr/v3fq3hF3GUyRk5J5fEI9ekQe5Ik7QIJ5I8k1fy5jw6L86787FsLTnFzCn5A+fzBy+qkAc=</latexit>

s✓

<latexit sha1_base64="/eFKtYhNqpN7eD7T8uySdbfGqnE=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0kkoMeCF48V7Ae0oWy2k3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT5pmyTTHFo8kYnuhsyAFApaKFBCN9XA4lBCJ5zczv3OE2gjEvWA0xSCmI2UiARnaKWuGfRxDMgG1Zpbdxeg68QrSI0UaA6qX/1hwrMYFHLJjOl5bopBzjQKLmFW6WcGUsYnbAQ9SxWLwQT54t4ZvbDKkEaJtqWQLtTfEzmLjZnGoe2MGY7NqjcX//N6GUY3QS5UmiEovlwUZZJiQufP06HQwFFOLWFcC3sr5WOmGUcbUcWG4K2+vE7aV3XPr/v3fq3hF3GUyRk5J5fEI9ekQe5Ik7QIJ5I8k1fy5jw6L86787FsLTnFzCn5A+fzBy+qkAc=</latexit>

Sanchez-Gonzalez et al., 2020, ICML



Learning to simulate fluids and complex materials

d✓

<latexit sha1_base64="nE73T9eRJLfcXyuQQcLQ7L/NSko=">AAACCHicbVDLSsNAFJ3UV62vqks3g0VwVZJS0GXBjcsK9gFtKJPJpBk6mQkzN0IJ/QGXbvUj3Ilb/8Jv8CectlnY1gMXDufcy733BKngBlz32yltbe/s7pX3KweHR8cn1dOzrlGZpqxDlVC6HxDDBJesAxwE66eakSQQrBdM7uZ+74lpw5V8hGnK/ISMJY84JWClfjgaQsyAjKo1t+4ugDeJV5AaKtAeVX+GoaJZwiRQQYwZeG4Kfk40cCrYrDLMDEsJnZAxG1gqScKMny/uneErq4Q4UtqWBLxQ/07kJDFmmgS2MyEQm3VvLv7nDTKIbv2cyzQDJulyUZQJDArPn8ch14yCmFpCqOb2VkxjogkFG9HqFjFWtiFOGvYZm463nsUm6TbqXrPefGjWWs0ipzK6QJfoGnnoBrXQPWqjDqJIoBf0it6cZ+fd+XA+l60lp5g5Rytwvn4BCNOaYw==</latexit>

Update

<latexit sha1_base64="dx/DLB+2YgKIzz8J93z5l13N0KU=">AAACBnicbVBNS8NAEN34WetX1aOXxSJ4Kkkp6LHgxWMF0xbaUDabTbt2Nxt2J0IJvXv0qj/Cm3j1b/gb/BNu2xxs64OBx3szzMwLU8ENuO63s7G5tb2zW9or7x8cHh1XTk7bRmWaMp8qoXQ3JIYJnjAfOAjWTTUjMhSsE45vZ37niWnDVfIAk5QFkgwTHnNKwEptP40IsEGl6tbcOfA68QpSRQVag8pPP1I0kywBKogxPc9NIciJBk4Fm5b7mWEpoWMyZD1LEyKZCfL5tVN8aZUIx0rbSgDP1b8TOZHGTGRoOyWBkVn1ZuJ/Xi+D+CbIeZJmwBK6WBRnAoPCs9dxxDWjICaWEKq5vRXTEdGEgg1oeYsYKtswknX7jE3HW81inbTrNa9Ra9zXq81GkVMJnaMLdIU8dI2a6A61kI8oekQv6BW9Oc/Ou/PhfC5aN5xi5gwtwfn6BWX+mXs=</latexit>

xi

<latexit sha1_base64="o+q+3RyI9+o0o6Yl/gGV2k97X3I=">AAACDHicbVDLSsNAFL3xWeur6tJNsAiuSlIKuiy4cVnBPqAJZTKdtEPnEWYmYgn9BZdu9SPciVv/wW/wJ5y0WdjWAwOHc+7lnjlRwqg2nvftbGxube/slvbK+weHR8eVk9OOlqnCpI0lk6oXIU0YFaRtqGGklyiCeMRIN5rc5n73kShNpXgw04SEHI0EjSlGxkpBwJEZR3H2NBvQQaXq1bw53HXiF6QKBVqDyk8wlDjlRBjMkNZ930tMmCFlKGZkVg5STRKEJ2hE+pYKxIkOs3nmmXtplaEbS2WfMO5c/buRIa71lEd2Ms+oV71c/M/rpya+CTMqktQQgReH4pS5Rrp5Ae6QKoINm1qCsKI2q4vHSCFsbE3LV9hI2oExr9vP2Hb81S7WSade8xu1xn2j2mwUPZXgHC7gCny4hibcQQvagCGBF3iFN+fZeXc+nM/F6IZT7JzBEpyvX5trnFw=</latexit>

v0
i

<latexit sha1_base64="MM0Dt+bH5t8Xia8T3E22+f67fLc=">AAACDnicbVDLSgMxFL3js9ZX1aWbYBFclZlS0GXBjcsK9gHttGTSTBuaZIYkUyhD/8GlW/0Id+LWX/Ab/Akz7Sxs64HA4Zx7uScniDnTxnW/na3tnd29/cJB8fDo+OS0dHbe0lGiCG2SiEeqE2BNOZO0aZjhtBMrikXAaTuY3Gd+e0qVZpF8MrOY+gKPJAsZwcZK/Z7AZhyE6XTedwdsUCq7FXcBtEm8nJQhR2NQ+ukNI5IIKg3hWOuu58bGT7EyjHA6L/YSTWNMJnhEu5ZKLKj200XqObq2yhCFkbJPGrRQ/26kWGg9E4GdzFLqdS8T//O6iQnv/JTJODFUkuWhMOHIRCirAA2ZosTwmSWYKGazIjLGChNji1q9wkeRHRiLqv2Mbcdb72KTtKoVr1apPdbK9VreUwEu4QpuwINbqMMDNKAJBBS8wCu8Oc/Ou/PhfC5Ht5x85wJW4Hz9AtFqnPw=</latexit>

e0i,j

<latexit sha1_base64="EA58GTTUFUPeOoLMCo5cRQ5lATs=">AAACFHicbVC7TsMwFHV4lvIKZWSxqJAYUJVUkWCsxMJYJPqQ2hI5rtOa2nFkO4gqym8wssJHsCFWdr6Bn8BpM9CWI1k6Oude3eMTxIwq7Tjf1tr6xubWdmmnvLu3f3BoH1XaSiQSkxYWTMhugBRhNCItTTUj3VgSxANGOsHkOvc7j0QqKqI7PY3JgKNRREOKkTaSb1f6HOlxEKYku3f8lF48ZL5ddWrODHCVuAWpggJN3/7pDwVOOIk0ZkipnuvEepAiqSlmJCv3E0VihCdoRHqGRogTNUhn2TN4ZpQhDIU0L9Jwpv7dSBFXasoDM5knVcteLv7n9RIdXg1SGsWJJhGeHwoTBrWAeRFwSCXBmk0NQVhSkxXiMZIIa1PX4hU2EmZgzOvmM6Ydd7mLVdKu11yv5t161YZX9FQCJ+AUnAMXXIIGuAFN0AIYPIEX8ArerGfr3fqwPueja1axcwwWYH39Al/EntI=</latexit>

v0
j

<latexit sha1_base64="jyE9FVANU3acfSW6HZ2A8CYdfcM=">AAACDnicbVDLSgMxFM3UV62vqks3wSK4KjNlQJcFNy4r2Ae005JJM21sHkOSKZSh/+DSrX6EO3HrL/gN/oSZdha29UDgcM693JMTxoxq47rfTmFre2d3r7hfOjg8Oj4pn561tEwUJk0smVSdEGnCqCBNQw0jnVgRxENG2uHkLvPbU6I0leLRzGIScDQSNKIYGSv1exyZcRil03nfHTwNyhW36i4AN4mXkwrI0RiUf3pDiRNOhMEMad313NgEKVKGYkbmpV6iSYzwBI1I11KBONFBukg9h1dWGcJIKvuEgQv170aKuNYzHtrJLKVe9zLxP6+bmOg2SKmIE0MEXh6KEgaNhFkFcEgVwYbNLEFYUZsV4jFSCBtb1OoVNpJ2YMxr9jO2HW+9i03SqlU9v+o/+JW6n/dUBBfgElwDD9yAOrgHDdAEGCjwAl7Bm/PsvDsfzudytODkO+dgBc7XL9MHnP0=</latexit>

vm
i

<latexit sha1_base64="6yxeFdMRmeSuWhewsYDAJn3mCcE=">AAACDnicbVDLSgMxFL3js9ZX1aWbYBFclZlS0GXBjcsK9gHttGTSTBuaZIYkUyhD/8GlW/0Id+LWX/Ab/Akz7Sxs64HA4Zx7uScniDnTxnW/na3tnd29/cJB8fDo+OS0dHbe0lGiCG2SiEeqE2BNOZO0aZjhtBMrikXAaTuY3Gd+e0qVZpF8MrOY+gKPJAsZwcZK/Z7AZhyE6XTeFwM2KJXdirsA2iReTsqQozEo/fSGEUkElYZwrHXXc2Pjp1gZRjidF3uJpjEmEzyiXUslFlT76SL1HF1bZYjCSNknDVqofzdSLLSeicBOZin1upeJ/3ndxIR3fspknBgqyfJQmHBkIpRVgIZMUWL4zBJMFLNZERljhYmxRa1e4aPIDoxF1X7GtuOtd7FJWtWKV6vUHmvlei3vqQCXcAU34MEt1OEBGtAEAgpe4BXenGfn3flwPpejW06+cwErcL5+ATRcnTk=</latexit>

emi,j

<latexit sha1_base64="fWBXWQO7sBW/E8khYhlG66Oeaxs=">AAACFHicbVC7TsMwFHV4lvIKZWSxqJAYUJVUkWCsxMJYJPqQ2hI5rtOa2nFkO4gqym8wssJHsCFWdr6Bn8BpM9CWI1k6Oude3eMTxIwq7Tjf1tr6xubWdmmnvLu3f3BoH1XaSiQSkxYWTMhugBRhNCItTTUj3VgSxANGOsHkOvc7j0QqKqI7PY3JgKNRREOKkTaSb1f6HOlxEKYku+d+Si8eMt+uOjVnBrhK3IJUQYGmb//0hwInnEQaM6RUz3ViPUiR1BQzkpX7iSIxwhM0Ij1DI8SJGqSz7Bk8M8oQhkKaF2k4U/9upIgrNeWBmcyTqmUvF//zeokOrwYpjeJEkwjPD4UJg1rAvAg4pJJgzaaGICypyQrxGEmEtalr8QobCTMw5nXzGdOOu9zFKmnXa65X8269asMreiqBE3AKzoELLkED3IAmaAEMnsALeAVv1rP1bn1Yn/PRNavYOQYLsL5+AcObnw8=</latexit>

em+1
i,j

<latexit sha1_base64="ZPbDpb/FsB6W11nLRsKTK1rgJ8I=">AAACGHicbVDLSsNAFJ3UV62vqODGzWARBKUkJaDLghuXFewD2hgm00k7diYJMxOhxPyIS7f6Ee7ErTu/wZ9w0mZhWw8MHM65l3vm+DGjUlnWt1FaWV1b3yhvVra2d3b3zP2DtowSgUkLRywSXR9JwmhIWooqRrqxIIj7jHT88XXudx6JkDQK79QkJi5Hw5AGFCOlJc886nOkRn6Qkuw+5ed25qX04iHzzKpVs6aAy8QuSBUUaHrmT38Q4YSTUGGGpOzZVqzcFAlFMSNZpZ9IEiM8RkPS0zREnEg3nebP4KlWBjCIhH6hglP170aKuJQT7uvJPK1c9HLxP6+XqODKTWkYJ4qEeHYoSBhUEczLgAMqCFZsognCguqsEI+QQFjpyuavsGGkB0a8rj+j27EXu1gm7XrNdmrOrVNtOEVPZXAMTsAZsMElaIAb0AQtgMETeAGv4M14Nt6ND+NzNloyip1DMAfj6xebJqCL</latexit>

vm+1
i

<latexit sha1_base64="IUzod+b9A2xfmFN7REG4xbjxQ6Y=">AAACFHicbVDLSsNAFJ34rPUV69JNsAiCUJIS0GXBjcsK9gFtLJPppB06jzAzKZaQ33DpVj/Cnbh17zf4E07aLGzrgYHDOfdyz5wwpkRp1/22Nja3tnd2S3vl/YPDo2P7pNJWIpEIt5CgQnZDqDAlHLc00RR3Y4khCynuhJPb3O9MsVRE8Ac9i3HA4IiTiCCojTSwK30G9TiM0mn2mLIrLxuQgV11a+4czjrxClIFBZoD+6c/FChhmGtEoVI9z411kEKpCaI4K/cThWOIJnCEe4ZyyLAK0nn2zLkwytCJhDSPa2eu/t1IIVNqxkIzmSdVq14u/uf1Eh3dBCnhcaIxR4tDUUIdLZy8CGdIJEaazgyBSBKT1UFjKCHSpq7lK3QkzMCY1c1nTDveahfrpF2veX7Nv/erDb/oqQTOwDm4BB64Bg1wB5qgBRB4Ai/gFbxZz9a79WF9LkY3rGLnFCzB+voFgVie5g==</latexit>

(b)

(c) (e)(d)

(a) Xt0

<latexit sha1_base64="FFNUwHHZRtxXaCXRYfUeptosCzE=">AAACB3icbVDLSgNBEOz1GeMr6tHLYBA8hd0Q0GPAi8cI5gHJGmYns8mQeSwzs0JY8gEevepHeBOvfobf4E84SfZgEgsaiqpuuruihDNjff/b29jc2t7ZLewV9w8Oj45LJ6cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1O4+Z7fvTfqnsV/w50DoJclKGHI1+6ac3UCQVVFrCsTHdwE9smGFtGeF0WuylhiaYjPGQdh2VWFATZvNzp+jSKQMUK+1KWjRX/05kWBgzEZHrFNiOzKo3E//zuqmNb8KMySS1VJLFojjlyCo0+x0NmKbE8okjmGjmbkVkhDUm1iW0vIUPlWsYiap7xqUTrGaxTlrVSlCr1O5r5Xotz6kA53ABVxDANdThDhrQBAJjeIFXePOevXfvw/tctG54+cwZLMH7+gUL25nV</latexit>

X̃tK

<latexit sha1_base64="JKqdNdDDw0syQmrxVhW8095cHk4=">AAACEXicbVDLSsNAFJ34rPXRqEs3wSK4KkkJ6LLgRnBTwT6gjWEymbRDJ5MwcyOUkK9w6VY/wp249Qv8Bn/CaZuFbT0wcDjnXO6dE6ScKbDtb2Njc2t7Z7eyV90/ODyqmccnXZVkktAOSXgi+wFWlDNBO8CA034qKY4DTnvB5Gbm956oVCwRDzBNqRfjkWARIxi05Ju1ITAe0rxfPObg3xW+Wbcb9hzWOnFKUkcl2r75MwwTksVUAOFYqYFjp+DlWAIjnBbVYaZoiskEj+hAU4Fjqrx8fnhhXWgltKJE6ifAmqt/J3IcKzWNA52MMYzVqjcT//MGGUTXXs5EmgEVZLEoyrgFiTVrwQqZpAT4VBNMJNO3WmSMJSagu1rewkeJDozjpv6MbsdZ7WKddJsNx22492695ZY9VdAZOkeXyEFXqIVuURt1EEEZekGv6M14Nt6ND+NzEd0wyplTtATj6xd5x53X</latexit>

Construct graph

<latexit sha1_base64="KgZz/W1U1ZSTbiYjGx8yvaxjGkE=">AAACEXicbVDLSgMxFM3UV62Pjrp0EyyCqzJTCrosdOOygn1AO5RMmmlDM8mQ3BHK0K9w6VY/wp249Qv8Bn/CtJ2FbT0QOJxzLvfmhIngBjzv2yns7O7tHxQPS0fHJ6dl9+y8Y1SqKWtTJZTuhcQwwSVrAwfBeolmJA4F64bT5sLvPjFtuJKPMEtYEJOx5BGnBKw0dMtNJQ3olAIea5JMhm7Fq3pL4G3i56SCcrSG7s9gpGgaMwlUEGP6vpdAkBENnAo2Lw1SwxJCp2TM+pZKEjMTZMvD5/jaKiMcKW2fBLxU/05kJDZmFoc2GROYmE1vIf7n9VOI7oKMyyQFJulqUZQKDAovWsAjrhkFMbOEUM3trZhOiCYUbFfrW8RY2cAkrtnP2Hb8zS62SadW9evV+kOt0qjnPRXRJbpCN8hHt6iB7lELtRFFKXpBr+jNeXbenQ/ncxUtOPnMBVqD8/ULGHudmg==</latexit>

