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Deep neural nets that exploit:
- translation equivariance (weight sharing) 
- hierarchical compositionality
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Graph-structured data
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A lot of real-world data does not “live” on grids

Molecules

Social networks 
Citation networks 
Communication networks 
Multi-agent systems

Protein interaction 
networks

Road maps

Standard deep learning architectures  
like CNNs and RNNs don’t work here!

Knowledge graphs
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Node 
classification Graph 

classification

Link prediction

2) GNNs for “classical” network problems

Generative models 
of graphs

Latent graph 
inference

(Potential) applications:

3) Emerging research directions

• Interacting systems  
(physics/multi-agent), 

• Causal inference

• Program induction,  
• Chemical synthesis,

1) Graph neural nets (GNNs): 
     Introduction & some history
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Notation: G = (A,X)
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• Adjacency matrix 

• Feature matrix
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are (hidden layer) activations of a pixel/node
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Recap: Convolutional neural networks (on grids)

(Animation by  
Vincent Dumoulin)

Single CNN layer  
with 3x3 filter: …

Update for a single pixel: 
• Transform messages individually 

• Add everything up

hi 2 RF
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Recap: Convolutional neural networks (on grids)

(Animation by  
Vincent Dumoulin)

Single CNN layer  
with 3x3 filter: …

Update for a single pixel: 
• Transform messages individually 

• Add everything up

Full update:

hi 2 RF
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are (hidden layer) activations of a pixel/node
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Consider this  
undirected graph:

Kipf & Welling (ICLR 2017), related previous works by Duvenaud et al. (NIPS 2015) and Li et al. (ICLR 2016)
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Graph convolutional networks (GCNs)

#7

Consider this  
undirected graph:

Calculate update 
for node in red:

Update 
rule:

: neighbor indices : norm. constant 
  (fixed/trainable)

Scalability: subsample messages [Hamilton et al., NIPS 2017]

Kipf & Welling (ICLR 2017), related previous works by Duvenaud et al. (NIPS 2015) and Li et al. (ICLR 2016)

Desirable properties:
• Weight sharing over all locations 
• Invariance to permutations 
• Linear complexity O(E) 
• Applicable both in transductive 

and inductive settings

Limitations:
• Requires gating mechanism /  

residual connections for depth 
• Only indirect support for edge features
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Battaglia et al. (NIPS 2016), Gilmer et al. (ICML 2017), Kipf et al. (ICML 2018)

Formally:
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GNNs with edge embeddings

#8

Battaglia et al. (NIPS 2016), Gilmer et al. (ICML 2017), Kipf et al. (ICML 2018)

Formally:

Pros:
• Supports edge features 
• More expressive than GCN 
• As general as it gets (?) 
• Supports sparse matrix ops

Cons:
• Need to store intermediate 

edge-based activations 
• Difficult to implement  

with subsampling 
➡ In practice limited to small graphs
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Graph neural networks with attention

#9

Monti et al. (CVPR 2017), Hoshen (NIPS 2017), Veličković et al. (ICLR 2018)

[Figure from Veličković et al. (ICLR 2018)]
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#9

Monti et al. (CVPR 2017), Hoshen (NIPS 2017), Veličković et al. (ICLR 2018)

Pros:
• No need to store intermediate 

edge-based activation vectors 
(when using dot-product attn.) 

• Slower than GCNs but faster 
than GNNs with edge embeddings

[Figure from Veličković et al. (ICLR 2018)]
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Graph neural networks with attention

#9

Monti et al. (CVPR 2017), Hoshen (NIPS 2017), Veličković et al. (ICLR 2018)

Pros:
• No need to store intermediate 

edge-based activation vectors 
(when using dot-product attn.) 

• Slower than GCNs but faster 
than GNNs with edge embeddings

Cons:
• (Most likely) less expressive than 

GNNs with edge embeddings 
• Can be more difficult to optimize[Figure from Veličković et al. (ICLR 2018)]
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(2005)
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Programs as Graphs 
Allamanis et al. 

(ICLR 2018) NRI 
Kipf et al. 

(ICML 2018)GAT 
Veličković et al.

(ICLR 2018)

Other early work: 
- Duvenaud et al. (NIPS 2015) 
- Dai et al. (ICML 2016) 
- Niepert et al. (ICML 2016) 
- Battaglia et al. (NIPS 2016) 
- Atwood & Towsley (NIPS 2016) 
- Sukhbaatar et al. (NIPS 2016)

…
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Part 2: Application to “classical” network problems

#11

Node classification Graph classification

Link prediction
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Input

Hidden layer Hidden layer

ReLU

Output
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Input: Feature matrix                        , preprocessed adjacency matrix  
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One fits all: Classification and link prediction with GNNs/GCNs

#12

… …

…

Input

Hidden layer Hidden layer

ReLU

Output

ReLU

Input: Feature matrix                        , preprocessed adjacency matrix  

Node classification:
softmax(zn)