Pass messages

<latexit sha1_base64="9tacSZQOx3eLpABdYEbeVlXf9UU=">AAACDXicbVDLSgMxFL3js9ZX1aWbYBFclZlS0GXBjcsK9gHtUDJppg3NY0wyQhn6DS7d6ke4E7d+g9/gT5i2s7CtFwKHc8595EQJZ8b6/re3sbm1vbNb2CvuHxweHZdOTltGpZrQJlFc6U6EDeVM0qZlltNOoikWEaftaHw709tPVBum5IOdJDQUeChZzAi2jgob2BgkqDF4SE2/VPYr/rzQOghyUIa8Gv3ST2+gSCqotIS7Sd3AT2yYYW0Z4XRa7KWGJpiM3fCugxK7TWE2P3qKLh0zQLHS7kmL5uzfjgwLYyYick6B7cisajPyP62b2vgmzJhMUkslWSyKU46sQrME0IBpSiyfOICJZu5WREZYY2JdTstb+FA5w0hU3WdcOsFqFuugVa0EtUrtvlqu1/KcCnAOF3AFAVxDHe6gAU0g8Agv8Apv3rP37n14nwvrhpf3nMFSeV+/0IOcbQ==</latexit>

Extract dynamics info

<latexit sha1_base64="ZKYSFsM/df4nTI3cKPXEj+eVBeA=">AAACF3icbVDLSgMxFM34rPU1Kq7cBIvgqsyUgi4LIrisYB/QDiWTZtrQPIYkIw5DP8SlW/0Id+LWpd/gT5hpZ2FbDwQO59zLuTlhzKg2nvftrK1vbG5tl3bKu3v7B4fu0XFby0Rh0sKSSdUNkSaMCtIy1DDSjRVBPGSkE05ucr/zSJSmUjyYNCYBRyNBI4qRsdLAPb19MgphA4epQJxiDamI5MCteFVvBrhK/IJUQIHmwP3pDyVOOBEGM6R1z/diE2RIGYoZmZb7iSYxwhM0Ij1LbRTRQTY7fwovrDKEkVT2CQNn6t+NDHGtUx7aSY7MWC97ufif10tMdB1kVMSJIQLPg6KEQSNh3gUcUkWwYaklCCtqb4V4jPI6bGOLKWwk7cCY1+xnbDv+cherpF2r+vVq/b5WadSLnkrgDJyDS+CDK9AAd6AJWgCDDLyAV/DmPDvvzofzOR9dc4qdE7AA5+sXmiyf/g==</latexit>

Learned simulator, s✓

<latexit sha1_base64="5WSv3EZZle02BJIlGhj8/bkroYM=">AAACH3icbVDLSgNBEJz1/TbqUYTBKHiQsBsCehS8ePCgYFRIQuiddJLBeSwzvUIInvwSj171I7yJ13yDP+HkcfBVMFBUVdPTlWZKeorjQTQ1PTM7N7+wuLS8srq2XtjYvPY2dwKrwirrblPwqKTBKklSeJs5BJ0qvEnvTof+zT06L625ol6GDQ0dI9tSAAWpWdg5R3AGW9xLnSsg6w75nm/WqYsEe81CMS7FI/C/JJmQIpvgoln4rLesyDUaEgq8ryVxRo0+OJJC4cNSPfeYgbiDDtYCNaDRN/qjMx74flBavG1deIb4SP0+0QftfU+nIamBuv63NxT/82o5tY8bfWmynNCI8aJ2rjhZPuyEt6RDQaoXCAgnw1+56IIDQaG5n1tUx4ZAV5fDMaGd5HcXf8l1uZRUSpXLcvGkMulpgW2zXXbAEnbETtgZu2BVJtgje2Yv7DV6it6i9+hjHJ2KJjNb7AeiwRcAXaLC</latexit>

+ + Y

<latexit sha1_base64="C1xyllpmZMUYK+XNx5+4VuBPsq8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48t2A9pQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJb3ZpqgH9GR5CFn1Fip+TAoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX1atVas1ap1/I4inAG53AJHlxDHe6gAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDtU2M1g==</latexit>

Encoder

<latexit sha1_base64="2+XkK014vL90vl0Ij8Xd5rhJ1O0=">AAAB+XicbVBNS8NAEN3Ur1q/oh69BIvgqSSloMeCCB4r2FZoQ9lsJu3SzSbsTool9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5QSq4Rtf9tkobm1vbO+Xdyt7+weGRfXzS0UmmGLRZIhL1GFANgktoI0cBj6kCGgcCusH4Zu53J6A0T+QDTlPwYzqUPOKMopEGtt1HeELN8lvJkhDUbGBX3Zq7gLNOvIJUSYHWwP7qhwnLYpDIBNW657kp+jlVyJmAWaWfaUgpG9Mh9AyVNAbt54vLZ86FUUInSpQpic5C/T2R01jraRyYzpjiSK96c/E/r5dhdO3nXKYZgmTLRVEmHEyceQxOyBUwFFNDKFPc3OqwEVWUoQmrYkLwVl9eJ516zWvUGvf1arNRxFEmZ+ScXBKPXJEmuSMt0iaMTMgzeSVvVm69WO/Wx7K1ZBUzp+QPrM8fI56T8Q==</latexit>

Decoder

<latexit sha1_base64="MHO1RhIvSdZtp+JfFqB8966djGs=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lKQY8FPXisYFuhDWWzmbRLNx/sTool9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5fiqFRsf5tkobm1vbO+Xdyt7+weGRfXzS0UmmOLR5IhP16DMNUsTQRoESHlMFLPIldP3xzdzvTkBpkcQPOE3Bi9gwFqHgDI00sO0+whNqnt8CTwJQs4FddWrOAnSduAWpkgKtgf3VDxKeRRAjl0zrnuuk6OVMoeASZpV+piFlfMyG0DM0ZhFoL19cPqMXRglomChTMdKF+nsiZ5HW08g3nRHDkV715uJ/Xi/D8NrLRZxmCDFfLgozSTGh8xhoIBRwlFNDGFfC3Er5iCnG0YRVMSG4qy+vk0695jZqjft6tdko4iiTM3JOLolLrkiT3JEWaRNOJuSZvJI3K7derHfrY9lasoqZU/IH1ucPFDmT5w==</latexit>

Processor

<latexit sha1_base64="l2Ou2IN2XBt/d+RYyz8H4cC7DN0=">AAAB+3icbVBNS8NAEN34WetXrEcvwSJ4Kkkp6LHgxWMF+wFtKJvtpF26yYbdibSE/BUvHhTx6h/x5r9x2+agrQ8GHu/NMDMvSATX6Lrf1tb2zu7efumgfHh0fHJqn1U6WqaKQZtJIVUvoBoEj6GNHAX0EgU0CgR0g+ndwu8+gdJcxo84T8CP6DjmIWcUjTS0KwOEGWqWtZRkoLVU+dCuujV3CWeTeAWpkgKtof01GEmWRhAjE1Trvucm6GdUIWcC8vIg1ZBQNqVj6Bsa0wi0ny1vz50ro4ycUCpTMTpL9fdERiOt51FgOiOKE73uLcT/vH6K4a2f8ThJEWK2WhSmwkHpLIJwRlwBQzE3hDLFza0Om1BFGZq4yiYEb/3lTdKp17xGrfFQrzYbRRwlckEuyTXxyA1pknvSIm3CyIw8k1fyZuXWi/Vufaxat6xi5pz8gfX5AwCDlQU=</latexit>

X

<latexit sha1_base64="YcYNd+qc6FAGcxNRGOeDB4K1c2s=">AAACAXicbVDJSgNBEO2JW4xb1KOXxiB4CjNhQI8BLx4TMAskQ+jp1CRNehm6e4Qw5OTRq36EN/Hql/gN/oSd5aCJDwoe71VRVS9OOTPW97+8wtb2zu5ecb90cHh0fFI+PWsblWkKLaq40t2YGOBMQssyy6GbaiAi5tCJJ3dzv/MI2jAlH+w0hUiQkWQJo8Q6qdkdlCt+1V8Ab5JgRSpohcag/N0fKpoJkJZyYkwv8FMb5URbRjnMSv3MQErohIyg56gkAkyULw6d4SunDHGitCtp8UL9PZETYcxUxK5TEDs2695c/M/rZTa5jXIm08yCpMtFScaxVXj+NR4yDdTyqSOEauZuxXRMNKHWZfN3Cx8p1zAWNfeMSydYz2KTtGvVIKyGzbBSD1c5FdEFukTXKEA3qI7uUQO1EEWAntELevWevDfv3ftYtha81cw5+gPv8wdb05dA</latexit>

GN1

<latexit sha1_base64="GTGUb6TDiX9p76VUL7Jp1WFRj4g=">AAACDXicbVDLSgMxFM34rPVVdekmWARXZaYUdFlwoSupYB/QjiWTZtrQJDMmd8Qy9BtcutWPcCdu/Qa/wZ8wbWdhWw8EDuecy705QSy4Adf9dlZW19Y3NnNb+e2d3b39wsFhw0SJpqxOIxHpVkAME1yxOnAQrBVrRmQgWDMYXk785iPThkfqDkYx8yXpKx5ySsBKfgfYE2iZXt2M771uoeiW3CnwMvEyUkQZat3CT6cX0UQyBVQQY9qeG4OfEg2cCjbOdxLDYkKHpM/alioimfHT6dFjfGqVHg4jbZ8CPFX/TqREGjOSgU1KAgOz6E3E/7x2AuGFn3IVJ8AUnS0KE4EhwpMGcI9rRkGMLCFUc3srpgOiCQXb0/wW0Y9sYCDL9jO2HW+xi2XSKJe8SqlyWylWK1lPOXSMTtAZ8tA5qqJrVEN1RNEDekGv6M15dt6dD+dzFl1xspkjNAfn6xfpdZx8</latexit>

GNM

<latexit sha1_base64="d61byIFxVcGYOmj/SqU+DmAcDW4=">AAACDXicbVDLSgMxFM3UV62vqks3wSK4KjNlQJcFF7pRKtgHtGPJpJk2NJkZkztiGfoNLt3qR7gTt36D3+BPmLazsK0HAodzzuXeHD8WXINtf1u5ldW19Y38ZmFre2d3r7h/0NBRoiir00hEquUTzQQPWR04CNaKFSPSF6zpDy8mfvORKc2j8A5GMfMk6Yc84JSAkbwOsCdQMr28Gd9fd4slu2xPgZeJk5ESylDrFn86vYgmkoVABdG67dgxeClRwKlg40In0SwmdEj6rG1oSCTTXjo9eoxPjNLDQaTMCwFP1b8TKZFaj6RvkpLAQC96E/E/r51AcO6lPIwTYCGdLQoSgSHCkwZwjytGQYwMIVRxcyumA6IIBdPT/BbRj0xgICvmM6YdZ7GLZdKolB237N66paqb9ZRHR+gYnSIHnaEqukI1VEcUPaAX9IrerGfr3fqwPmfRnJXNHKI5WF+/FrCcmA==</latexit>

GM

<latexit sha1_base64="TqmcrSjbP6ihdayIcK66nOC8HQo=">AAACA3icbVDLSsNAFJ3UV62vqks3g0VwVZIS0GXBhW6EivYBbSyT6SQdOo8wMxFK6NKlW/0Id+LWD/Eb/AmnbRa29cCFwzn3cu89YcKoNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUYdLEkknVCZEmjArSNNQw0kkUQTxkpB2OrqZ++4koTaV4MOOEBBzFgkYUI2Ol++vH23654lbdGeAq8XJSATka/fJPbyBxyokwmCGtu56bmCBDylDMyKTUSzVJEB6hmHQtFYgTHWSzUyfwzCoDGEllSxg4U/9OZIhrPeah7eTIDPWyNxX/87qpiS6DjIokNUTg+aIoZdBIOP0bDqgi2LCxJQgram+FeIgUwsams7iFxdI2DHnNPmPT8ZazWCWtWtXzq/6dX6n7eU5FcAJOwTnwwAWogxvQAE2AQQxewCt4c56dd+fD+Zy3Fpx85hgswPn6BZ88l+4=</latexit>

G0

<latexit sha1_base64="Lg+Gbl8ypr9TXTUrQY5GS4sMNvA=">AAACA3icbVDLSgNBEOz1GeMr6tHLYhA8hd0Q0GPAgx4jmgcka5idzG6GzGOZmRXCkqNHr/oR3sSrH+I3+BNOkj2YxIKGoqqb7q4wYVQbz/t21tY3Nre2CzvF3b39g8PS0XFLy1Rh0sSSSdUJkSaMCtI01DDSSRRBPGSkHY6up377iShNpXgw44QEHMWCRhQjY6X7m0evXyp7FW8Gd5X4OSlDjka/9NMbSJxyIgxmSOuu7yUmyJAyFDMyKfZSTRKERygmXUsF4kQH2ezUiXtulYEbSWVLGHem/p3IENd6zEPbyZEZ6mVvKv7ndVMTXQUZFUlqiMDzRVHKXCPd6d/ugCqCDRtbgrCi9lYXD5FC2Nh0FrewWNqGIa/aZ2w6/nIWq6RVrfi1Su2uVq7X8pwKcApncAE+XEIdbqEBTcAQwwu8wpvz7Lw7H87nvHXNyWdOYAHO1y9wc5fR</latexit>

G1

<latexit sha1_base64="xIuoir5ryklHsAD7MaDiTCCcfgg=">AAACA3icbVDLSgNBEOz1GeMr6tHLYhA8hd0Q0GPAgx4jmgcka5idzG6GzGOZmRXCkqNHr/oR3sSrH+I3+BNOkj2YxIKGoqqb7q4wYVQbz/t21tY3Nre2CzvF3b39g8PS0XFLy1Rh0sSSSdUJkSaMCtI01DDSSRRBPGSkHY6up377iShNpXgw44QEHMWCRhQjY6X7m0e/Xyp7FW8Gd5X4OSlDjka/9NMbSJxyIgxmSOuu7yUmyJAyFDMyKfZSTRKERygmXUsF4kQH2ezUiXtulYEbSWVLGHem/p3IENd6zEPbyZEZ6mVvKv7ndVMTXQUZFUlqiMDzRVHKXCPd6d/ugCqCDRtbgrCi9lYXD5FC2Nh0FrewWNqGIa/aZ2w6/nIWq6RVrfi1Su2uVq7X8pwKcApncAE+XEIdbqEBTcAQwwu8wpvz7Lw7H87nvHXNyWdOYAHO1y9yEJfS</latexit>

GM�1

<latexit sha1_base64="Gxn1cL5fSMigvy/by6WJkXf4dVc=">AAACB3icbVDLSgNBEOyNrxhfUY9eFoPgxbAbFvQY8KAXIYJ5QLKG2ckkGTKPZWZWCEs+wKNX/Qhv4tXP8Bv8CSfJHkxiQUNR1U13VxQzqo3nfTu5tfWNza38dmFnd2//oHh41NAyUZjUsWRStSKkCaOC1A01jLRiRRCPGGlGo+up33wiSlMpHsw4JiFHA0H7FCNjpebNY3p34U+6xZJX9mZwV4mfkRJkqHWLP52exAknwmCGtG77XmzCFClDMSOTQifRJEZ4hAakbalAnOgwnZ07cc+s0nP7UtkSxp2pfydSxLUe88h2cmSGetmbiv957cT0r8KUijgxROD5on7CXCPd6e9ujyqCDRtbgrCi9lYXD5FC2NiEFrewgbQNQ16xz9h0/OUsVkmjUvaDcnAflKpBllMeTuAUzsGHS6jCLdSgDhhG8AKv8OY8O+/Oh/M5b8052cwxLMD5+gVhKZls</latexit>