<latexit sha1_base64="j8L4fC4OUQXDDZIkMwJXW2bYqqs=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkWom5KIoMuiG5cV7APaECbTSTt0HmFmItaQnRt/xY0LRdz6C+78G6dpFtp64MLhnHu5954wpkRp1/22SkvLK6tr5fXKxubW9o69u9dWIpEIt5CgQnZDqDAlHLc00RR3Y4khCynuhOOrqd+5w1IRwW/1JMY+g0NOIoKgNlJgH/YZ1CPJUiUizeB9VsuFMEofAp6dBHbVrbs5nEXiFaQKCjQD+6s/EChhmGtEoVI9z421n0KpCaI4q/QThWOIxnCIe4ZyyLDy0/yPzDk2ysCJhDTFtZOrvydSyJSasNB0To9U895U/M/rJTq68FPC40RjjmaLooQ6WjjTUJwBkRhpOjEEIknMrQ4aQQmRNtFVTAje/MuLpH1a99y6d3NWbVwWcZTBATgCNeCBc9AA16AJWgCBR/AMXsGb9WS9WO/Wx6y1ZBUz++APrM8fHUeaFA==</latexit><latexit sha1_base64="j8L4fC4OUQXDDZIkMwJXW2bYqqs=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkWom5KIoMuiG5cV7APaECbTSTt0HmFmItaQnRt/xY0LRdz6C+78G6dpFtp64MLhnHu5954wpkRp1/22SkvLK6tr5fXKxubW9o69u9dWIpEIt5CgQnZDqDAlHLc00RR3Y4khCynuhOOrqd+5w1IRwW/1JMY+g0NOIoKgNlJgH/YZ1CPJUiUizeB9VsuFMEofAp6dBHbVrbs5nEXiFaQKCjQD+6s/EChhmGtEoVI9z421n0KpCaI4q/QThWOIxnCIe4ZyyLDy0/yPzDk2ysCJhDTFtZOrvydSyJSasNB0To9U895U/M/rJTq68FPC40RjjmaLooQ6WjjTUJwBkRhpOjEEIknMrQ4aQQmRNtFVTAje/MuLpH1a99y6d3NWbVwWcZTBATgCNeCBc9AA16AJWgCBR/AMXsGb9WS9WO/Wx6y1ZBUz++APrM8fHUeaFA==</latexit><latexit sha1_base64="j8L4fC4OUQXDDZIkMwJXW2bYqqs=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkWom5KIoMuiG5cV7APaECbTSTt0HmFmItaQnRt/xY0LRdz6C+78G6dpFtp64MLhnHu5954wpkRp1/22SkvLK6tr5fXKxubW9o69u9dWIpEIt5CgQnZDqDAlHLc00RR3Y4khCynuhOOrqd+5w1IRwW/1JMY+g0NOIoKgNlJgH/YZ1CPJUiUizeB9VsuFMEofAp6dBHbVrbs5nEXiFaQKCjQD+6s/EChhmGtEoVI9z421n0KpCaI4q/QThWOIxnCIe4ZyyLDy0/yPzDk2ysCJhDTFtZOrvydSyJSasNB0To9U895U/M/rJTq68FPC40RjjmaLooQ6WjjTUJwBkRhpOjEEIknMrQ4aQQmRNtFVTAje/MuLpH1a99y6d3NWbVwWcZTBATgCNeCBc9AA16AJWgCBR/AMXsGb9WS9WO/Wx6y1ZBUz++APrM8fHUeaFA==</latexit><latexit sha1_base64="j8L4fC4OUQXDDZIkMwJXW2bYqqs=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkWom5KIoMuiG5cV7APaECbTSTt0HmFmItaQnRt/xY0LRdz6C+78G6dpFtp64MLhnHu5954wpkRp1/22SkvLK6tr5fXKxubW9o69u9dWIpEIt5CgQnZDqDAlHLc00RR3Y4khCynuhOOrqd+5w1IRwW/1JMY+g0NOIoKgNlJgH/YZ1CPJUiUizeB9VsuFMEofAp6dBHbVrbs5nEXiFaQKCjQD+6s/EChhmGtEoVI9z421n0KpCaI4q/QThWOIxnCIe4ZyyLDy0/yPzDk2ysCJhDTFtZOrvydSyJSasNB0To9U895U/M/rJTq68FPC40RjjmaLooQ6WjjTUJwBkRhpOjEEIknMrQ4aQQmRNtFVTAje/MuLpH1a99y6d3NWbVwWcZTBATgCNeCBc9AA16AJWgCBR/AMXsGb9WS9WO/Wx6y1ZBUz++APrM8fHUeaFA==</latexit>

e.g. Kipf & Welling (ICLR 2017)
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<latexit sha1_base64="j8L4fC4OUQXDDZIkMwJXW2bYqqs=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkWom5KIoMuiG5cV7APaECbTSTt0HmFmItaQnRt/xY0LRdz6C+78G6dpFtp64MLhnHu5954wpkRp1/22SkvLK6tr5fXKxubW9o69u9dWIpEIt5CgQnZDqDAlHLc00RR3Y4khCynuhOOrqd+5w1IRwW/1JMY+g0NOIoKgNlJgH/YZ1CPJUiUizeB9VsuFMEofAp6dBHbVrbs5nEXiFaQKCjQD+6s/EChhmGtEoVI9z421n0KpCaI4q/QThWOIxnCIe4ZyyLDy0/yPzDk2ysCJhDTFtZOrvydSyJSasNB0To9U895U/M/rJTq68FPC40RjjmaLooQ6WjjTUJwBkRhpOjEEIknMrQ4aQQmRNtFVTAje/MuLpH1a99y6d3NWbVwWcZTBATgCNeCBc9AA16AJWgCBR/AMXsGb9WS9WO/Wx6y1ZBUz++APrM8fHUeaFA==</latexit><latexit sha1_base64="j8L4fC4OUQXDDZIkMwJXW2bYqqs=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkWom5KIoMuiG5cV7APaECbTSTt0HmFmItaQnRt/xY0LRdz6C+78G6dpFtp64MLhnHu5954wpkRp1/22SkvLK6tr5fXKxubW9o69u9dWIpEIt5CgQnZDqDAlHLc00RR3Y4khCynuhOOrqd+5w1IRwW/1JMY+g0NOIoKgNlJgH/YZ1CPJUiUizeB9VsuFMEofAp6dBHbVrbs5nEXiFaQKCjQD+6s/EChhmGtEoVI9z421n0KpCaI4q/QThWOIxnCIe4ZyyLDy0/yPzDk2ysCJhDTFtZOrvydSyJSasNB0To9U895U/M/rJTq68FPC40RjjmaLooQ6WjjTUJwBkRhpOjEEIknMrQ4aQQmRNtFVTAje/MuLpH1a99y6d3NWbVwWcZTBATgCNeCBc9AA16AJWgCBR/AMXsGb9WS9WO/Wx6y1ZBUz++APrM8fHUeaFA==</latexit><latexit sha1_base64="j8L4fC4OUQXDDZIkMwJXW2bYqqs=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkWom5KIoMuiG5cV7APaECbTSTt0HmFmItaQnRt/xY0LRdz6C+78G6dpFtp64MLhnHu5954wpkRp1/22SkvLK6tr5fXKxubW9o69u9dWIpEIt5CgQnZDqDAlHLc00RR3Y4khCynuhOOrqd+5w1IRwW/1JMY+g0NOIoKgNlJgH/YZ1CPJUiUizeB9VsuFMEofAp6dBHbVrbs5nEXiFaQKCjQD+6s/EChhmGtEoVI9z421n0KpCaI4q/QThWOIxnCIe4ZyyLDy0/yPzDk2ysCJhDTFtZOrvydSyJSasNB0To9U895U/M/rJTq68FPC40RjjmaLooQ6WjjTUJwBkRhpOjEEIknMrQ4aQQmRNtFVTAje/MuLpH1a99y6d3NWbVwWcZTBATgCNeCBc9AA16AJWgCBR/AMXsGb9WS9WO/Wx6y1ZBUz++APrM8fHUeaFA==</latexit><latexit sha1_base64="j8L4fC4OUQXDDZIkMwJXW2bYqqs=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkWom5KIoMuiG5cV7APaECbTSTt0HmFmItaQnRt/xY0LRdz6C+78G6dpFtp64MLhnHu5954wpkRp1/22SkvLK6tr5fXKxubW9o69u9dWIpEIt5CgQnZDqDAlHLc00RR3Y4khCynuhOOrqd+5w1IRwW/1JMY+g0NOIoKgNlJgH/YZ1CPJUiUizeB9VsuFMEofAp6dBHbVrbs5nEXiFaQKCjQD+6s/EChhmGtEoVI9z421n0KpCaI4q/QThWOIxnCIe4ZyyLDy0/yPzDk2ysCJhDTFtZOrvydSyJSasNB0To9U895U/M/rJTq68FPC40RjjmaLooQ6WjjTUJwBkRhpOjEEIknMrQ4aQQmRNtFVTAje/MuLpH1a99y6d3NWbVwWcZTBATgCNeCBc9AA16AJWgCBR/AMXsGb9WS9WO/Wx6y1ZBUz++APrM8fHUeaFA==</latexit>

e.g. Kipf & Welling (ICLR 2017)

Graph classification:

e.g. Duvenaud et al. (NIPS 2015)