…

vM
i

<latexit sha1_base64="K8ptrxAWIfv/jWSN0NEGxQaxfv4=">AAACDnicbVDLSgMxFM3UV62vqks3wSK4KjNlQJcFN26ECvYB7bRk0kwbmseQZApl6D+4dKsf4U7c+gt+gz9hpp2FbT0QOJxzL/fkhDGj2rjut1PY2t7Z3Svulw4Oj45PyqdnLS0ThUkTSyZVJ0SaMCpI01DDSCdWBPGQkXY4ucv89pQoTaV4MrOYBByNBI0oRsZK/R5HZhxG6XTefxjQQbniVt0F4CbxclIBORqD8k9vKHHCiTCYIa27nhubIEXKUMzIvNRLNIkRnqAR6VoqECc6SBep5/DKKkMYSWWfMHCh/t1IEdd6xkM7maXU614m/ud1ExPdBikVcWKIwMtDUcKgkTCrAA6pItiwmSUIK2qzQjxGCmFji1q9wkbSDox5zX7GtuOtd7FJWrWq51f9R79S9/OeiuACXIJr4IEbUAf3oAGaAAMFXsAreHOenXfnw/lcjhacfOccrMD5+gUAfJ0Z</latexit>

yi

<latexit sha1_base64="a0E07BY1kzRmpgSd9OCqSiqwSkg=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclUQCuiy4cVnBPqAJZTKdtENnJmFmIoTQ33DjQhG3/ow7/8ZJm4W2Hhg4nHMv98yJUs60cd1vZ2Nza3tnt7ZX3z84PDpunJz2dJIpQrsk4YkaRFhTziTtGmY4HaSKYhFx2o9md6Xff6JKs0Q+mjylocATyWJGsLFSEAhsplFc5PMRGzWabstdAK0TryJNqNAZNb6CcUIyQaUhHGs99NzUhAVWhhFO5/Ug0zTFZIYndGipxILqsFhknqNLq4xRnCj7pEEL9fdGgYXWuYjsZJlRr3ql+J83zEx8GxZMppmhkiwPxRlHJkFlAWjMFCWG55ZgopjNisgUK0yMraluS/BWv7xOetctz2/5D36z7Vd11OAcLuAKPLiBNtxDB7pAIIVneIU3J3NenHfnYzm64VQ7Z/AHzucPfteR8g==</latexit>

s✓

<latexit sha1_base64="/eFKtYhNqpN7eD7T8uySdbfGqnE=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0kkoMeCF48V7Ae0oWy2k3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT5pmyTTHFo8kYnuhsyAFApaKFBCN9XA4lBCJ5zczv3OE2gjEvWA0xSCmI2UiARnaKWuGfRxDMgG1Zpbdxeg68QrSI0UaA6qX/1hwrMYFHLJjOl5bopBzjQKLmFW6WcGUsYnbAQ9SxWLwQT54t4ZvbDKkEaJtqWQLtTfEzmLjZnGoe2MGY7NqjcX//N6GUY3QS5UmiEovlwUZZJiQufP06HQwFFOLWFcC3sr5WOmGUcbUcWG4K2+vE7aV3XPr/v3fq3hF3GUyRk5J5fEI9ekQe5Ik7QIJ5I8k1fy5jw6L86787FsLTnFzCn5A+fzBy+qkAc=</latexit>

s✓

<latexit sha1_base64="/eFKtYhNqpN7eD7T8uySdbfGqnE=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0kkoMeCF48V7Ae0oWy2k3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT5pmyTTHFo8kYnuhsyAFApaKFBCN9XA4lBCJ5zczv3OE2gjEvWA0xSCmI2UiARnaKWuGfRxDMgG1Zpbdxeg68QrSI0UaA6qX/1hwrMYFHLJjOl5bopBzjQKLmFW6WcGUsYnbAQ9SxWLwQT54t4ZvbDKkEaJtqWQLtTfEzmLjZnGoe2MGY7NqjcX//N6GUY3QS5UmiEovlwUZZJiQufP06HQwFFOLWFcC3sr5WOmGUcbUcWG4K2+vE7aV3XPr/v3fq3hF3GUyRk5J5fEI9ekQe5Ik7QIJ5I8k1fy5jw6L86787FsLTnFzCn5A+fzBy+qkAc=</latexit>

Sanchez-Gonzalez et al., 2020, ICML



Learning to simulate fluids and complex materials

Water-3D (14k particles, SPH)

Sanchez-Gonzalez et al., 2020, ICML



Learning to simulate fluids and complex materials

Sand-3D (19k particles, MPM)

Sanchez-Gonzalez et al., 2020, ICML



Learning to simulate fluids and complex materials

Goop-3D (19k particles, MPM)

Sanchez-Gonzalez et al., 2020, ICML



Learning to simulate fluids and complex materials

Water ramps

Sanchez-Gonzalez et al., 2020, ICML



Learning to simulate fluids and complex materials

Multiple materials, generalization

Sanchez-Gonzalez et al., 2020, ICML



Learning to simulate fluids and complex materials

BoxBath

Sanchez-Gonzalez et al., 2020, ICML



Learning to simulate meshes

Pfaff et al., 2020, arXiv/under review

Cloth Structural mechanics Fluids (incompressible)Aerodynamics (compressible)



Learning to simulate meshes

Pfaff et al., 2020, arXiv/under review

10-100x faster than the simulator on which it was trained




Learning to simulate meshes

Pfaff et al., 2020, arXiv/under review

Cloth



Learning to simulate meshes
Structural mechanics

Pfaff et al., 2020, arXiv/under review



Learning to simulate meshes

Pfaff et al., 2020, arXiv/under review

Fluids (incompressible)Aerodynamics (compressible)



Learning to simulate meshes

Pfaff et al., 2020, arXiv/under review

Generalization to different shapes

Training



For a deep dive on using graph networks for learning complex 

simulations, see Alvaro Sanchez-Gonzalez’s presentation:


Thursday @ 4-5pm



Sanchez-Gonzalez et al., 2019, arXiv/NeurIPS 2019 workshop

Hamiltonian ODE Graph Network

Data
(q,p)n

<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

Physics
<latexit sha1_base64="Cd3MzIu//1eDOhxWmi8S256786g=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZmpgi6LblxWsA9oh5JJ0zY0yQxJpjAM/RM3LhRx65+482/MtLPQ1gOBwzn3ck9OGHOmjed9O6WNza3tnfJuZW//4PDIPT5p6yhRhLZIxCPVDbGmnEnaMsxw2o0VxSLktBNO73O/M6NKs0g+mTSmgcBjyUaMYGOlgev2BTYTJbLmJNWM6PnArXo1bwG0TvyCVKFAc+B+9YcRSQSVhnCsdc/3YhNkWBlGOJ1X+ommMSZTPKY9SyUWVAfZIvkcXVhliEaRsk8atFB/b2RYaJ2K0E7mOfWql4v/eb3EjG6DjMk4MVSS5aFRwpGJUF4DGjJFieGpJZgoZrMiMsEKE2PLqtgS/NUvr5N2veZf1eqP19XGXVFHGc7gHC7BhxtowAM0oQUEZvAMr/DmZM6L8+58LEdLTrFzCn/gfP4AQPmUDw==</latexit>

Integrator
<latexit sha1_base64="tcBmATtGTuWdWxK1t1aUlGR5ygM=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVwVZIq6LLoRncV7APaUCbTSTt0MhNmboQQ6q+4caGIWz/EnX/jpM1CWw8MHM65l3vmBDFnGlz32yqtrW9sbpW3Kzu7e/sH9uFRR8tEEdomkkvVC7CmnAnaBgac9mJFcRRw2g2mN7nffaRKMykeII2pH+GxYCEjGIw0tKuDCMNERdmdADpWGKSaDe2aW3fncFaJV5AaKtAa2l+DkSRJRAUQjrXue24MfoYVMMLprDJINI0xmeIx7RsqcES1n83Dz5xTo4ycUCrzBDhz9fdGhiOt0ygwk3lUvezl4n9eP4Hwys+YiBOggiwOhQl3QDp5E86IKUqAp4ZgopjJ6pAJVpiA6atiSvCWv7xKOo26d15v3F/UmtdFHWV0jE7QGfLQJWqiW9RCbURQip7RK3qznqwX6936WIyWrGKniv7A+vwBpEKVaQ==</latexit>

(q,p)n
<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

�t
<latexit sha1_base64="6YoFy1pkwQYqujyqmRUE2w/KnSk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjUg8cK9gPaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6wHHC/YgOlAgFo2ildveWS6QEe6WyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn83unZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9HnSF5ozlGNLKNPC3krYkGrK0EZUtCF4iy8vk2a14p1XqvcX5dp1HkcBjuEEzsCDS6jBHdShAQwkPMMrvDmPzovz7nzMW1ecfOYI/sD5/AGQw4+o</latexit>

OGN / HOGN

fq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

DeltaGN

GNV
<latexit sha1_base64="k0RMWANbUAilHNLtDMWGczJRz5g=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoQldSwT6gHUomzbShSWZMMoUy9DvcuFDErR/jzr8x085CWw8EDufcyz05QcyZNq777aysrq1vbBa2its7u3v7pYPDpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6CbzW2OqNIvko5nE1Bd4IFnICDZW8rsCm6ES6e39tNfslcpuxZ0BLRMvJ2XIUe+Vvrr9iCSCSkM41rrjubHxU6wMI5xOi91E0xiTER7QjqUSC6r9dBZ6ik6t0kdhpOyTBs3U3xspFlpPRGAns5B60cvE/7xOYsIrP2UyTgyVZH4oTDgyEcoaQH2mKDF8YgkmitmsiAyxwsTYnoq2BG/xy8ukWa1455Xqw0W5dp3XUYBjOIEz8OASanAHdWgAgSd4hld4c8bOi/PufMxHV5x85wj+wPn8AdwNkic=</latexit>

+
<latexit sha1_base64="HFb7vPGXWshKfdtTiumEDK16me0=">AAAB6HicbVDLSgN BEOyNrxhfUY9eBoMgCGE3CnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw 3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0qyUvctypX5Vqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3LTjLM=</latexit>

(�q,�p)n
<latexit sha1_base64="ozUuZK2/Z71Fn+K9ydhiOe85b5g=">AAACEXicbVDLSsNAFL2pr1pfVZduBotQQUpSBV0WdeGygn1AE8pkOmmHTh7OTIQS8gtu/BU3LhRx686df+OkzUJbDwwczjmXufe4EWdSmea3UVhaXlldK66XNja3tnfKu3ttGcaC0BYJeSi6LpaUs4C2FFOcdiNBse9y2nHHV5nfeaBCsjC4U5OIOj4eBsxjBCst9cvVqn1NucLI9rEauV5yn56gOSlKj/s6WjFr5hRokVg5qUCOZr/8ZQ9CEvs0UIRjKXuWGSknwUIxwmlasmNJI0zGeEh7mgbYp9JJphel6EgrA+SFQr9Aoan6eyLBvpQT39XJbEk572Xif14vVt6Fk7AgihUNyOwjL+ZIhSirBw2YoETxiSaYCKZ3RWSEBSZKl1jSJVjzJy+Sdr1mndbqt2eVxmVeRxEO4BCqYME5NOAGmtACAo/wDK/wZjwZL8a78TGLFox8Zh/+wPj8AZdonOI=</latexit>

(q,p)n
<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

�t
<latexit sha1_base64="6YoFy1pkwQYqujyqmRUE2w/KnSk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjUg8cK9gPaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6wHHC/YgOlAgFo2ildveWS6QEe6WyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn83unZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9HnSF5ozlGNLKNPC3krYkGrK0EZUtCF4iy8vk2a14p1XqvcX5dp1HkcBjuEEzsCDS6jBHdShAQwkPMMrvDmPzovz7nzMW1ecfOYI/sD5/AGQw4+o</latexit>

HGN
<latexit sha1_base64="+GiKiVx5Wyvrg9UrFArETHNhCfI=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrgqSRV0WXRhV1LBXqANYTKdtkNnJmFmIpSQja/ixoUibn0Md76NkzQLbf1h4OM/5zDn/EHEqNKO822VVlbX1jfKm5Wt7Z3dPXv/oKPCWGLSxiELZS9AijAqSFtTzUgvkgTxgJFuML3J6t1HIhUNxYOeRcTjaCzoiGKkjeXbRwOO9AQjljRTP2fJk9u71LerTs3JBZfBLaAKCrV8+2swDHHMidCYIaX6rhNpL0FSU8xIWhnEikQIT9GY9A0KxInykvyAFJ4aZwhHoTRPaJi7vycSxJWa8cB0ZiuqxVpm/lfrx3p05SVURLEmAs8/GsUM6hBmacAhlQRrNjOAsKRmV4gnSCKsTWYVE4K7ePIydOo197xWv7+oNq6LOMrgGJyAM+CCS9AATdACbYBBCp7BK3iznqwX6936mLeWrGLmEPyR9fkDTlOW3A==</latexit>

GNu
<latexit sha1_base64="SamomLDwGEx5zJoMuY6504uCKCg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJWZKuiy6EJXUsE+oB2GTJppQ5PMkGSEMs7CX3HjQhG3/oY7/8ZMOwttPRA4nHMv9+QEMaNKO863VVpaXlldK69XNja3tnfs3b22ihKJSQtHLJLdACnCqCAtTTUj3VgSxANGOsH4Kvc7D0QqGol7PYmJx9FQ0JBipI3k2wd9jvRI8vT6NvOnPAjTJPPtqlNzpoCLxC1IFRRo+vZXfxDhhBOhMUNK9Vwn1l6KpKaYkazSTxSJER6jIekZKhAnykun+TN4bJQBDCNpntBwqv7eSBFXasIDM5knVPNeLv7n9RIdXngpFXGiicCzQ2HCoI5gXgYcUEmwZhNDEJbUZIV4hCTC2lRWMSW4819eJO16zT2t1e/Oqo3Loo4yOARH4AS44Bw0wA1oghbA4BE8g1fwZj1ZL9a79TEbLVnFzj74A+vzB8bUlpc=</latexit>

✓
@HGN

@p
,�

@HGN

@q

◆

<latexit sha1_base64="YWg29ndGFr8JGopJ8w16gm8UHjc="></latexit>

HOGN’s fHOGN
q̇,ṗ

<latexit sha1_base64="swbO47kxs472VPbI76CqfMpsqws=">AAACH3icbVDLTgIxFO3gC/GFunTTSExcGDKDRl0SXchKMREwASSd0oGGzsP2jpE08ydu/BU3LjTGuONvLI+FgCdpcnLuubf3HjcSXIFtD6zUwuLS8kp6NbO2vrG5ld3eqaowlpRVaChCee8SxQQPWAU4CHYfSUZ8V7Ca27sc1mtPTCoeBnfQj1jTJ52Ae5wSMFIre+o96AawZ5C+Lt1cXSdJSzfaIeiGT6DrevoxSY7wlBIlxpTN2Xl7BDxPnAnJoQnKreyPmUFjnwVABVGq7tgRNDWRwKlgSaYRKxYR2iMdVjc0ID5TTT26L8EHRmljL5TmBYBH6t8OTXyl+r5rnMMd1WxtKP5Xq8fgnTc1D6IYWEDHH3mxwBDiYVi4zSWjIPqGECq52RXTLpGEgok0Y0JwZk+eJ9VC3jnOF25PcsWLSRxptIf20SFy0BkqohIqowqi6AW9oQ/0ab1a79aX9T22pqxJzy6agjX4BTVrpPE=</latexit>

(q̇, ṗ)i
<latexit sha1_base64="C9Oln2KAP1rvyuPHzRO4CpxTw18=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUpSBV0W3bisYB/QhjKZTtqhk4czE6GE/IEbf8WNC0XcunXn3zhps7DVAwOHc+69c+9xI86ksqxvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbH15nffqBCsjC4U5OIOj4eBsxjBCst9c3jSm8QqqTnYzVyveQ+TU/RnBKl6Umf9c2yVbWmQH+JnZMy5Gj0zS89hcQ+DRThWMqubUXKSbBQjHCalnqxpBEmYzykXU0D7FPpJNN7UnSklQHyQqFfoNBU/d2RYF/Kie/qymxLuehl4n9eN1bepZOwIIoVDcjsIy/mSIUoCwcNmKBE8YkmmAimd0VkhAUmSkdY0iHYiyf/Ja1a1T6r1m7Py/WrPI4iHMAhVMCGC6jDDTSgCQQe4Rle4c14Ml6Md+NjVlow8p59mIPx+QPjSp0z</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

GNV
<latexit sha1_base64="k0RMWANbUAilHNLtDMWGczJRz5g=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoQldSwT6gHUomzbShSWZMMoUy9DvcuFDErR/jzr8x085CWw8EDufcyz05QcyZNq777aysrq1vbBa2its7u3v7pYPDpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6CbzW2OqNIvko5nE1Bd4IFnICDZW8rsCm6ES6e39tNfslcpuxZ0BLRMvJ2XIUe+Vvrr9iCSCSkM41rrjubHxU6wMI5xOi91E0xiTER7QjqUSC6r9dBZ6ik6t0kdhpOyTBs3U3xspFlpPRGAns5B60cvE/7xOYsIrP2UyTgyVZH4oTDgyEcoaQH2mKDF8YgkmitmsiAyxwsTYnoq2BG/xy8ukWa1455Xqw0W5dp3XUYBjOIEz8OASanAHdWgAgSd4hld4c8bOi/PufMxHV5x85wj+wPn8AdwNkic=</latexit>

OGN’s fOGN

q̇,ṗ
<latexit sha1_base64="BtDUU8eofJ+0Acwo8AZaJRnQ0qg=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDJTFV0WXehKK9gHtLVk0kwbmnmY3BFLmC9x46+4caGI4Er/xvSxsK0HAodzz72597iR4Aps+8dKzc0vLC6llzMrq2vrG9nNrYoKY0lZmYYilDWXKCZ4wMrAQbBaJBnxXcGqbu98UK8+MKl4GNxCP2JNn3QC7nFKwEit7LF3pxvAHkH6+vriKklautEOQTd8Al3X0/dJcoAnlCgxpmzOzttD4FnijEkOjVFqZb/MDBr7LAAqiFJ1x46gqYkETgVLMo1YsYjQHumwuqEB8Zlq6uF5Cd4zSht7oTQvADxU/3Zo4ivV913jHOyopmsD8b9aPQbvtKl5EMXAAjr6yIsFhhAPssJtLhkF0TeEUMnNrph2iSQUTKIZE4IzffIsqRTyzmG+cHOUK56N40ijHbSL9pGDTlARXaISKiOKntALekPv1rP1an1YnyNryhr3bKMJWN+/kkeknw==</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