softmax(
P

n zn)
<latexit sha1_base64="W7T4IOfGUxVOUfwpK0CujtoNqPQ=">AAACF3icbVBNS8NAEN3U7/pV9eglWAS9lEQEPYpePFawVWhK2Gwn7dLdTdidSGPov/DiX/HiQRGvevPfuK05+PVg4PHeDDPzolRwg5734VRmZufmFxaXqssrq2vrtY3NtkkyzaDFEpHo64gaEFxBCzkKuE41UBkJuIqGZxP/6ga04Ym6xDyFrqR9xWPOKFoprDUChBEazAUEkuJAy8IkMUo6Gu8FJpOhmspRXNyGarwf1upew5vC/Uv8ktRJiWZYew96CcskKGSCGtPxvRS7BdXImYBxNcgMpJQNaR86lioqwXSL6V9jd9cqPTdOtC2F7lT9PlFQaUwuI9s5OdL89ibif14nw/i4W3CVZgiKfS2KM+Fi4k5CcntcA0ORW0KZ5vZWlw2opgxtlFUbgv/75b+kfdDwvYZ/cVg/OS3jWCTbZIfsEZ8ckRNyTpqkRRi5Iw/kiTw7986j8+K8frVWnHJmi/yA8/YJxYuhhA==</latexit><latexit sha1_base64="W7T4IOfGUxVOUfwpK0CujtoNqPQ=">AAACF3icbVBNS8NAEN3U7/pV9eglWAS9lEQEPYpePFawVWhK2Gwn7dLdTdidSGPov/DiX/HiQRGvevPfuK05+PVg4PHeDDPzolRwg5734VRmZufmFxaXqssrq2vrtY3NtkkyzaDFEpHo64gaEFxBCzkKuE41UBkJuIqGZxP/6ga04Ym6xDyFrqR9xWPOKFoprDUChBEazAUEkuJAy8IkMUo6Gu8FJpOhmspRXNyGarwf1upew5vC/Uv8ktRJiWZYew96CcskKGSCGtPxvRS7BdXImYBxNcgMpJQNaR86lioqwXSL6V9jd9cqPTdOtC2F7lT9PlFQaUwuI9s5OdL89ibif14nw/i4W3CVZgiKfS2KM+Fi4k5CcntcA0ORW0KZ5vZWlw2opgxtlFUbgv/75b+kfdDwvYZ/cVg/OS3jWCTbZIfsEZ8ckRNyTpqkRRi5Iw/kiTw7986j8+K8frVWnHJmi/yA8/YJxYuhhA==</latexit><latexit sha1_base64="W7T4IOfGUxVOUfwpK0CujtoNqPQ=">AAACF3icbVBNS8NAEN3U7/pV9eglWAS9lEQEPYpePFawVWhK2Gwn7dLdTdidSGPov/DiX/HiQRGvevPfuK05+PVg4PHeDDPzolRwg5734VRmZufmFxaXqssrq2vrtY3NtkkyzaDFEpHo64gaEFxBCzkKuE41UBkJuIqGZxP/6ga04Ym6xDyFrqR9xWPOKFoprDUChBEazAUEkuJAy8IkMUo6Gu8FJpOhmspRXNyGarwf1upew5vC/Uv8ktRJiWZYew96CcskKGSCGtPxvRS7BdXImYBxNcgMpJQNaR86lioqwXSL6V9jd9cqPTdOtC2F7lT9PlFQaUwuI9s5OdL89ibif14nw/i4W3CVZgiKfS2KM+Fi4k5CcntcA0ORW0KZ5vZWlw2opgxtlFUbgv/75b+kfdDwvYZ/cVg/OS3jWCTbZIfsEZ8ckRNyTpqkRRi5Iw/kiTw7986j8+K8frVWnHJmi/yA8/YJxYuhhA==</latexit><latexit sha1_base64="W7T4IOfGUxVOUfwpK0CujtoNqPQ=">AAACF3icbVBNS8NAEN3U7/pV9eglWAS9lEQEPYpePFawVWhK2Gwn7dLdTdidSGPov/DiX/HiQRGvevPfuK05+PVg4PHeDDPzolRwg5734VRmZufmFxaXqssrq2vrtY3NtkkyzaDFEpHo64gaEFxBCzkKuE41UBkJuIqGZxP/6ga04Ym6xDyFrqR9xWPOKFoprDUChBEazAUEkuJAy8IkMUo6Gu8FJpOhmspRXNyGarwf1upew5vC/Uv8ktRJiWZYew96CcskKGSCGtPxvRS7BdXImYBxNcgMpJQNaR86lioqwXSL6V9jd9cqPTdOtC2F7lT9PlFQaUwuI9s5OdL89ibif14nw/i4W3CVZgiKfS2KM+Fi4k5CcntcA0ORW0KZ5vZWlw2opgxtlFUbgv/75b+kfdDwvYZ/cVg/OS3jWCTbZIfsEZ8ckRNyTpqkRRi5Iw/kiTw7986j8+K8frVWnHJmi/yA8/YJxYuhhA==</latexit>