(q̇, ṗ)i
<latexit sha1_base64="C9Oln2KAP1rvyuPHzRO4CpxTw18=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUpSBV0W3bisYB/QhjKZTtqhk4czE6GE/IEbf8WNC0XcunXn3zhps7DVAwOHc+69c+9xI86ksqxvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbH15nffqBCsjC4U5OIOj4eBsxjBCst9c3jSm8QqqTnYzVyveQ+TU/RnBKl6Umf9c2yVbWmQH+JnZMy5Gj0zS89hcQ+DRThWMqubUXKSbBQjHCalnqxpBEmYzykXU0D7FPpJNN7UnSklQHyQqFfoNBU/d2RYF/Kie/qymxLuehl4n9eN1bepZOwIIoVDcjsIy/mSIUoCwcNmKBE8YkmmAimd0VkhAUmSkdY0iHYiyf/Ja1a1T6r1m7Py/WrPI4iHMAhVMCGC6jDDTSgCQQe4Rle4c14Ml6Md+NjVlow8p59mIPx+QPjSp0z</latexit>

fq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

: ODE’s time derivativesfq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

(q̇, ṗ)i
<latexit sha1_base64="C9Oln2KAP1rvyuPHzRO4CpxTw18=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUpSBV0W3bisYB/QhjKZTtqhk4czE6GE/IEbf8WNC0XcunXn3zhps7DVAwOHc+69c+9xI86ksqxvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbH15nffqBCsjC4U5OIOj4eBsxjBCst9c3jSm8QqqTnYzVyveQ+TU/RnBKl6Umf9c2yVbWmQH+JnZMy5Gj0zS89hcQ+DRThWMqubUXKSbBQjHCalnqxpBEmYzykXU0D7FPpJNN7UnSklQHyQqFfoNBU/d2RYF/Kie/qymxLuehl4n9eN1bepZOwIIoVDcjsIy/mSIUoCwcNmKBE8YkmmAimd0VkhAUmSkdY0iHYiyf/Ja1a1T6r1m7Py/WrPI4iHMAhVMCGC6jDDTSgCQQe4Rle4c14Ml6Md+NjVlow8p59mIPx+QPjSp0z</latexit>
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Hamiltonian ODE Graph Network

Data
(q,p)n

<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

Physics
<latexit sha1_base64="Cd3MzIu//1eDOhxWmi8S256786g=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZmpgi6LblxWsA9oh5JJ0zY0yQxJpjAM/RM3LhRx65+482/MtLPQ1gOBwzn3ck9OGHOmjed9O6WNza3tnfJuZW//4PDIPT5p6yhRhLZIxCPVDbGmnEnaMsxw2o0VxSLktBNO73O/M6NKs0g+mTSmgcBjyUaMYGOlgev2BTYTJbLmJNWM6PnArXo1bwG0TvyCVKFAc+B+9YcRSQSVhnCsdc/3YhNkWBlGOJ1X+ommMSZTPKY9SyUWVAfZIvkcXVhliEaRsk8atFB/b2RYaJ2K0E7mOfWql4v/eb3EjG6DjMk4MVSS5aFRwpGJUF4DGjJFieGpJZgoZrMiMsEKE2PLqtgS/NUvr5N2veZf1eqP19XGXVFHGc7gHC7BhxtowAM0oQUEZvAMr/DmZM6L8+58LEdLTrFzCn/gfP4AQPmUDw==</latexit>

Integrator
<latexit sha1_base64="tcBmATtGTuWdWxK1t1aUlGR5ygM=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVwVZIq6LLoRncV7APaUCbTSTt0MhNmboQQ6q+4caGIWz/EnX/jpM1CWw8MHM65l3vmBDFnGlz32yqtrW9sbpW3Kzu7e/sH9uFRR8tEEdomkkvVC7CmnAnaBgac9mJFcRRw2g2mN7nffaRKMykeII2pH+GxYCEjGIw0tKuDCMNERdmdADpWGKSaDe2aW3fncFaJV5AaKtAa2l+DkSRJRAUQjrXue24MfoYVMMLprDJINI0xmeIx7RsqcES1n83Dz5xTo4ycUCrzBDhz9fdGhiOt0ygwk3lUvezl4n9eP4Hwys+YiBOggiwOhQl3QDp5E86IKUqAp4ZgopjJ6pAJVpiA6atiSvCWv7xKOo26d15v3F/UmtdFHWV0jE7QGfLQJWqiW9RCbURQip7RK3qznqwX6936WIyWrGKniv7A+vwBpEKVaQ==</latexit>

(q,p)n
<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

�t
<latexit sha1_base64="6YoFy1pkwQYqujyqmRUE2w/KnSk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjUg8cK9gPaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6wHHC/YgOlAgFo2ildveWS6QEe6WyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn83unZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9HnSF5ozlGNLKNPC3krYkGrK0EZUtCF4iy8vk2a14p1XqvcX5dp1HkcBjuEEzsCDS6jBHdShAQwkPMMrvDmPzovz7nzMW1ecfOYI/sD5/AGQw4+o</latexit>

OGN / HOGN

fq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

DeltaGN

GNV
<latexit sha1_base64="k0RMWANbUAilHNLtDMWGczJRz5g=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoQldSwT6gHUomzbShSWZMMoUy9DvcuFDErR/jzr8x085CWw8EDufcyz05QcyZNq777aysrq1vbBa2its7u3v7pYPDpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6CbzW2OqNIvko5nE1Bd4IFnICDZW8rsCm6ES6e39tNfslcpuxZ0BLRMvJ2XIUe+Vvrr9iCSCSkM41rrjubHxU6wMI5xOi91E0xiTER7QjqUSC6r9dBZ6ik6t0kdhpOyTBs3U3xspFlpPRGAns5B60cvE/7xOYsIrP2UyTgyVZH4oTDgyEcoaQH2mKDF8YgkmitmsiAyxwsTYnoq2BG/xy8ukWa1455Xqw0W5dp3XUYBjOIEz8OASanAHdWgAgSd4hld4c8bOi/PufMxHV5x85wj+wPn8AdwNkic=</latexit>

+
<latexit sha1_base64="HFb7vPGXWshKfdtTiumEDK16me0=">AAAB6HicbVDLSgN BEOyNrxhfUY9eBoMgCGE3CnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw 3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0qyUvctypX5Vqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3LTjLM=</latexit>

(�q,�p)n
<latexit sha1_base64="ozUuZK2/Z71Fn+K9ydhiOe85b5g=">AAACEXicbVDLSsNAFL2pr1pfVZduBotQQUpSBV0WdeGygn1AE8pkOmmHTh7OTIQS8gtu/BU3LhRx686df+OkzUJbDwwczjmXufe4EWdSmea3UVhaXlldK66XNja3tnfKu3ttGcaC0BYJeSi6LpaUs4C2FFOcdiNBse9y2nHHV5nfeaBCsjC4U5OIOj4eBsxjBCst9cvVqn1NucLI9rEauV5yn56gOSlKj/s6WjFr5hRokVg5qUCOZr/8ZQ9CEvs0UIRjKXuWGSknwUIxwmlasmNJI0zGeEh7mgbYp9JJphel6EgrA+SFQr9Aoan6eyLBvpQT39XJbEk572Xif14vVt6Fk7AgihUNyOwjL+ZIhSirBw2YoETxiSaYCKZ3RWSEBSZKl1jSJVjzJy+Sdr1mndbqt2eVxmVeRxEO4BCqYME5NOAGmtACAo/wDK/wZjwZL8a78TGLFox8Zh/+wPj8AZdonOI=</latexit>

(q,p)n
<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

�t
<latexit sha1_base64="6YoFy1pkwQYqujyqmRUE2w/KnSk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjUg8cK9gPaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6wHHC/YgOlAgFo2ildveWS6QEe6WyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn83unZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9HnSF5ozlGNLKNPC3krYkGrK0EZUtCF4iy8vk2a14p1XqvcX5dp1HkcBjuEEzsCDS6jBHdShAQwkPMMrvDmPzovz7nzMW1ecfOYI/sD5/AGQw4+o</latexit>

HGN
<latexit sha1_base64="+GiKiVx5Wyvrg9UrFArETHNhCfI=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrgqSRV0WXRhV1LBXqANYTKdtkNnJmFmIpSQja/ixoUibn0Md76NkzQLbf1h4OM/5zDn/EHEqNKO822VVlbX1jfKm5Wt7Z3dPXv/oKPCWGLSxiELZS9AijAqSFtTzUgvkgTxgJFuML3J6t1HIhUNxYOeRcTjaCzoiGKkjeXbRwOO9AQjljRTP2fJk9u71LerTs3JBZfBLaAKCrV8+2swDHHMidCYIaX6rhNpL0FSU8xIWhnEikQIT9GY9A0KxInykvyAFJ4aZwhHoTRPaJi7vycSxJWa8cB0ZiuqxVpm/lfrx3p05SVURLEmAs8/GsUM6hBmacAhlQRrNjOAsKRmV4gnSCKsTWYVE4K7ePIydOo197xWv7+oNq6LOMrgGJyAM+CCS9AATdACbYBBCp7BK3iznqwX6936mLeWrGLmEPyR9fkDTlOW3A==</latexit>

GNu
<latexit sha1_base64="SamomLDwGEx5zJoMuY6504uCKCg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJWZKuiy6EJXUsE+oB2GTJppQ5PMkGSEMs7CX3HjQhG3/oY7/8ZMOwttPRA4nHMv9+QEMaNKO863VVpaXlldK69XNja3tnfs3b22ihKJSQtHLJLdACnCqCAtTTUj3VgSxANGOsH4Kvc7D0QqGol7PYmJx9FQ0JBipI3k2wd9jvRI8vT6NvOnPAjTJPPtqlNzpoCLxC1IFRRo+vZXfxDhhBOhMUNK9Vwn1l6KpKaYkazSTxSJER6jIekZKhAnykun+TN4bJQBDCNpntBwqv7eSBFXasIDM5knVPNeLv7n9RIdXngpFXGiicCzQ2HCoI5gXgYcUEmwZhNDEJbUZIV4hCTC2lRWMSW4819eJO16zT2t1e/Oqo3Loo4yOARH4AS44Bw0wA1oghbA4BE8g1fwZj1ZL9a79TEbLVnFzj74A+vzB8bUlpc=</latexit>

✓
@HGN

@p
,�

@HGN

@q

◆

<latexit sha1_base64="YWg29ndGFr8JGopJ8w16gm8UHjc="></latexit>

HOGN’s fHOGN
q̇,ṗ

<latexit sha1_base64="swbO47kxs472VPbI76CqfMpsqws=">AAACH3icbVDLTgIxFO3gC/GFunTTSExcGDKDRl0SXchKMREwASSd0oGGzsP2jpE08ydu/BU3LjTGuONvLI+FgCdpcnLuubf3HjcSXIFtD6zUwuLS8kp6NbO2vrG5ld3eqaowlpRVaChCee8SxQQPWAU4CHYfSUZ8V7Ca27sc1mtPTCoeBnfQj1jTJ52Ae5wSMFIre+o96AawZ5C+Lt1cXSdJSzfaIeiGT6DrevoxSY7wlBIlxpTN2Xl7BDxPnAnJoQnKreyPmUFjnwVABVGq7tgRNDWRwKlgSaYRKxYR2iMdVjc0ID5TTT26L8EHRmljL5TmBYBH6t8OTXyl+r5rnMMd1WxtKP5Xq8fgnTc1D6IYWEDHH3mxwBDiYVi4zSWjIPqGECq52RXTLpGEgok0Y0JwZk+eJ9VC3jnOF25PcsWLSRxptIf20SFy0BkqohIqowqi6AW9oQ/0ab1a79aX9T22pqxJzy6agjX4BTVrpPE=</latexit>

(q̇, ṗ)i
<latexit sha1_base64="C9Oln2KAP1rvyuPHzRO4CpxTw18=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUpSBV0W3bisYB/QhjKZTtqhk4czE6GE/IEbf8WNC0XcunXn3zhps7DVAwOHc+69c+9xI86ksqxvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbH15nffqBCsjC4U5OIOj4eBsxjBCst9c3jSm8QqqTnYzVyveQ+TU/RnBKl6Umf9c2yVbWmQH+JnZMy5Gj0zS89hcQ+DRThWMqubUXKSbBQjHCalnqxpBEmYzykXU0D7FPpJNN7UnSklQHyQqFfoNBU/d2RYF/Kie/qymxLuehl4n9eN1bepZOwIIoVDcjsIy/mSIUoCwcNmKBE8YkmmAimd0VkhAUmSkdY0iHYiyf/Ja1a1T6r1m7Py/WrPI4iHMAhVMCGC6jDDTSgCQQe4Rle4c14Ml6Md+NjVlow8p59mIPx+QPjSp0z</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

GNV
<latexit sha1_base64="k0RMWANbUAilHNLtDMWGczJRz5g=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoQldSwT6gHUomzbShSWZMMoUy9DvcuFDErR/jzr8x085CWw8EDufcyz05QcyZNq777aysrq1vbBa2its7u3v7pYPDpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6CbzW2OqNIvko5nE1Bd4IFnICDZW8rsCm6ES6e39tNfslcpuxZ0BLRMvJ2XIUe+Vvrr9iCSCSkM41rrjubHxU6wMI5xOi91E0xiTER7QjqUSC6r9dBZ6ik6t0kdhpOyTBs3U3xspFlpPRGAns5B60cvE/7xOYsIrP2UyTgyVZH4oTDgyEcoaQH2mKDF8YgkmitmsiAyxwsTYnoq2BG/xy8ukWa1455Xqw0W5dp3XUYBjOIEz8OASanAHdWgAgSd4hld4c8bOi/PufMxHV5x85wj+wPn8AdwNkic=</latexit>

OGN’s fOGN

q̇,ṗ
<latexit sha1_base64="BtDUU8eofJ+0Acwo8AZaJRnQ0qg=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDJTFV0WXehKK9gHtLVk0kwbmnmY3BFLmC9x46+4caGI4Er/xvSxsK0HAodzz72597iR4Aps+8dKzc0vLC6llzMrq2vrG9nNrYoKY0lZmYYilDWXKCZ4wMrAQbBaJBnxXcGqbu98UK8+MKl4GNxCP2JNn3QC7nFKwEit7LF3pxvAHkH6+vriKklautEOQTd8Al3X0/dJcoAnlCgxpmzOzttD4FnijEkOjVFqZb/MDBr7LAAqiFJ1x46gqYkETgVLMo1YsYjQHumwuqEB8Zlq6uF5Cd4zSht7oTQvADxU/3Zo4ivV913jHOyopmsD8b9aPQbvtKl5EMXAAjr6yIsFhhAPssJtLhkF0TeEUMnNrph2iSQUTKIZE4IzffIsqRTyzmG+cHOUK56N40ijHbSL9pGDTlARXaISKiOKntALekPv1rP1an1YnyNryhr3bKMJWN+/kkeknw==</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

(q̇, ṗ)i
<latexit sha1_base64="C9Oln2KAP1rvyuPHzRO4CpxTw18=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUpSBV0W3bisYB/QhjKZTtqhk4czE6GE/IEbf8WNC0XcunXn3zhps7DVAwOHc+69c+9xI86ksqxvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbH15nffqBCsjC4U5OIOj4eBsxjBCst9c3jSm8QqqTnYzVyveQ+TU/RnBKl6Umf9c2yVbWmQH+JnZMy5Gj0zS89hcQ+DRThWMqubUXKSbBQjHCalnqxpBEmYzykXU0D7FPpJNN7UnSklQHyQqFfoNBU/d2RYF/Kie/qymxLuehl4n9eN1bepZOwIIoVDcjsIy/mSIUoCwcNmKBE8YkmmAimd0VkhAUmSkdY0iHYiyf/Ja1a1T6r1m7Py/WrPI4iHMAhVMCGC6jDDTSgCQQe4Rle4c14Ml6Md+NjVlow8p59mIPx+QPjSp0z</latexit>

fq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

: ODE’s time derivativesfq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

(q̇, ṗ)i
<latexit sha1_base64="C9Oln2KAP1rvyuPHzRO4CpxTw18=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUpSBV0W3bisYB/QhjKZTtqhk4czE6GE/IEbf8WNC0XcunXn3zhps7DVAwOHc+69c+9xI86ksqxvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbH15nffqBCsjC4U5OIOj4eBsxjBCst9c3jSm8QqqTnYzVyveQ+TU/RnBKl6Umf9c2yVbWmQH+JnZMy5Gj0zS89hcQ+DRThWMqubUXKSbBQjHCalnqxpBEmYzykXU0D7FPpJNN7UnSklQHyQqFfoNBU/d2RYF/Kie/qymxLuehl4n9eN1bepZOwIIoVDcjsIy/mSIUoCwcNmKBE8YkmmAimd0VkhAUmSkdY0iHYiyf/Ja1a1T6r1m7Py/WrPI4iHMAhVMCGC6jDDTSgCQQe4Rle4c14Ml6Md+NjVlow8p59mIPx+QPjSp0z</latexit>