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<latexit sha1_base64="j8L4fC4OUQXDDZIkMwJXW2bYqqs=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkWom5KIoMuiG5cV7APaECbTSTt0HmFmItaQnRt/xY0LRdz6C+78G6dpFtp64MLhnHu5954wpkRp1/22SkvLK6tr5fXKxubW9o69u9dWIpEIt5CgQnZDqDAlHLc00RR3Y4khCynuhOOrqd+5w1IRwW/1JMY+g0NOIoKgNlJgH/YZ1CPJUiUizeB9VsuFMEofAp6dBHbVrbs5nEXiFaQKCjQD+6s/EChhmGtEoVI9z421n0KpCaI4q/QThWOIxnCIe4ZyyLDy0/yPzDk2ysCJhDTFtZOrvydSyJSasNB0To9U895U/M/rJTq68FPC40RjjmaLooQ6WjjTUJwBkRhpOjEEIknMrQ4aQQmRNtFVTAje/MuLpH1a99y6d3NWbVwWcZTBATgCNeCBc9AA16AJWgCBR/AMXsGb9WS9WO/Wx6y1ZBUz++APrM8fHUeaFA==</latexit><latexit sha1_base64="j8L4fC4OUQXDDZIkMwJXW2bYqqs=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkWom5KIoMuiG5cV7APaECbTSTt0HmFmItaQnRt/xY0LRdz6C+78G6dpFtp64MLhnHu5954wpkRp1/22SkvLK6tr5fXKxubW9o69u9dWIpEIt5CgQnZDqDAlHLc00RR3Y4khCynuhOOrqd+5w1IRwW/1JMY+g0NOIoKgNlJgH/YZ1CPJUiUizeB9VsuFMEofAp6dBHbVrbs5nEXiFaQKCjQD+6s/EChhmGtEoVI9z421n0KpCaI4q/QThWOIxnCIe4ZyyLDy0/yPzDk2ysCJhDTFtZOrvydSyJSasNB0To9U895U/M/rJTq68FPC40RjjmaLooQ6WjjTUJwBkRhpOjEEIknMrQ4aQQmRNtFVTAje/MuLpH1a99y6d3NWbVwWcZTBATgCNeCBc9AA16AJWgCBR/AMXsGb9WS9WO/Wx6y1ZBUz++APrM8fHUeaFA==</latexit><latexit sha1_base64="j8L4fC4OUQXDDZIkMwJXW2bYqqs=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkWom5KIoMuiG5cV7APaECbTSTt0HmFmItaQnRt/xY0LRdz6C+78G6dpFtp64MLhnHu5954wpkRp1/22SkvLK6tr5fXKxubW9o69u9dWIpEIt5CgQnZDqDAlHLc00RR3Y4khCynuhOOrqd+5w1IRwW/1JMY+g0NOIoKgNlJgH/YZ1CPJUiUizeB9VsuFMEofAp6dBHbVrbs5nEXiFaQKCjQD+6s/EChhmGtEoVI9z421n0KpCaI4q/QThWOIxnCIe4ZyyLDy0/yPzDk2ysCJhDTFtZOrvydSyJSasNB0To9U895U/M/rJTq68FPC40RjjmaLooQ6WjjTUJwBkRhpOjEEIknMrQ4aQQmRNtFVTAje/MuLpH1a99y6d3NWbVwWcZTBATgCNeCBc9AA16AJWgCBR/AMXsGb9WS9WO/Wx6y1ZBUz++APrM8fHUeaFA==</latexit><latexit sha1_base64="j8L4fC4OUQXDDZIkMwJXW2bYqqs=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkWom5KIoMuiG5cV7APaECbTSTt0HmFmItaQnRt/xY0LRdz6C+78G6dpFtp64MLhnHu5954wpkRp1/22SkvLK6tr5fXKxubW9o69u9dWIpEIt5CgQnZDqDAlHLc00RR3Y4khCynuhOOrqd+5w1IRwW/1JMY+g0NOIoKgNlJgH/YZ1CPJUiUizeB9VsuFMEofAp6dBHbVrbs5nEXiFaQKCjQD+6s/EChhmGtEoVI9z421n0KpCaI4q/QThWOIxnCIe4ZyyLDy0/yPzDk2ysCJhDTFtZOrvydSyJSasNB0To9U895U/M/rJTq68FPC40RjjmaLooQ6WjjTUJwBkRhpOjEEIknMrQ4aQQmRNtFVTAje/MuLpH1a99y6d3NWbVwWcZTBATgCNeCBc9AA16AJWgCBR/AMXsGb9WS9WO/Wx6y1ZBUz++APrM8fHUeaFA==</latexit>