Interaction Net



Sanchez-Gonzalez et al., 2019, arXiv/NeurIPS 2019 workshop

Hamiltonian ODE Graph Network

Data
(q,p)n

<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

Physics
<latexit sha1_base64="Cd3MzIu//1eDOhxWmi8S256786g=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZmpgi6LblxWsA9oh5JJ0zY0yQxJpjAM/RM3LhRx65+482/MtLPQ1gOBwzn3ck9OGHOmjed9O6WNza3tnfJuZW//4PDIPT5p6yhRhLZIxCPVDbGmnEnaMsxw2o0VxSLktBNO73O/M6NKs0g+mTSmgcBjyUaMYGOlgev2BTYTJbLmJNWM6PnArXo1bwG0TvyCVKFAc+B+9YcRSQSVhnCsdc/3YhNkWBlGOJ1X+ommMSZTPKY9SyUWVAfZIvkcXVhliEaRsk8atFB/b2RYaJ2K0E7mOfWql4v/eb3EjG6DjMk4MVSS5aFRwpGJUF4DGjJFieGpJZgoZrMiMsEKE2PLqtgS/NUvr5N2veZf1eqP19XGXVFHGc7gHC7BhxtowAM0oQUEZvAMr/DmZM6L8+58LEdLTrFzCn/gfP4AQPmUDw==</latexit>

Integrator
<latexit sha1_base64="tcBmATtGTuWdWxK1t1aUlGR5ygM=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVwVZIq6LLoRncV7APaUCbTSTt0MhNmboQQ6q+4caGIWz/EnX/jpM1CWw8MHM65l3vmBDFnGlz32yqtrW9sbpW3Kzu7e/sH9uFRR8tEEdomkkvVC7CmnAnaBgac9mJFcRRw2g2mN7nffaRKMykeII2pH+GxYCEjGIw0tKuDCMNERdmdADpWGKSaDe2aW3fncFaJV5AaKtAa2l+DkSRJRAUQjrXue24MfoYVMMLprDJINI0xmeIx7RsqcES1n83Dz5xTo4ycUCrzBDhz9fdGhiOt0ygwk3lUvezl4n9eP4Hwys+YiBOggiwOhQl3QDp5E86IKUqAp4ZgopjJ6pAJVpiA6atiSvCWv7xKOo26d15v3F/UmtdFHWV0jE7QGfLQJWqiW9RCbURQip7RK3qznqwX6936WIyWrGKniv7A+vwBpEKVaQ==</latexit>

(q,p)n
<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

�t
<latexit sha1_base64="6YoFy1pkwQYqujyqmRUE2w/KnSk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjUg8cK9gPaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6wHHC/YgOlAgFo2ildveWS6QEe6WyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn83unZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9HnSF5ozlGNLKNPC3krYkGrK0EZUtCF4iy8vk2a14p1XqvcX5dp1HkcBjuEEzsCDS6jBHdShAQwkPMMrvDmPzovz7nzMW1ecfOYI/sD5/AGQw4+o</latexit>

OGN / HOGN

fq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

DeltaGN

GNV
<latexit sha1_base64="k0RMWANbUAilHNLtDMWGczJRz5g=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoQldSwT6gHUomzbShSWZMMoUy9DvcuFDErR/jzr8x085CWw8EDufcyz05QcyZNq777aysrq1vbBa2its7u3v7pYPDpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6CbzW2OqNIvko5nE1Bd4IFnICDZW8rsCm6ES6e39tNfslcpuxZ0BLRMvJ2XIUe+Vvrr9iCSCSkM41rrjubHxU6wMI5xOi91E0xiTER7QjqUSC6r9dBZ6ik6t0kdhpOyTBs3U3xspFlpPRGAns5B60cvE/7xOYsIrP2UyTgyVZH4oTDgyEcoaQH2mKDF8YgkmitmsiAyxwsTYnoq2BG/xy8ukWa1455Xqw0W5dp3XUYBjOIEz8OASanAHdWgAgSd4hld4c8bOi/PufMxHV5x85wj+wPn8AdwNkic=</latexit>

+
<latexit sha1_base64="HFb7vPGXWshKfdtTiumEDK16me0=">AAAB6HicbVDLSgN BEOyNrxhfUY9eBoMgCGE3CnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw 3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0qyUvctypX5Vqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3LTjLM=</latexit>

(�q,�p)n
<latexit sha1_base64="ozUuZK2/Z71Fn+K9ydhiOe85b5g=">AAACEXicbVDLSsNAFL2pr1pfVZduBotQQUpSBV0WdeGygn1AE8pkOmmHTh7OTIQS8gtu/BU3LhRx686df+OkzUJbDwwczjmXufe4EWdSmea3UVhaXlldK66XNja3tnfKu3ttGcaC0BYJeSi6LpaUs4C2FFOcdiNBse9y2nHHV5nfeaBCsjC4U5OIOj4eBsxjBCst9cvVqn1NucLI9rEauV5yn56gOSlKj/s6WjFr5hRokVg5qUCOZr/8ZQ9CEvs0UIRjKXuWGSknwUIxwmlasmNJI0zGeEh7mgbYp9JJphel6EgrA+SFQr9Aoan6eyLBvpQT39XJbEk572Xif14vVt6Fk7AgihUNyOwjL+ZIhSirBw2YoETxiSaYCKZ3RWSEBSZKl1jSJVjzJy+Sdr1mndbqt2eVxmVeRxEO4BCqYME5NOAGmtACAo/wDK/wZjwZL8a78TGLFox8Zh/+wPj8AZdonOI=</latexit>

(q,p)n
<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

�t
<latexit sha1_base64="6YoFy1pkwQYqujyqmRUE2w/KnSk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjUg8cK9gPaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6wHHC/YgOlAgFo2ildveWS6QEe6WyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn83unZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9HnSF5ozlGNLKNPC3krYkGrK0EZUtCF4iy8vk2a14p1XqvcX5dp1HkcBjuEEzsCDS6jBHdShAQwkPMMrvDmPzovz7nzMW1ecfOYI/sD5/AGQw4+o</latexit>

HGN
<latexit sha1_base64="+GiKiVx5Wyvrg9UrFArETHNhCfI=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrgqSRV0WXRhV1LBXqANYTKdtkNnJmFmIpSQja/ixoUibn0Md76NkzQLbf1h4OM/5zDn/EHEqNKO822VVlbX1jfKm5Wt7Z3dPXv/oKPCWGLSxiELZS9AijAqSFtTzUgvkgTxgJFuML3J6t1HIhUNxYOeRcTjaCzoiGKkjeXbRwOO9AQjljRTP2fJk9u71LerTs3JBZfBLaAKCrV8+2swDHHMidCYIaX6rhNpL0FSU8xIWhnEikQIT9GY9A0KxInykvyAFJ4aZwhHoTRPaJi7vycSxJWa8cB0ZiuqxVpm/lfrx3p05SVURLEmAs8/GsUM6hBmacAhlQRrNjOAsKRmV4gnSCKsTWYVE4K7ePIydOo197xWv7+oNq6LOMrgGJyAM+CCS9AATdACbYBBCp7BK3iznqwX6936mLeWrGLmEPyR9fkDTlOW3A==</latexit>

GNu
<latexit sha1_base64="SamomLDwGEx5zJoMuY6504uCKCg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJWZKuiy6EJXUsE+oB2GTJppQ5PMkGSEMs7CX3HjQhG3/oY7/8ZMOwttPRA4nHMv9+QEMaNKO863VVpaXlldK69XNja3tnfs3b22ihKJSQtHLJLdACnCqCAtTTUj3VgSxANGOsH4Kvc7D0QqGol7PYmJx9FQ0JBipI3k2wd9jvRI8vT6NvOnPAjTJPPtqlNzpoCLxC1IFRRo+vZXfxDhhBOhMUNK9Vwn1l6KpKaYkazSTxSJER6jIekZKhAnykun+TN4bJQBDCNpntBwqv7eSBFXasIDM5knVPNeLv7n9RIdXngpFXGiicCzQ2HCoI5gXgYcUEmwZhNDEJbUZIV4hCTC2lRWMSW4819eJO16zT2t1e/Oqo3Loo4yOARH4AS44Bw0wA1oghbA4BE8g1fwZj1ZL9a79TEbLVnFzj74A+vzB8bUlpc=</latexit>

✓
@HGN

@p
,�

@HGN

@q

◆

<latexit sha1_base64="YWg29ndGFr8JGopJ8w16gm8UHjc="></latexit>

HOGN’s fHOGN
q̇,ṗ

<latexit sha1_base64="swbO47kxs472VPbI76CqfMpsqws=">AAACH3icbVDLTgIxFO3gC/GFunTTSExcGDKDRl0SXchKMREwASSd0oGGzsP2jpE08ydu/BU3LjTGuONvLI+FgCdpcnLuubf3HjcSXIFtD6zUwuLS8kp6NbO2vrG5ld3eqaowlpRVaChCee8SxQQPWAU4CHYfSUZ8V7Ca27sc1mtPTCoeBnfQj1jTJ52Ae5wSMFIre+o96AawZ5C+Lt1cXSdJSzfaIeiGT6DrevoxSY7wlBIlxpTN2Xl7BDxPnAnJoQnKreyPmUFjnwVABVGq7tgRNDWRwKlgSaYRKxYR2iMdVjc0ID5TTT26L8EHRmljL5TmBYBH6t8OTXyl+r5rnMMd1WxtKP5Xq8fgnTc1D6IYWEDHH3mxwBDiYVi4zSWjIPqGECq52RXTLpGEgok0Y0JwZk+eJ9VC3jnOF25PcsWLSRxptIf20SFy0BkqohIqowqi6AW9oQ/0ab1a79aX9T22pqxJzy6agjX4BTVrpPE=</latexit>

(q̇, ṗ)i
<latexit sha1_base64="C9Oln2KAP1rvyuPHzRO4CpxTw18=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUpSBV0W3bisYB/QhjKZTtqhk4czE6GE/IEbf8WNC0XcunXn3zhps7DVAwOHc+69c+9xI86ksqxvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbH15nffqBCsjC4U5OIOj4eBsxjBCst9c3jSm8QqqTnYzVyveQ+TU/RnBKl6Umf9c2yVbWmQH+JnZMy5Gj0zS89hcQ+DRThWMqubUXKSbBQjHCalnqxpBEmYzykXU0D7FPpJNN7UnSklQHyQqFfoNBU/d2RYF/Kie/qymxLuehl4n9eN1bepZOwIIoVDcjsIy/mSIUoCwcNmKBE8YkmmAimd0VkhAUmSkdY0iHYiyf/Ja1a1T6r1m7Py/WrPI4iHMAhVMCGC6jDDTSgCQQe4Rle4c14Ml6Md+NjVlow8p59mIPx+QPjSp0z</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

GNV
<latexit sha1_base64="k0RMWANbUAilHNLtDMWGczJRz5g=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoQldSwT6gHUomzbShSWZMMoUy9DvcuFDErR/jzr8x085CWw8EDufcyz05QcyZNq777aysrq1vbBa2its7u3v7pYPDpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6CbzW2OqNIvko5nE1Bd4IFnICDZW8rsCm6ES6e39tNfslcpuxZ0BLRMvJ2XIUe+Vvrr9iCSCSkM41rrjubHxU6wMI5xOi91E0xiTER7QjqUSC6r9dBZ6ik6t0kdhpOyTBs3U3xspFlpPRGAns5B60cvE/7xOYsIrP2UyTgyVZH4oTDgyEcoaQH2mKDF8YgkmitmsiAyxwsTYnoq2BG/xy8ukWa1455Xqw0W5dp3XUYBjOIEz8OASanAHdWgAgSd4hld4c8bOi/PufMxHV5x85wj+wPn8AdwNkic=</latexit>

OGN’s fOGN

q̇,ṗ
<latexit sha1_base64="BtDUU8eofJ+0Acwo8AZaJRnQ0qg=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDJTFV0WXehKK9gHtLVk0kwbmnmY3BFLmC9x46+4caGI4Er/xvSxsK0HAodzz72597iR4Aps+8dKzc0vLC6llzMrq2vrG9nNrYoKY0lZmYYilDWXKCZ4wMrAQbBaJBnxXcGqbu98UK8+MKl4GNxCP2JNn3QC7nFKwEit7LF3pxvAHkH6+vriKklautEOQTd8Al3X0/dJcoAnlCgxpmzOzttD4FnijEkOjVFqZb/MDBr7LAAqiFJ1x46gqYkETgVLMo1YsYjQHumwuqEB8Zlq6uF5Cd4zSht7oTQvADxU/3Zo4ivV913jHOyopmsD8b9aPQbvtKl5EMXAAjr6yIsFhhAPssJtLhkF0TeEUMnNrph2iSQUTKIZE4IzffIsqRTyzmG+cHOUK56N40ijHbSL9pGDTlARXaISKiOKntALekPv1rP1an1YnyNryhr3bKMJWN+/kkeknw==</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

(q̇, ṗ)i
<latexit sha1_base64="C9Oln2KAP1rvyuPHzRO4CpxTw18=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUpSBV0W3bisYB/QhjKZTtqhk4czE6GE/IEbf8WNC0XcunXn3zhps7DVAwOHc+69c+9xI86ksqxvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbH15nffqBCsjC4U5OIOj4eBsxjBCst9c3jSm8QqqTnYzVyveQ+TU/RnBKl6Umf9c2yVbWmQH+JnZMy5Gj0zS89hcQ+DRThWMqubUXKSbBQjHCalnqxpBEmYzykXU0D7FPpJNN7UnSklQHyQqFfoNBU/d2RYF/Kie/qymxLuehl4n9eN1bepZOwIIoVDcjsIy/mSIUoCwcNmKBE8YkmmAimd0VkhAUmSkdY0iHYiyf/Ja1a1T6r1m7Py/WrPI4iHMAhVMCGC6jDDTSgCQQe4Rle4c14Ml6Md+NjVlow8p59mIPx+QPjSp0z</latexit>

fq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

: ODE’s time derivativesfq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

(q̇, ṗ)i
<latexit sha1_base64="C9Oln2KAP1rvyuPHzRO4CpxTw18=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUpSBV0W3bisYB/QhjKZTtqhk4czE6GE/IEbf8WNC0XcunXn3zhps7DVAwOHc+69c+9xI86ksqxvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbH15nffqBCsjC4U5OIOj4eBsxjBCst9c3jSm8QqqTnYzVyveQ+TU/RnBKl6Umf9c2yVbWmQH+JnZMy5Gj0zS89hcQ+DRThWMqubUXKSbBQjHCalnqxpBEmYzykXU0D7FPpJNN7UnSklQHyQqFfoNBU/d2RYF/Kie/qymxLuehl4n9eN1bepZOwIIoVDcjsIy/mSIUoCwcNmKBE8YkmmAimd0VkhAUmSkdY0iHYiyf/Ja1a1T6r1m7Py/WrPI4iHMAhVMCGC6jDDTSgCQQe4Rle4c14Ml6Md+NjVlow8p59mIPx+QPjSp0z</latexit>

Interaction Net



Sanchez-Gonzalez et al., 2019, arXiv/NeurIPS 2019 workshop

Hamiltonian ODE Graph Network

Data
(q,p)n

<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

Physics
<latexit sha1_base64="Cd3MzIu//1eDOhxWmi8S256786g=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZmpgi6LblxWsA9oh5JJ0zY0yQxJpjAM/RM3LhRx65+482/MtLPQ1gOBwzn3ck9OGHOmjed9O6WNza3tnfJuZW//4PDIPT5p6yhRhLZIxCPVDbGmnEnaMsxw2o0VxSLktBNO73O/M6NKs0g+mTSmgcBjyUaMYGOlgev2BTYTJbLmJNWM6PnArXo1bwG0TvyCVKFAc+B+9YcRSQSVhnCsdc/3YhNkWBlGOJ1X+ommMSZTPKY9SyUWVAfZIvkcXVhliEaRsk8atFB/b2RYaJ2K0E7mOfWql4v/eb3EjG6DjMk4MVSS5aFRwpGJUF4DGjJFieGpJZgoZrMiMsEKE2PLqtgS/NUvr5N2veZf1eqP19XGXVFHGc7gHC7BhxtowAM0oQUEZvAMr/DmZM6L8+58LEdLTrFzCn/gfP4AQPmUDw==</latexit>

Integrator
<latexit sha1_base64="tcBmATtGTuWdWxK1t1aUlGR5ygM=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVwVZIq6LLoRncV7APaUCbTSTt0MhNmboQQ6q+4caGIWz/EnX/jpM1CWw8MHM65l3vmBDFnGlz32yqtrW9sbpW3Kzu7e/sH9uFRR8tEEdomkkvVC7CmnAnaBgac9mJFcRRw2g2mN7nffaRKMykeII2pH+GxYCEjGIw0tKuDCMNERdmdADpWGKSaDe2aW3fncFaJV5AaKtAa2l+DkSRJRAUQjrXue24MfoYVMMLprDJINI0xmeIx7RsqcES1n83Dz5xTo4ycUCrzBDhz9fdGhiOt0ygwk3lUvezl4n9eP4Hwys+YiBOggiwOhQl3QDp5E86IKUqAp4ZgopjJ6pAJVpiA6atiSvCWv7xKOo26d15v3F/UmtdFHWV0jE7QGfLQJWqiW9RCbURQip7RK3qznqwX6936WIyWrGKniv7A+vwBpEKVaQ==</latexit>

(q,p)n
<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

�t
<latexit sha1_base64="6YoFy1pkwQYqujyqmRUE2w/KnSk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjUg8cK9gPaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6wHHC/YgOlAgFo2ildveWS6QEe6WyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn83unZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9HnSF5ozlGNLKNPC3krYkGrK0EZUtCF4iy8vk2a14p1XqvcX5dp1HkcBjuEEzsCDS6jBHdShAQwkPMMrvDmPzovz7nzMW1ecfOYI/sD5/AGQw4+o</latexit>

OGN / HOGN

fq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

DeltaGN

GNV
<latexit sha1_base64="k0RMWANbUAilHNLtDMWGczJRz5g=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoQldSwT6gHUomzbShSWZMMoUy9DvcuFDErR/jzr8x085CWw8EDufcyz05QcyZNq777aysrq1vbBa2its7u3v7pYPDpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6CbzW2OqNIvko5nE1Bd4IFnICDZW8rsCm6ES6e39tNfslcpuxZ0BLRMvJ2XIUe+Vvrr9iCSCSkM41rrjubHxU6wMI5xOi91E0xiTER7QjqUSC6r9dBZ6ik6t0kdhpOyTBs3U3xspFlpPRGAns5B60cvE/7xOYsIrP2UyTgyVZH4oTDgyEcoaQH2mKDF8YgkmitmsiAyxwsTYnoq2BG/xy8ukWa1455Xqw0W5dp3XUYBjOIEz8OASanAHdWgAgSd4hld4c8bOi/PufMxHV5x85wj+wPn8AdwNkic=</latexit>

+
<latexit sha1_base64="HFb7vPGXWshKfdtTiumEDK16me0=">AAAB6HicbVDLSgN BEOyNrxhfUY9eBoMgCGE3CnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw 3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0qyUvctypX5Vqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3LTjLM=</latexit>

(�q,�p)n
<latexit sha1_base64="ozUuZK2/Z71Fn+K9ydhiOe85b5g=">AAACEXicbVDLSsNAFL2pr1pfVZduBotQQUpSBV0WdeGygn1AE8pkOmmHTh7OTIQS8gtu/BU3LhRx686df+OkzUJbDwwczjmXufe4EWdSmea3UVhaXlldK66XNja3tnfKu3ttGcaC0BYJeSi6LpaUs4C2FFOcdiNBse9y2nHHV5nfeaBCsjC4U5OIOj4eBsxjBCst9cvVqn1NucLI9rEauV5yn56gOSlKj/s6WjFr5hRokVg5qUCOZr/8ZQ9CEvs0UIRjKXuWGSknwUIxwmlasmNJI0zGeEh7mgbYp9JJphel6EgrA+SFQr9Aoan6eyLBvpQT39XJbEk572Xif14vVt6Fk7AgihUNyOwjL+ZIhSirBw2YoETxiSaYCKZ3RWSEBSZKl1jSJVjzJy+Sdr1mndbqt2eVxmVeRxEO4BCqYME5NOAGmtACAo/wDK/wZjwZL8a78TGLFox8Zh/+wPj8AZdonOI=</latexit>

(q,p)n
<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

�t
<latexit sha1_base64="6YoFy1pkwQYqujyqmRUE2w/KnSk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjUg8cK9gPaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6wHHC/YgOlAgFo2ildveWS6QEe6WyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn83unZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9HnSF5ozlGNLKNPC3krYkGrK0EZUtCF4iy8vk2a14p1XqvcX5dp1HkcBjuEEzsCDS6jBHdShAQwkPMMrvDmPzovz7nzMW1ecfOYI/sD5/AGQw4+o</latexit>

HGN
<latexit sha1_base64="+GiKiVx5Wyvrg9UrFArETHNhCfI=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrgqSRV0WXRhV1LBXqANYTKdtkNnJmFmIpSQja/ixoUibn0Md76NkzQLbf1h4OM/5zDn/EHEqNKO822VVlbX1jfKm5Wt7Z3dPXv/oKPCWGLSxiELZS9AijAqSFtTzUgvkgTxgJFuML3J6t1HIhUNxYOeRcTjaCzoiGKkjeXbRwOO9AQjljRTP2fJk9u71LerTs3JBZfBLaAKCrV8+2swDHHMidCYIaX6rhNpL0FSU8xIWhnEikQIT9GY9A0KxInykvyAFJ4aZwhHoTRPaJi7vycSxJWa8cB0ZiuqxVpm/lfrx3p05SVURLEmAs8/GsUM6hBmacAhlQRrNjOAsKRmV4gnSCKsTWYVE4K7ePIydOo197xWv7+oNq6LOMrgGJyAM+CCS9AATdACbYBBCp7BK3iznqwX6936mLeWrGLmEPyR9fkDTlOW3A==</latexit>

GNu
<latexit sha1_base64="SamomLDwGEx5zJoMuY6504uCKCg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJWZKuiy6EJXUsE+oB2GTJppQ5PMkGSEMs7CX3HjQhG3/oY7/8ZMOwttPRA4nHMv9+QEMaNKO863VVpaXlldK69XNja3tnfs3b22ihKJSQtHLJLdACnCqCAtTTUj3VgSxANGOsH4Kvc7D0QqGol7PYmJx9FQ0JBipI3k2wd9jvRI8vT6NvOnPAjTJPPtqlNzpoCLxC1IFRRo+vZXfxDhhBOhMUNK9Vwn1l6KpKaYkazSTxSJER6jIekZKhAnykun+TN4bJQBDCNpntBwqv7eSBFXasIDM5knVPNeLv7n9RIdXngpFXGiicCzQ2HCoI5gXgYcUEmwZhNDEJbUZIV4hCTC2lRWMSW4819eJO16zT2t1e/Oqo3Loo4yOARH4AS44Bw0wA1oghbA4BE8g1fwZj1ZL9a79TEbLVnFzj74A+vzB8bUlpc=</latexit>

✓
@HGN

@p
,�

@HGN

@q

◆

<latexit sha1_base64="YWg29ndGFr8JGopJ8w16gm8UHjc="></latexit>

HOGN’s fHOGN
q̇,ṗ

<latexit sha1_base64="swbO47kxs472VPbI76CqfMpsqws=">AAACH3icbVDLTgIxFO3gC/GFunTTSExcGDKDRl0SXchKMREwASSd0oGGzsP2jpE08ydu/BU3LjTGuONvLI+FgCdpcnLuubf3HjcSXIFtD6zUwuLS8kp6NbO2vrG5ld3eqaowlpRVaChCee8SxQQPWAU4CHYfSUZ8V7Ca27sc1mtPTCoeBnfQj1jTJ52Ae5wSMFIre+o96AawZ5C+Lt1cXSdJSzfaIeiGT6DrevoxSY7wlBIlxpTN2Xl7BDxPnAnJoQnKreyPmUFjnwVABVGq7tgRNDWRwKlgSaYRKxYR2iMdVjc0ID5TTT26L8EHRmljL5TmBYBH6t8OTXyl+r5rnMMd1WxtKP5Xq8fgnTc1D6IYWEDHH3mxwBDiYVi4zSWjIPqGECq52RXTLpGEgok0Y0JwZk+eJ9VC3jnOF25PcsWLSRxptIf20SFy0BkqohIqowqi6AW9oQ/0ab1a79aX9T22pqxJzy6agjX4BTVrpPE=</latexit>

(q̇, ṗ)i
<latexit sha1_base64="C9Oln2KAP1rvyuPHzRO4CpxTw18=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUpSBV0W3bisYB/QhjKZTtqhk4czE6GE/IEbf8WNC0XcunXn3zhps7DVAwOHc+69c+9xI86ksqxvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbH15nffqBCsjC4U5OIOj4eBsxjBCst9c3jSm8QqqTnYzVyveQ+TU/RnBKl6Umf9c2yVbWmQH+JnZMy5Gj0zS89hcQ+DRThWMqubUXKSbBQjHCalnqxpBEmYzykXU0D7FPpJNN7UnSklQHyQqFfoNBU/d2RYF/Kie/qymxLuehl4n9eN1bepZOwIIoVDcjsIy/mSIUoCwcNmKBE8YkmmAimd0VkhAUmSkdY0iHYiyf/Ja1a1T6r1m7Py/WrPI4iHMAhVMCGC6jDDTSgCQQe4Rle4c14Ml6Md+NjVlow8p59mIPx+QPjSp0z</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

GNV
<latexit sha1_base64="k0RMWANbUAilHNLtDMWGczJRz5g=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoQldSwT6gHUomzbShSWZMMoUy9DvcuFDErR/jzr8x085CWw8EDufcyz05QcyZNq777aysrq1vbBa2its7u3v7pYPDpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6CbzW2OqNIvko5nE1Bd4IFnICDZW8rsCm6ES6e39tNfslcpuxZ0BLRMvJ2XIUe+Vvrr9iCSCSkM41rrjubHxU6wMI5xOi91E0xiTER7QjqUSC6r9dBZ6ik6t0kdhpOyTBs3U3xspFlpPRGAns5B60cvE/7xOYsIrP2UyTgyVZH4oTDgyEcoaQH2mKDF8YgkmitmsiAyxwsTYnoq2BG/xy8ukWa1455Xqw0W5dp3XUYBjOIEz8OASanAHdWgAgSd4hld4c8bOi/PufMxHV5x85wj+wPn8AdwNkic=</latexit>

OGN’s fOGN

q̇,ṗ
<latexit sha1_base64="BtDUU8eofJ+0Acwo8AZaJRnQ0qg=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDJTFV0WXehKK9gHtLVk0kwbmnmY3BFLmC9x46+4caGI4Er/xvSxsK0HAodzz72597iR4Aps+8dKzc0vLC6llzMrq2vrG9nNrYoKY0lZmYYilDWXKCZ4wMrAQbBaJBnxXcGqbu98UK8+MKl4GNxCP2JNn3QC7nFKwEit7LF3pxvAHkH6+vriKklautEOQTd8Al3X0/dJcoAnlCgxpmzOzttD4FnijEkOjVFqZb/MDBr7LAAqiFJ1x46gqYkETgVLMo1YsYjQHumwuqEB8Zlq6uF5Cd4zSht7oTQvADxU/3Zo4ivV913jHOyopmsD8b9aPQbvtKl5EMXAAjr6yIsFhhAPssJtLhkF0TeEUMnNrph2iSQUTKIZE4IzffIsqRTyzmG+cHOUK56N40ijHbSL9pGDTlARXaISKiOKntALekPv1rP1an1YnyNryhr3bKMJWN+/kkeknw==</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

(q̇, ṗ)i
<latexit sha1_base64="C9Oln2KAP1rvyuPHzRO4CpxTw18=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUpSBV0W3bisYB/QhjKZTtqhk4czE6GE/IEbf8WNC0XcunXn3zhps7DVAwOHc+69c+9xI86ksqxvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbH15nffqBCsjC4U5OIOj4eBsxjBCst9c3jSm8QqqTnYzVyveQ+TU/RnBKl6Umf9c2yVbWmQH+JnZMy5Gj0zS89hcQ+DRThWMqubUXKSbBQjHCalnqxpBEmYzykXU0D7FPpJNN7UnSklQHyQqFfoNBU/d2RYF/Kie/qymxLuehl4n9eN1bepZOwIIoVDcjsIy/mSIUoCwcNmKBE8YkmmAimd0VkhAUmSkdY0iHYiyf/Ja1a1T6r1m7Py/WrPI4iHMAhVMCGC6jDDTSgCQQe4Rle4c14Ml6Md+NjVlow8p59mIPx+QPjSp0z</latexit>

fq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

: ODE’s time derivativesfq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

(q̇, ṗ)i
<latexit sha1_base64="C9Oln2KAP1rvyuPHzRO4CpxTw18=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUpSBV0W3bisYB/QhjKZTtqhk4czE6GE/IEbf8WNC0XcunXn3zhps7DVAwOHc+69c+9xI86ksqxvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbH15nffqBCsjC4U5OIOj4eBsxjBCst9c3jSm8QqqTnYzVyveQ+TU/RnBKl6Umf9c2yVbWmQH+JnZMy5Gj0zS89hcQ+DRThWMqubUXKSbBQjHCalnqxpBEmYzykXU0D7FPpJNN7UnSklQHyQqFfoNBU/d2RYF/Kie/qymxLuehl4n9eN1bepZOwIIoVDcjsIy/mSIUoCwcNmKBE8YkmmAimd0VkhAUmSkdY0iHYiyf/Ja1a1T6r1m7Py/WrPI4iHMAhVMCGC6jDDTSgCQQe4Rle4c14Ml6Md+NjVlow8p59mIPx+QPjSp0z</latexit>

Interaction Net
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Hamiltonian ODE Graph Network

Data
(q,p)n

<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

Physics
<latexit sha1_base64="Cd3MzIu//1eDOhxWmi8S256786g=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZmpgi6LblxWsA9oh5JJ0zY0yQxJpjAM/RM3LhRx65+482/MtLPQ1gOBwzn3ck9OGHOmjed9O6WNza3tnfJuZW//4PDIPT5p6yhRhLZIxCPVDbGmnEnaMsxw2o0VxSLktBNO73O/M6NKs0g+mTSmgcBjyUaMYGOlgev2BTYTJbLmJNWM6PnArXo1bwG0TvyCVKFAc+B+9YcRSQSVhnCsdc/3YhNkWBlGOJ1X+ommMSZTPKY9SyUWVAfZIvkcXVhliEaRsk8atFB/b2RYaJ2K0E7mOfWql4v/eb3EjG6DjMk4MVSS5aFRwpGJUF4DGjJFieGpJZgoZrMiMsEKE2PLqtgS/NUvr5N2veZf1eqP19XGXVFHGc7gHC7BhxtowAM0oQUEZvAMr/DmZM6L8+58LEdLTrFzCn/gfP4AQPmUDw==</latexit>

Integrator
<latexit sha1_base64="tcBmATtGTuWdWxK1t1aUlGR5ygM=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVwVZIq6LLoRncV7APaUCbTSTt0MhNmboQQ6q+4caGIWz/EnX/jpM1CWw8MHM65l3vmBDFnGlz32yqtrW9sbpW3Kzu7e/sH9uFRR8tEEdomkkvVC7CmnAnaBgac9mJFcRRw2g2mN7nffaRKMykeII2pH+GxYCEjGIw0tKuDCMNERdmdADpWGKSaDe2aW3fncFaJV5AaKtAa2l+DkSRJRAUQjrXue24MfoYVMMLprDJINI0xmeIx7RsqcES1n83Dz5xTo4ycUCrzBDhz9fdGhiOt0ygwk3lUvezl4n9eP4Hwys+YiBOggiwOhQl3QDp5E86IKUqAp4ZgopjJ6pAJVpiA6atiSvCWv7xKOo26d15v3F/UmtdFHWV0jE7QGfLQJWqiW9RCbURQip7RK3qznqwX6936WIyWrGKniv7A+vwBpEKVaQ==</latexit>

(q,p)n
<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

�t
<latexit sha1_base64="6YoFy1pkwQYqujyqmRUE2w/KnSk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjUg8cK9gPaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6wHHC/YgOlAgFo2ildveWS6QEe6WyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn83unZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9HnSF5ozlGNLKNPC3krYkGrK0EZUtCF4iy8vk2a14p1XqvcX5dp1HkcBjuEEzsCDS6jBHdShAQwkPMMrvDmPzovz7nzMW1ecfOYI/sD5/AGQw4+o</latexit>

OGN / HOGN

fq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

DeltaGN

GNV
<latexit sha1_base64="k0RMWANbUAilHNLtDMWGczJRz5g=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoQldSwT6gHUomzbShSWZMMoUy9DvcuFDErR/jzr8x085CWw8EDufcyz05QcyZNq777aysrq1vbBa2its7u3v7pYPDpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6CbzW2OqNIvko5nE1Bd4IFnICDZW8rsCm6ES6e39tNfslcpuxZ0BLRMvJ2XIUe+Vvrr9iCSCSkM41rrjubHxU6wMI5xOi91E0xiTER7QjqUSC6r9dBZ6ik6t0kdhpOyTBs3U3xspFlpPRGAns5B60cvE/7xOYsIrP2UyTgyVZH4oTDgyEcoaQH2mKDF8YgkmitmsiAyxwsTYnoq2BG/xy8ukWa1455Xqw0W5dp3XUYBjOIEz8OASanAHdWgAgSd4hld4c8bOi/PufMxHV5x85wj+wPn8AdwNkic=</latexit>

+
<latexit sha1_base64="HFb7vPGXWshKfdtTiumEDK16me0=">AAAB6HicbVDLSgN BEOyNrxhfUY9eBoMgCGE3CnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw 3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0qyUvctypX5Vqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3LTjLM=</latexit>