e.g. Kipf & Welling (ICLR 2017)

Graph classification:

e.g. Duvenaud et al. (NIPS 2015)

softmax(
P

n zn)
<latexit sha1_base64="W7T4IOfGUxVOUfwpK0CujtoNqPQ=">AAACF3icbVBNS8NAEN3U7/pV9eglWAS9lEQEPYpePFawVWhK2Gwn7dLdTdidSGPov/DiX/HiQRGvevPfuK05+PVg4PHeDDPzolRwg5734VRmZufmFxaXqssrq2vrtY3NtkkyzaDFEpHo64gaEFxBCzkKuE41UBkJuIqGZxP/6ga04Ym6xDyFrqR9xWPOKFoprDUChBEazAUEkuJAy8IkMUo6Gu8FJpOhmspRXNyGarwf1upew5vC/Uv8ktRJiWZYew96CcskKGSCGtPxvRS7BdXImYBxNcgMpJQNaR86lioqwXSL6V9jd9cqPTdOtC2F7lT9PlFQaUwuI9s5OdL89ibif14nw/i4W3CVZgiKfS2KM+Fi4k5CcntcA0ORW0KZ5vZWlw2opgxtlFUbgv/75b+kfdDwvYZ/cVg/OS3jWCTbZIfsEZ8ckRNyTpqkRRi5Iw/kiTw7986j8+K8frVWnHJmi/yA8/YJxYuhhA==</latexit><latexit sha1_base64="W7T4IOfGUxVOUfwpK0CujtoNqPQ=">AAACF3icbVBNS8NAEN3U7/pV9eglWAS9lEQEPYpePFawVWhK2Gwn7dLdTdidSGPov/DiX/HiQRGvevPfuK05+PVg4PHeDDPzolRwg5734VRmZufmFxaXqssrq2vrtY3NtkkyzaDFEpHo64gaEFxBCzkKuE41UBkJuIqGZxP/6ga04Ym6xDyFrqR9xWPOKFoprDUChBEazAUEkuJAy8IkMUo6Gu8FJpOhmspRXNyGarwf1upew5vC/Uv8ktRJiWZYew96CcskKGSCGtPxvRS7BdXImYBxNcgMpJQNaR86lioqwXSL6V9jd9cqPTdOtC2F7lT9PlFQaUwuI9s5OdL89ibif14nw/i4W3CVZgiKfS2KM+Fi4k5CcntcA0ORW0KZ5vZWlw2opgxtlFUbgv/75b+kfdDwvYZ/cVg/OS3jWCTbZIfsEZ8ckRNyTpqkRRi5Iw/kiTw7986j8+K8frVWnHJmi/yA8/YJxYuhhA==</latexit><latexit sha1_base64="W7T4IOfGUxVOUfwpK0CujtoNqPQ=">AAACF3icbVBNS8NAEN3U7/pV9eglWAS9lEQEPYpePFawVWhK2Gwn7dLdTdidSGPov/DiX/HiQRGvevPfuK05+PVg4PHeDDPzolRwg5734VRmZufmFxaXqssrq2vrtY3NtkkyzaDFEpHo64gaEFxBCzkKuE41UBkJuIqGZxP/6ga04Ym6xDyFrqR9xWPOKFoprDUChBEazAUEkuJAy8IkMUo6Gu8FJpOhmspRXNyGarwf1upew5vC/Uv8ktRJiWZYew96CcskKGSCGtPxvRS7BdXImYBxNcgMpJQNaR86lioqwXSL6V9jd9cqPTdOtC2F7lT9PlFQaUwuI9s5OdL89ibif14nw/i4W3CVZgiKfS2KM+Fi4k5CcntcA0ORW0KZ5vZWlw2opgxtlFUbgv/75b+kfdDwvYZ/cVg/OS3jWCTbZIfsEZ8ckRNyTpqkRRi5Iw/kiTw7986j8+K8frVWnHJmi/yA8/YJxYuhhA==</latexit><latexit sha1_base64="W7T4IOfGUxVOUfwpK0CujtoNqPQ=">AAACF3icbVBNS8NAEN3U7/pV9eglWAS9lEQEPYpePFawVWhK2Gwn7dLdTdidSGPov/DiX/HiQRGvevPfuK05+PVg4PHeDDPzolRwg5734VRmZufmFxaXqssrq2vrtY3NtkkyzaDFEpHo64gaEFxBCzkKuE41UBkJuIqGZxP/6ga04Ym6xDyFrqR9xWPOKFoprDUChBEazAUEkuJAy8IkMUo6Gu8FJpOhmspRXNyGarwf1upew5vC/Uv8ktRJiWZYew96CcskKGSCGtPxvRS7BdXImYBxNcgMpJQNaR86lioqwXSL6V9jd9cqPTdOtC2F7lT9PlFQaUwuI9s5OdL89ibif14nw/i4W3CVZgiKfS2KM+Fi4k5CcntcA0ORW0KZ5vZWlw2opgxtlFUbgv/75b+kfdDwvYZ/cVg/OS3jWCTbZIfsEZ8ckRNyTpqkRRi5Iw/kiTw7986j8+K8frVWnHJmi/yA8/YJxYuhhA==</latexit>

Link prediction:

p(Aij) = �(zTi zj)
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Kipf & Welling (NIPS BDL 2016) 
“Graph Auto-Encoders”
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What do learned representations look like?

#13

f(           ) =

Forward pass through untrained 3-layer GCN model

Parameters initialized randomly
2-dim output per node

[Zachary’s Karate Club]



Structured Deep Models Thomas Kipf #14

Semi-supervised classification on graphs

Setting:  
Some nodes are labeled (black circle) 
All other nodes are unlabeled 

Task: 
Predict node label of unlabeled nodes



Structured Deep Models Thomas Kipf #14

Semi-supervised classification on graphs

Setting:  
Some nodes are labeled (black circle) 
All other nodes are unlabeled 

Task: 
Predict node label of unlabeled nodes

Evaluate loss on labeled nodes only:

set of labeled node indices

label matrix

GCN output (after softmax)
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Toy example (semi-supervised learning)

Video also available here: 
http://tkipf.github.io/graph-convolutional-networks

http://tkipf.github.io/graph-convolutional-networks


Structured Deep Models Thomas Kipf #15

Toy example (semi-supervised learning)

Video also available here: 
http://tkipf.github.io/graph-convolutional-networks

http://tkipf.github.io/graph-convolutional-networks


Structured Deep Models Thomas Kipf #16

Application: Classification on citation networks
Input: Citation networks (nodes are papers, edges are citation links,  
           optionally bag-of-words features on nodes) 

Target: Paper category (e.g. stat.ML, cs.LG, …)

(Figure from: Bronstein, Bruna, LeCun, 
Szlam, Vandergheynst, 2016) 

Kipf & Welling, Semi-Supervised Classification with Graph Convolutional Networks, ICLR 2017

Model:  2-layer GCN



Structured Deep Models Thomas Kipf #16

Application: Classification on citation networks
Input: Citation networks (nodes are papers, edges are citation links,  
           optionally bag-of-words features on nodes) 

Target: Paper category (e.g. stat.ML, cs.LG, …)

(Figure from: Bronstein, Bruna, LeCun, 
Szlam, Vandergheynst, 2016) 

Classification results (accuracy)

no input features

Kipf & Welling, Semi-Supervised Classification with Graph Convolutional Networks, ICLR 2017

Model:  2-layer GCN
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Part 3: Emerging research directions  
for structured deep models

#17

Deep generative models for graphsLatent graph inference
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Latent graph inference

#18

To be presented at ICML 2018!
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Motivation: Learning physical dynamics

#19

• 5 particles + their trajectories 
• Concatenate feature vectors 
 

• Feed into neural net 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xt
5

<latexit sha1_base64="vbviRYEG/Pzkqyz4Dn62kMPOZ9s=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKp6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/AL6Jkpw=</latexit><latexit sha1_base64="vbviRYEG/Pzkqyz4Dn62kMPOZ9s=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKp6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/AL6Jkpw=</latexit><latexit sha1_base64="vbviRYEG/Pzkqyz4Dn62kMPOZ9s=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKp6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/AL6Jkpw=</latexit><latexit sha1_base64="vbviRYEG/Pzkqyz4Dn62kMPOZ9s=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKp6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/AL6Jkpw=</latexit>

xt
i

<latexit sha1_base64="Uxwybt/x5M0HOF1htXyVjOzOrNM=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB6OOgXHGr7hxklXg5qUCO+qD81R1GLAm5QiapMR3PjbGXUo2CST4rdRPDY8omdMQ7lioactNL56ln5MwqQxJE2j6FZK7+3khpaMw09O1kltIse5n4n9dJMLjupULFCXLFFoeCRBKMSFYBGQrNGcqpJZRpYbMSNqaaMrRFlWwJ3vKXV0nzouq5Ve/uslK7zOsowgmcwjl4cAU1uIU6NICBhmd4hTfn0Xlx3p2PxWjByXeO4Q+czx8N0JLQ</latexit><latexit sha1_base64="Uxwybt/x5M0HOF1htXyVjOzOrNM=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB6OOgXHGr7hxklXg5qUCO+qD81R1GLAm5QiapMR3PjbGXUo2CST4rdRPDY8omdMQ7lioactNL56ln5MwqQxJE2j6FZK7+3khpaMw09O1kltIse5n4n9dJMLjupULFCXLFFoeCRBKMSFYBGQrNGcqpJZRpYbMSNqaaMrRFlWwJ3vKXV0nzouq5Ve/uslK7zOsowgmcwjl4cAU1uIU6NICBhmd4hTfn0Xlx3p2PxWjByXeO4Q+czx8N0JLQ</latexit><latexit sha1_base64="Uxwybt/x5M0HOF1htXyVjOzOrNM=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB6OOgXHGr7hxklXg5qUCO+qD81R1GLAm5QiapMR3PjbGXUo2CST4rdRPDY8omdMQ7lioactNL56ln5MwqQxJE2j6FZK7+3khpaMw09O1kltIse5n4n9dJMLjupULFCXLFFoeCRBKMSFYBGQrNGcqpJZRpYbMSNqaaMrRFlWwJ3vKXV0nzouq5Ve/uslK7zOsowgmcwjl4cAU1uIU6NICBhmd4hTfn0Xlx3p2PxWjByXeO4Q+czx8N0JLQ</latexit><latexit sha1_base64="Uxwybt/x5M0HOF1htXyVjOzOrNM=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB6OOgXHGr7hxklXg5qUCO+qD81R1GLAm5QiapMR3PjbGXUo2CST4rdRPDY8omdMQ7lioactNL56ln5MwqQxJE2j6FZK7+3khpaMw09O1kltIse5n4n9dJMLjupULFCXLFFoeCRBKMSFYBGQrNGcqpJZRpYbMSNqaaMrRFlWwJ3vKXV0nzouq5Ve/uslK7zOsowgmcwjl4cAU1uIU6NICBhmd4hTfn0Xlx3p2PxWjByXeO4Q+czx8N0JLQ</latexit>

xt = [xt
1,x

t
2, ...,x

t
5]