(�q,�p)n
<latexit sha1_base64="ozUuZK2/Z71Fn+K9ydhiOe85b5g=">AAACEXicbVDLSsNAFL2pr1pfVZduBotQQUpSBV0WdeGygn1AE8pkOmmHTh7OTIQS8gtu/BU3LhRx686df+OkzUJbDwwczjmXufe4EWdSmea3UVhaXlldK66XNja3tnfKu3ttGcaC0BYJeSi6LpaUs4C2FFOcdiNBse9y2nHHV5nfeaBCsjC4U5OIOj4eBsxjBCst9cvVqn1NucLI9rEauV5yn56gOSlKj/s6WjFr5hRokVg5qUCOZr/8ZQ9CEvs0UIRjKXuWGSknwUIxwmlasmNJI0zGeEh7mgbYp9JJphel6EgrA+SFQr9Aoan6eyLBvpQT39XJbEk572Xif14vVt6Fk7AgihUNyOwjL+ZIhSirBw2YoETxiSaYCKZ3RWSEBSZKl1jSJVjzJy+Sdr1mndbqt2eVxmVeRxEO4BCqYME5NOAGmtACAo/wDK/wZjwZL8a78TGLFox8Zh/+wPj8AZdonOI=</latexit>

(q,p)n
<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

�t
<latexit sha1_base64="6YoFy1pkwQYqujyqmRUE2w/KnSk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjUg8cK9gPaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6wHHC/YgOlAgFo2ildveWS6QEe6WyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn83unZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9HnSF5ozlGNLKNPC3krYkGrK0EZUtCF4iy8vk2a14p1XqvcX5dp1HkcBjuEEzsCDS6jBHdShAQwkPMMrvDmPzovz7nzMW1ecfOYI/sD5/AGQw4+o</latexit>

HGN
<latexit sha1_base64="+GiKiVx5Wyvrg9UrFArETHNhCfI=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrgqSRV0WXRhV1LBXqANYTKdtkNnJmFmIpSQja/ixoUibn0Md76NkzQLbf1h4OM/5zDn/EHEqNKO822VVlbX1jfKm5Wt7Z3dPXv/oKPCWGLSxiELZS9AijAqSFtTzUgvkgTxgJFuML3J6t1HIhUNxYOeRcTjaCzoiGKkjeXbRwOO9AQjljRTP2fJk9u71LerTs3JBZfBLaAKCrV8+2swDHHMidCYIaX6rhNpL0FSU8xIWhnEikQIT9GY9A0KxInykvyAFJ4aZwhHoTRPaJi7vycSxJWa8cB0ZiuqxVpm/lfrx3p05SVURLEmAs8/GsUM6hBmacAhlQRrNjOAsKRmV4gnSCKsTWYVE4K7ePIydOo197xWv7+oNq6LOMrgGJyAM+CCS9AATdACbYBBCp7BK3iznqwX6936mLeWrGLmEPyR9fkDTlOW3A==</latexit>

GNu
<latexit sha1_base64="SamomLDwGEx5zJoMuY6504uCKCg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJWZKuiy6EJXUsE+oB2GTJppQ5PMkGSEMs7CX3HjQhG3/oY7/8ZMOwttPRA4nHMv9+QEMaNKO863VVpaXlldK69XNja3tnfs3b22ihKJSQtHLJLdACnCqCAtTTUj3VgSxANGOsH4Kvc7D0QqGol7PYmJx9FQ0JBipI3k2wd9jvRI8vT6NvOnPAjTJPPtqlNzpoCLxC1IFRRo+vZXfxDhhBOhMUNK9Vwn1l6KpKaYkazSTxSJER6jIekZKhAnykun+TN4bJQBDCNpntBwqv7eSBFXasIDM5knVPNeLv7n9RIdXngpFXGiicCzQ2HCoI5gXgYcUEmwZhNDEJbUZIV4hCTC2lRWMSW4819eJO16zT2t1e/Oqo3Loo4yOARH4AS44Bw0wA1oghbA4BE8g1fwZj1ZL9a79TEbLVnFzj74A+vzB8bUlpc=</latexit>

✓
@HGN

@p
,�

@HGN

@q

◆

<latexit sha1_base64="YWg29ndGFr8JGopJ8w16gm8UHjc="></latexit>

HOGN’s fHOGN
q̇,ṗ

<latexit sha1_base64="swbO47kxs472VPbI76CqfMpsqws=">AAACH3icbVDLTgIxFO3gC/GFunTTSExcGDKDRl0SXchKMREwASSd0oGGzsP2jpE08ydu/BU3LjTGuONvLI+FgCdpcnLuubf3HjcSXIFtD6zUwuLS8kp6NbO2vrG5ld3eqaowlpRVaChCee8SxQQPWAU4CHYfSUZ8V7Ca27sc1mtPTCoeBnfQj1jTJ52Ae5wSMFIre+o96AawZ5C+Lt1cXSdJSzfaIeiGT6DrevoxSY7wlBIlxpTN2Xl7BDxPnAnJoQnKreyPmUFjnwVABVGq7tgRNDWRwKlgSaYRKxYR2iMdVjc0ID5TTT26L8EHRmljL5TmBYBH6t8OTXyl+r5rnMMd1WxtKP5Xq8fgnTc1D6IYWEDHH3mxwBDiYVi4zSWjIPqGECq52RXTLpGEgok0Y0JwZk+eJ9VC3jnOF25PcsWLSRxptIf20SFy0BkqohIqowqi6AW9oQ/0ab1a79aX9T22pqxJzy6agjX4BTVrpPE=</latexit>

(q̇, ṗ)i
<latexit sha1_base64="C9Oln2KAP1rvyuPHzRO4CpxTw18=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUpSBV0W3bisYB/QhjKZTtqhk4czE6GE/IEbf8WNC0XcunXn3zhps7DVAwOHc+69c+9xI86ksqxvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbH15nffqBCsjC4U5OIOj4eBsxjBCst9c3jSm8QqqTnYzVyveQ+TU/RnBKl6Umf9c2yVbWmQH+JnZMy5Gj0zS89hcQ+DRThWMqubUXKSbBQjHCalnqxpBEmYzykXU0D7FPpJNN7UnSklQHyQqFfoNBU/d2RYF/Kie/qymxLuehl4n9eN1bepZOwIIoVDcjsIy/mSIUoCwcNmKBE8YkmmAimd0VkhAUmSkdY0iHYiyf/Ja1a1T6r1m7Py/WrPI4iHMAhVMCGC6jDDTSgCQQe4Rle4c14Ml6Md+NjVlow8p59mIPx+QPjSp0z</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

GNV
<latexit sha1_base64="k0RMWANbUAilHNLtDMWGczJRz5g=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoQldSwT6gHUomzbShSWZMMoUy9DvcuFDErR/jzr8x085CWw8EDufcyz05QcyZNq777aysrq1vbBa2its7u3v7pYPDpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6CbzW2OqNIvko5nE1Bd4IFnICDZW8rsCm6ES6e39tNfslcpuxZ0BLRMvJ2XIUe+Vvrr9iCSCSkM41rrjubHxU6wMI5xOi91E0xiTER7QjqUSC6r9dBZ6ik6t0kdhpOyTBs3U3xspFlpPRGAns5B60cvE/7xOYsIrP2UyTgyVZH4oTDgyEcoaQH2mKDF8YgkmitmsiAyxwsTYnoq2BG/xy8ukWa1455Xqw0W5dp3XUYBjOIEz8OASanAHdWgAgSd4hld4c8bOi/PufMxHV5x85wj+wPn8AdwNkic=</latexit>

OGN’s fOGN

q̇,ṗ
<latexit sha1_base64="BtDUU8eofJ+0Acwo8AZaJRnQ0qg=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDJTFV0WXehKK9gHtLVk0kwbmnmY3BFLmC9x46+4caGI4Er/xvSxsK0HAodzz72597iR4Aps+8dKzc0vLC6llzMrq2vrG9nNrYoKY0lZmYYilDWXKCZ4wMrAQbBaJBnxXcGqbu98UK8+MKl4GNxCP2JNn3QC7nFKwEit7LF3pxvAHkH6+vriKklautEOQTd8Al3X0/dJcoAnlCgxpmzOzttD4FnijEkOjVFqZb/MDBr7LAAqiFJ1x46gqYkETgVLMo1YsYjQHumwuqEB8Zlq6uF5Cd4zSht7oTQvADxU/3Zo4ivV913jHOyopmsD8b9aPQbvtKl5EMXAAjr6yIsFhhAPssJtLhkF0TeEUMnNrph2iSQUTKIZE4IzffIsqRTyzmG+cHOUK56N40ijHbSL9pGDTlARXaISKiOKntALekPv1rP1an1YnyNryhr3bKMJWN+/kkeknw==</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

(q̇, ṗ)i
<latexit sha1_base64="C9Oln2KAP1rvyuPHzRO4CpxTw18=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUpSBV0W3bisYB/QhjKZTtqhk4czE6GE/IEbf8WNC0XcunXn3zhps7DVAwOHc+69c+9xI86ksqxvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbH15nffqBCsjC4U5OIOj4eBsxjBCst9c3jSm8QqqTnYzVyveQ+TU/RnBKl6Umf9c2yVbWmQH+JnZMy5Gj0zS89hcQ+DRThWMqubUXKSbBQjHCalnqxpBEmYzykXU0D7FPpJNN7UnSklQHyQqFfoNBU/d2RYF/Kie/qymxLuehl4n9eN1bepZOwIIoVDcjsIy/mSIUoCwcNmKBE8YkmmAimd0VkhAUmSkdY0iHYiyf/Ja1a1T6r1m7Py/WrPI4iHMAhVMCGC6jDDTSgCQQe4Rle4c14Ml6Md+NjVlow8p59mIPx+QPjSp0z</latexit>

fq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

: ODE’s time derivativesfq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

(q̇, ṗ)i
<latexit sha1_base64="C9Oln2KAP1rvyuPHzRO4CpxTw18=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUpSBV0W3bisYB/QhjKZTtqhk4czE6GE/IEbf8WNC0XcunXn3zhps7DVAwOHc+69c+9xI86ksqxvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbH15nffqBCsjC4U5OIOj4eBsxjBCst9c3jSm8QqqTnYzVyveQ+TU/RnBKl6Umf9c2yVbWmQH+JnZMy5Gj0zS89hcQ+DRThWMqubUXKSbBQjHCalnqxpBEmYzykXU0D7FPpJNN7UnSklQHyQqFfoNBU/d2RYF/Kie/qymxLuehl4n9eN1bepZOwIIoVDcjsIy/mSIUoCwcNmKBE8YkmmAimd0VkhAUmSkdY0iHYiyf/Ja1a1T6r1m7Py/WrPI4iHMAhVMCGC6jDDTSgCQQe4Rle4c14Ml6Md+NjVlow8p59mIPx+QPjSp0z</latexit>

Interaction Net



Sanchez-Gonzalez et al., 2019, arXiv/NeurIPS 2019 workshop

Hamiltonian ODE Graph Network

Data
(q,p)n

<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

Physics
<latexit sha1_base64="Cd3MzIu//1eDOhxWmi8S256786g=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZmpgi6LblxWsA9oh5JJ0zY0yQxJpjAM/RM3LhRx65+482/MtLPQ1gOBwzn3ck9OGHOmjed9O6WNza3tnfJuZW//4PDIPT5p6yhRhLZIxCPVDbGmnEnaMsxw2o0VxSLktBNO73O/M6NKs0g+mTSmgcBjyUaMYGOlgev2BTYTJbLmJNWM6PnArXo1bwG0TvyCVKFAc+B+9YcRSQSVhnCsdc/3YhNkWBlGOJ1X+ommMSZTPKY9SyUWVAfZIvkcXVhliEaRsk8atFB/b2RYaJ2K0E7mOfWql4v/eb3EjG6DjMk4MVSS5aFRwpGJUF4DGjJFieGpJZgoZrMiMsEKE2PLqtgS/NUvr5N2veZf1eqP19XGXVFHGc7gHC7BhxtowAM0oQUEZvAMr/DmZM6L8+58LEdLTrFzCn/gfP4AQPmUDw==</latexit>

Integrator
<latexit sha1_base64="tcBmATtGTuWdWxK1t1aUlGR5ygM=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVwVZIq6LLoRncV7APaUCbTSTt0MhNmboQQ6q+4caGIWz/EnX/jpM1CWw8MHM65l3vmBDFnGlz32yqtrW9sbpW3Kzu7e/sH9uFRR8tEEdomkkvVC7CmnAnaBgac9mJFcRRw2g2mN7nffaRKMykeII2pH+GxYCEjGIw0tKuDCMNERdmdADpWGKSaDe2aW3fncFaJV5AaKtAa2l+DkSRJRAUQjrXue24MfoYVMMLprDJINI0xmeIx7RsqcES1n83Dz5xTo4ycUCrzBDhz9fdGhiOt0ygwk3lUvezl4n9eP4Hwys+YiBOggiwOhQl3QDp5E86IKUqAp4ZgopjJ6pAJVpiA6atiSvCWv7xKOo26d15v3F/UmtdFHWV0jE7QGfLQJWqiW9RCbURQip7RK3qznqwX6936WIyWrGKniv7A+vwBpEKVaQ==</latexit>

(q,p)n
<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

�t
<latexit sha1_base64="6YoFy1pkwQYqujyqmRUE2w/KnSk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjUg8cK9gPaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6wHHC/YgOlAgFo2ildveWS6QEe6WyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn83unZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9HnSF5ozlGNLKNPC3krYkGrK0EZUtCF4iy8vk2a14p1XqvcX5dp1HkcBjuEEzsCDS6jBHdShAQwkPMMrvDmPzovz7nzMW1ecfOYI/sD5/AGQw4+o</latexit>

OGN / HOGN

fq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

DeltaGN

GNV
<latexit sha1_base64="k0RMWANbUAilHNLtDMWGczJRz5g=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoQldSwT6gHUomzbShSWZMMoUy9DvcuFDErR/jzr8x085CWw8EDufcyz05QcyZNq777aysrq1vbBa2its7u3v7pYPDpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6CbzW2OqNIvko5nE1Bd4IFnICDZW8rsCm6ES6e39tNfslcpuxZ0BLRMvJ2XIUe+Vvrr9iCSCSkM41rrjubHxU6wMI5xOi91E0xiTER7QjqUSC6r9dBZ6ik6t0kdhpOyTBs3U3xspFlpPRGAns5B60cvE/7xOYsIrP2UyTgyVZH4oTDgyEcoaQH2mKDF8YgkmitmsiAyxwsTYnoq2BG/xy8ukWa1455Xqw0W5dp3XUYBjOIEz8OASanAHdWgAgSd4hld4c8bOi/PufMxHV5x85wj+wPn8AdwNkic=</latexit>

+
<latexit sha1_base64="HFb7vPGXWshKfdtTiumEDK16me0=">AAAB6HicbVDLSgN BEOyNrxhfUY9eBoMgCGE3CnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw 3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0qyUvctypX5Vqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3LTjLM=</latexit>

(�q,�p)n
<latexit sha1_base64="ozUuZK2/Z71Fn+K9ydhiOe85b5g=">AAACEXicbVDLSsNAFL2pr1pfVZduBotQQUpSBV0WdeGygn1AE8pkOmmHTh7OTIQS8gtu/BU3LhRx686df+OkzUJbDwwczjmXufe4EWdSmea3UVhaXlldK66XNja3tnfKu3ttGcaC0BYJeSi6LpaUs4C2FFOcdiNBse9y2nHHV5nfeaBCsjC4U5OIOj4eBsxjBCst9cvVqn1NucLI9rEauV5yn56gOSlKj/s6WjFr5hRokVg5qUCOZr/8ZQ9CEvs0UIRjKXuWGSknwUIxwmlasmNJI0zGeEh7mgbYp9JJphel6EgrA+SFQr9Aoan6eyLBvpQT39XJbEk572Xif14vVt6Fk7AgihUNyOwjL+ZIhSirBw2YoETxiSaYCKZ3RWSEBSZKl1jSJVjzJy+Sdr1mndbqt2eVxmVeRxEO4BCqYME5NOAGmtACAo/wDK/wZjwZL8a78TGLFox8Zh/+wPj8AZdonOI=</latexit>

(q,p)n
<latexit sha1_base64="mDYHmaB6e5AN+8rx0z7qL5H7VKM=">AAACBXicbZDLSsNAFIZP6q3WW9WlLgaLUEFKUgVdFt24rGAv0IYwmU7aoZNJnJkIJWTjxldx40IRt76DO9/G6UXQ6g8DH/85hznn92POlLbtTyu3sLi0vJJfLaytb2xuFbd3mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryh5fjeuuOSsUicaNHMXVD3BcsYARrY3nF/XI3xHrgB+ltdoy+Oc6OvFRkXrFkV+yJ0F9wZlCCmepe8aPbi0gSUqEJx0p1HDvWboqlZoTTrNBNFI0xGeI+7RgUOKTKTSdXZOjQOD0URNI8odHE/TmR4lCpUeibzvGaar42Nv+rdRIdnLspE3GiqSDTj4KEIx2hcSSoxyQlmo8MYCKZ2RWRAZaYaBNcwYTgzJ/8F5rVinNSqV6flmoXszjysAcHUAYHzqAGV1CHBhC4h0d4hhfrwXqyXq23aWvOms3swi9Z71+BuZiW</latexit>

(q,p)n+1
<latexit sha1_base64="RTzp82fEe5JSoeF6QSIly+g+GNk=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVJSSVEGXRTcuK9gLtCFMppN26GQSZyZCCdm58VXcuFDEra/gzrdx0kbQ1h8GPv5zDnPO70WMSmVZX0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2RldZvX1PhKQhv1XjiDgBGnDqU4yUtlxzv9ILkBp6fnKXnsAfjtIjN+HHduqaZatqTQTnwc6hDHI1XPOz1w9xHBCuMENSdm0rUk6ChKKYkbTUiyWJEB6hAelq5Cgg0kkmd6TwUDt96IdCP67gxP09kaBAynHg6c5sUTlby8z/at1Y+RdOQnkUK8Lx9CM/ZlCFMAsF9qkgWLGxBoQF1btCPEQCYaWjK+kQ7NmT56FVq9qn1drNWbl+mcdRBHvgAFSADc5BHVyDBmgCDB7AE3gBr8aj8Wy8Ge/T1oKRz+yCPzI+vgFs15kG</latexit>

�t
<latexit sha1_base64="6YoFy1pkwQYqujyqmRUE2w/KnSk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjUg8cK9gPaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6wHHC/YgOlAgFo2ildveWS6QEe6WyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn83unZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9HnSF5ozlGNLKNPC3krYkGrK0EZUtCF4iy8vk2a14p1XqvcX5dp1HkcBjuEEzsCDS6jBHdShAQwkPMMrvDmPzovz7nzMW1ecfOYI/sD5/AGQw4+o</latexit>

HGN
<latexit sha1_base64="+GiKiVx5Wyvrg9UrFArETHNhCfI=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrgqSRV0WXRhV1LBXqANYTKdtkNnJmFmIpSQja/ixoUibn0Md76NkzQLbf1h4OM/5zDn/EHEqNKO822VVlbX1jfKm5Wt7Z3dPXv/oKPCWGLSxiELZS9AijAqSFtTzUgvkgTxgJFuML3J6t1HIhUNxYOeRcTjaCzoiGKkjeXbRwOO9AQjljRTP2fJk9u71LerTs3JBZfBLaAKCrV8+2swDHHMidCYIaX6rhNpL0FSU8xIWhnEikQIT9GY9A0KxInykvyAFJ4aZwhHoTRPaJi7vycSxJWa8cB0ZiuqxVpm/lfrx3p05SVURLEmAs8/GsUM6hBmacAhlQRrNjOAsKRmV4gnSCKsTWYVE4K7ePIydOo197xWv7+oNq6LOMrgGJyAM+CCS9AATdACbYBBCp7BK3iznqwX6936mLeWrGLmEPyR9fkDTlOW3A==</latexit>

GNu
<latexit sha1_base64="SamomLDwGEx5zJoMuY6504uCKCg=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJWZKuiy6EJXUsE+oB2GTJppQ5PMkGSEMs7CX3HjQhG3/oY7/8ZMOwttPRA4nHMv9+QEMaNKO863VVpaXlldK69XNja3tnfs3b22ihKJSQtHLJLdACnCqCAtTTUj3VgSxANGOsH4Kvc7D0QqGol7PYmJx9FQ0JBipI3k2wd9jvRI8vT6NvOnPAjTJPPtqlNzpoCLxC1IFRRo+vZXfxDhhBOhMUNK9Vwn1l6KpKaYkazSTxSJER6jIekZKhAnykun+TN4bJQBDCNpntBwqv7eSBFXasIDM5knVPNeLv7n9RIdXngpFXGiicCzQ2HCoI5gXgYcUEmwZhNDEJbUZIV4hCTC2lRWMSW4819eJO16zT2t1e/Oqo3Loo4yOARH4AS44Bw0wA1oghbA4BE8g1fwZj1ZL9a79TEbLVnFzj74A+vzB8bUlpc=</latexit>

✓
@HGN

@p
,�

@HGN

@q

◆

<latexit sha1_base64="YWg29ndGFr8JGopJ8w16gm8UHjc="></latexit>

HOGN’s fHOGN
q̇,ṗ

<latexit sha1_base64="swbO47kxs472VPbI76CqfMpsqws=">AAACH3icbVDLTgIxFO3gC/GFunTTSExcGDKDRl0SXchKMREwASSd0oGGzsP2jpE08ydu/BU3LjTGuONvLI+FgCdpcnLuubf3HjcSXIFtD6zUwuLS8kp6NbO2vrG5ld3eqaowlpRVaChCee8SxQQPWAU4CHYfSUZ8V7Ca27sc1mtPTCoeBnfQj1jTJ52Ae5wSMFIre+o96AawZ5C+Lt1cXSdJSzfaIeiGT6DrevoxSY7wlBIlxpTN2Xl7BDxPnAnJoQnKreyPmUFjnwVABVGq7tgRNDWRwKlgSaYRKxYR2iMdVjc0ID5TTT26L8EHRmljL5TmBYBH6t8OTXyl+r5rnMMd1WxtKP5Xq8fgnTc1D6IYWEDHH3mxwBDiYVi4zSWjIPqGECq52RXTLpGEgok0Y0JwZk+eJ9VC3jnOF25PcsWLSRxptIf20SFy0BkqohIqowqi6AW9oQ/0ab1a79aX9T22pqxJzy6agjX4BTVrpPE=</latexit>

(q̇, ṗ)i
<latexit sha1_base64="C9Oln2KAP1rvyuPHzRO4CpxTw18=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUpSBV0W3bisYB/QhjKZTtqhk4czE6GE/IEbf8WNC0XcunXn3zhps7DVAwOHc+69c+9xI86ksqxvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbH15nffqBCsjC4U5OIOj4eBsxjBCst9c3jSm8QqqTnYzVyveQ+TU/RnBKl6Umf9c2yVbWmQH+JnZMy5Gj0zS89hcQ+DRThWMqubUXKSbBQjHCalnqxpBEmYzykXU0D7FPpJNN7UnSklQHyQqFfoNBU/d2RYF/Kie/qymxLuehl4n9eN1bepZOwIIoVDcjsIy/mSIUoCwcNmKBE8YkmmAimd0VkhAUmSkdY0iHYiyf/Ja1a1T6r1m7Py/WrPI4iHMAhVMCGC6jDDTSgCQQe4Rle4c14Ml6Md+NjVlow8p59mIPx+QPjSp0z</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

GNV
<latexit sha1_base64="k0RMWANbUAilHNLtDMWGczJRz5g=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoQldSwT6gHUomzbShSWZMMoUy9DvcuFDErR/jzr8x085CWw8EDufcyz05QcyZNq777aysrq1vbBa2its7u3v7pYPDpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6CbzW2OqNIvko5nE1Bd4IFnICDZW8rsCm6ES6e39tNfslcpuxZ0BLRMvJ2XIUe+Vvrr9iCSCSkM41rrjubHxU6wMI5xOi91E0xiTER7QjqUSC6r9dBZ6ik6t0kdhpOyTBs3U3xspFlpPRGAns5B60cvE/7xOYsIrP2UyTgyVZH4oTDgyEcoaQH2mKDF8YgkmitmsiAyxwsTYnoq2BG/xy8ukWa1455Xqw0W5dp3XUYBjOIEz8OASanAHdWgAgSd4hld4c8bOi/PufMxHV5x85wj+wPn8AdwNkic=</latexit>

OGN’s fOGN

q̇,ṗ
<latexit sha1_base64="BtDUU8eofJ+0Acwo8AZaJRnQ0qg=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDJTFV0WXehKK9gHtLVk0kwbmnmY3BFLmC9x46+4caGI4Er/xvSxsK0HAodzz72597iR4Aps+8dKzc0vLC6llzMrq2vrG9nNrYoKY0lZmYYilDWXKCZ4wMrAQbBaJBnxXcGqbu98UK8+MKl4GNxCP2JNn3QC7nFKwEit7LF3pxvAHkH6+vriKklautEOQTd8Al3X0/dJcoAnlCgxpmzOzttD4FnijEkOjVFqZb/MDBr7LAAqiFJ1x46gqYkETgVLMo1YsYjQHumwuqEB8Zlq6uF5Cd4zSht7oTQvADxU/3Zo4ivV913jHOyopmsD8b9aPQbvtKl5EMXAAjr6yIsFhhAPssJtLhkF0TeEUMnNrph2iSQUTKIZE4IzffIsqRTyzmG+cHOUK56N40ijHbSL9pGDTlARXaISKiOKntALekPv1rP1an1YnyNryhr3bKMJWN+/kkeknw==</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

(q̇, ṗ)i
<latexit sha1_base64="C9Oln2KAP1rvyuPHzRO4CpxTw18=">AAACD3icbVDLSsNAFL2pr1pfUZduBotSQUpSBV0W3bisYB/QhjKZTtqhk4czE6GE/IEbf8WNC0XcunXn3zhps7DVAwOHc+69c+9xI86ksqxvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6LpaUs4A2FVOcdiJBse9y2nbH15nffqBCsjC4U5OIOj4eBsxjBCst9c3jSm8QqqTnYzVyveQ+TU/RnBKl6Umf9c2yVbWmQH+JnZMy5Gj0zS89hcQ+DRThWMqubUXKSbBQjHCalnqxpBEmYzykXU0D7FPpJNN7UnSklQHyQqFfoNBU/d2RYF/Kie/qymxLuehl4n9eN1bepZOwIIoVDcjsIy/mSIUoCwcNmKBE8YkmmAimd0VkhAUmSkdY0iHYiyf/Ja1a1T6r1m7Py/WrPI4iHMAhVMCGC6jDDTSgCQQe4Rle4c14Ml6Md+NjVlow8p59mIPx+QPjSp0z</latexit>

fq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

: ODE’s time derivativesfq̇,ṗ
<latexit sha1_base64="UKj57dAMnibB5UDYdPh9m91jHEE=">AAACD3icbVDLSsNAFL3xWesr6tLNYFFcSEmqoMuiG5cV7APaECbTSTt08nBmIpSQP3Djr7hxoYhbt+78GydtFrb1wMDhnHvv3Hu8mDOpLOvHWFpeWV1bL22UN7e2d3bNvf2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujm9xvP1IhWRTeq3FMnQAPQuYzgpWWXPPEd9NeP1JpL8Bq6PnpQ5adoRklzrLMNStW1ZoALRK7IBUo0HDNbz2DJAENFeFYyq5txcpJsVCMcJqVe4mkMSYjPKBdTUMcUOmkk3sydKyVPvIjoV+o0ET925HiQMpx4OnKfEc57+Xif143Uf6Vk7IwThQNyfQjP+FIRSgPB/WZoETxsSaYCKZ3RWSIBSZKR1jWIdjzJy+SVq1qn1drdxeV+nURRwkO4QhOwYZLqMMtNKAJBJ7gBd7g3Xg2Xo0P43NaumQUPQcwA+PrF+Z9ndc=</latexit>

(q,p)i
<latexit sha1_base64="1iW3J+4rEiuOg7Rt1ES86wmMwq0=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBahgpSkCrosunFZwT6gDWEynbRDJw9nJkIJ2bnxV9y4UMStv+DOv3HSFtHqgYEz59zLvfd4MWdSWdanUVhYXFpeKa6W1tY3NrfM7Z2WjBJBaJNEPBIdD0vKWUibiilOO7GgOPA4bXujy9xv31EhWRTeqHFMnQAPQuYzgpWWXHO/kvYCrIaen95m2TH6/sVZduQy1yxbVWsC9JfYM1KGGRqu+dHrRyQJaKgIx1J2bStWToqFYoTTrNRLJI0xGeEB7Woa4oBKJ53ckaFDrfSRHwn9QoUm6s+OFAdSjgNPV+ZbynkvF//zuonyz52UhXGiaEimg/yEIxWhPBTUZ4ISxceaYCKY3hWRIRaYKB1dSYdgz5/8l7RqVfukWrs+LdcvZnEUYQ8OoAI2nEEdrqABTSBwD4/wDC/Gg/FkvBpv09KCMevZhV8w3r8AWGaZnQ==</latexit>

(q̇, ṗ)i
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Interaction Net

* The general idea came from Kyle Cranmer, who was a co-author on this.

* Also related to Greydanus et al. 2020 “Hamiltonian Neural Networks”.



Sanchez-Gonzalez et al., 2019, arXiv/NeurIPS 2019 workshop

Hamiltonian ODE Graph Network

Interaction Net



Sanchez-Gonzalez et al., 2019, arXiv/NeurIPS 2019 workshop

Hamiltonian ODE Graph Network

Generalization to untrained time stepsPerformance

• OGN and HOGN used RK4 integrator (we also tested lower order RK integrators)

• We also tested symplectic integrators, and found HOGN has better energy accuracy/conservation

Interaction Net

Int. Net



Lagrangian Neural Network

Cranmer et al., 2020, arXiv/ICLR 2020 workshop



Lagrangian Neural Network

Cranmer et al., 2020, arXiv/ICLR 2020 workshop

Euler-Lagrange equation

Euler-Lagrange equation (vector form)

Apply chain rule to get        and

Solve for

      is represented by a trainable neural network, and JAX’s auto-differentiation 
features let us compute     in a few lines of code, which is then passed to an integrator



Lagrangian Neural Network

Cranmer et al., 2020, arXiv/ICLR 2020 workshop

Advantage: You don’t need canonical position and momentum coordinates

                    —remember the Hamiltonian approach required       to compute 

Hamiltonian NN (arbitrary coordinates) Hamiltonian NN (canonical coordinates) Lagrangian NN (arbitrary coordinates)

Relativistic particle task, where canonical momentum is: 



Lagrangian Graph Network

Cranmer et al., 2020, arXiv/ICLR 2020 workshop

Can also use extend the LNN to apply to graph structures

1D wave equation (periodic boundary conditions) - nodes are vertices on the mesh



Nash et al., 2020, ICML

PolyGen: Autoregressive generative model of 3D meshes



Nash et al., 2020, ICML

PolyGen: Autoregressive generative model of 3D meshes

v 0.000000 2.000000 2.000000
v 0.000000 0.000000 2.000000
v 2.000000 0.000000 2.000000
v 2.000000 2.000000 2.000000
v 0.000000 2.000000 0.000000
v 0.000000 0.000000 0.000000
v 2.000000 0.000000 0.000000
v 2.000000 2.000000 0.000000

f 1 2 3 4
f 8 7 6 5
f 4 3 7 8
f 5 1 4 8
f 5 6 2 1
f 2 6 7 3

.OBJ file: cube



Nash et al., 2020, ICML

PolyGen: Autoregressive generative model of 3D meshes
Architecture: Transformer-based


Two phases: 

1. Vertex model

2. Face model



Nash et al., 2020, ICML

PolyGen: Autoregressive generative model of 3D meshes
Class-conditional samples



Learning 3D object models

Nash et al., 2020, ICML



Learning deep generative models of chemical graphs

Li et al., 2018, arXiv

• Generative model defines joint distribution over graph-generating decisions (structure and order).

• Analogous to a decision tree, where decisions are selected by a GNN:


1. Add node? If NO, terminate.

2. If YES, Add edge? If NO, goto (1).

3. If YES, Pick node to add edge to. Goto (2).


• Training optimizes the joint log-likelihood of structure and order, with Monte Carlo integration over 
permutations.



Li et al., 2018, arXiv

Learning deep generative models of chemical graphs

• Our model learns a more accurate model than LSTMs, and can generate more novel molecules.

20.55

• GrammarVAE (Kusner et al., 2017) has qualitatively poorer samples from the prior.



Build Graph Nets in Tensorflow

For GNN libraries in PyTorch, check out:

• pytorch_geometric: github.com/rusty1s/pytorch_geometric (for a GN analog, see MetaLayer)

• Deep Graph Library: github.com/dmlc/dgl

github.com/deepmind/graph_nets

http://github.com/rusty1s/pytorch_geometric
http://github.com/dmlc/dgl
http://github.com/deepmind/graph_nets


Build Graph Nets in Tensorflow
github.com/deepmind/graph_nets

Message-Passing NN (eg. Interaction Net)

Gilmer et al. 2017

Non-Local NN (eg. Transformer)

Vaswani et al. 2017; Wang et al. 2017

Relation Network

Raposo et al. 2017; Santoro et al. 2017

Deep Sets

Zhang et al. 2017

Graph Network

(a type of Graph Neural Network)


http://github.com/deepmind/graph_nets


Build Graph Nets in Tensorflow

Shortest path:

Sorting:

Predicting physics:

IPython Notebook demos

(All use same architecture)

github.com/deepmind/graph_nets

http://github.com/deepmind/graph_nets


• Graph neural networks: a first-class member of the deep learning toolkit. 


• Learned message-passing on graphs can capture complex physical knowledge.


• “Graph Nets” support learning simulation, as well as other forms of structured 
reasoning and decision-making.


• Build Graph Nets in Tensorflow: github.com/deepmind/graph_nets.


• For a recent review of GNNs in HEP, please check out: 
Shlomi, Battaglia, Vlimant (2020) ”Graph Neural Networks in Particle Physics”.  
     arXiv 2007.13681 and 2 weeks ago in Machine Learning: Science and Technology

Conclusions

http://github.com/deepmind/graph_nets
https://arxiv.org/abs/2007.13681
https://iopscience.iop.org/article/10.1088/2632-2153/abbf9a/meta
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