<latexit sha1_base64="dGqPXi5ANYgglHEqL/z55Yr68XE=">AAACLXicbVDLSgMxFM3UV62vqks3wSK4kGGmVHQjFHThsoJ9QDstmTTThmYeJHfEMvSH3PgrIrioiFt/w0xbsA8PBM45915y73EjwRVY1tjIrK1vbG5lt3M7u3v7B/nDo5oKY0lZlYYilA2XKCZ4wKrAQbBGJBnxXcHq7uA2rdefmFQ8DB5hGDHHJ72Ae5wS0FYnf9fyCfRdL3ketQHf4Oaf7thtuMBzuphq0zQXzMs2OJ18wTKtCfAqsWekgGaodPLvrW5IY58FQAVRqmlbETgJkcCpYKNcK1YsInRAeqypaUB8ppxkcu0In2mni71Q6hcAnrjzEwnxlRr6ru5M11TLtdT8r9aMwbt2Eh5EMbCATj/yYoEhxGl0uMsloyCGmhAqud4V0z6RhIIOOKdDsJdPXiW1omlbpv1QKpRLsziy6ASdonNkoytURveogqqIohf0hsbo03g1Powv43vamjFmM8doAcbPL/WSp90=</latexit><latexit sha1_base64="dGqPXi5ANYgglHEqL/z55Yr68XE=">AAACLXicbVDLSgMxFM3UV62vqks3wSK4kGGmVHQjFHThsoJ9QDstmTTThmYeJHfEMvSH3PgrIrioiFt/w0xbsA8PBM45915y73EjwRVY1tjIrK1vbG5lt3M7u3v7B/nDo5oKY0lZlYYilA2XKCZ4wKrAQbBGJBnxXcHq7uA2rdefmFQ8DB5hGDHHJ72Ae5wS0FYnf9fyCfRdL3ketQHf4Oaf7thtuMBzuphq0zQXzMs2OJ18wTKtCfAqsWekgGaodPLvrW5IY58FQAVRqmlbETgJkcCpYKNcK1YsInRAeqypaUB8ppxkcu0In2mni71Q6hcAnrjzEwnxlRr6ru5M11TLtdT8r9aMwbt2Eh5EMbCATj/yYoEhxGl0uMsloyCGmhAqud4V0z6RhIIOOKdDsJdPXiW1omlbpv1QKpRLsziy6ASdonNkoytURveogqqIohf0hsbo03g1Powv43vamjFmM8doAcbPL/WSp90=</latexit><latexit sha1_base64="dGqPXi5ANYgglHEqL/z55Yr68XE=">AAACLXicbVDLSgMxFM3UV62vqks3wSK4kGGmVHQjFHThsoJ9QDstmTTThmYeJHfEMvSH3PgrIrioiFt/w0xbsA8PBM45915y73EjwRVY1tjIrK1vbG5lt3M7u3v7B/nDo5oKY0lZlYYilA2XKCZ4wKrAQbBGJBnxXcHq7uA2rdefmFQ8DB5hGDHHJ72Ae5wS0FYnf9fyCfRdL3ketQHf4Oaf7thtuMBzuphq0zQXzMs2OJ18wTKtCfAqsWekgGaodPLvrW5IY58FQAVRqmlbETgJkcCpYKNcK1YsInRAeqypaUB8ppxkcu0In2mni71Q6hcAnrjzEwnxlRr6ru5M11TLtdT8r9aMwbt2Eh5EMbCATj/yYoEhxGl0uMsloyCGmhAqud4V0z6RhIIOOKdDsJdPXiW1omlbpv1QKpRLsziy6ASdonNkoytURveogqqIohf0hsbo03g1Powv43vamjFmM8doAcbPL/WSp90=</latexit><latexit sha1_base64="dGqPXi5ANYgglHEqL/z55Yr68XE=">AAACLXicbVDLSgMxFM3UV62vqks3wSK4kGGmVHQjFHThsoJ9QDstmTTThmYeJHfEMvSH3PgrIrioiFt/w0xbsA8PBM45915y73EjwRVY1tjIrK1vbG5lt3M7u3v7B/nDo5oKY0lZlYYilA2XKCZ4wKrAQbBGJBnxXcHq7uA2rdefmFQ8DB5hGDHHJ72Ae5wS0FYnf9fyCfRdL3ketQHf4Oaf7thtuMBzuphq0zQXzMs2OJ18wTKtCfAqsWekgGaodPLvrW5IY58FQAVRqmlbETgJkcCpYKNcK1YsInRAeqypaUB8ppxkcu0In2mni71Q6hcAnrjzEwnxlRr6ru5M11TLtdT8r9aMwbt2Eh5EMbCATj/yYoEhxGl0uMsloyCGmhAqud4V0z6RhIIOOKdDsJdPXiW1omlbpv1QKpRLsziy6ASdonNkoytURveogqqIohf0hsbo03g1Powv43vamjFmM8doAcbPL/WSp90=</latexit>

xt+1 = MLP(xt)
<latexit sha1_base64="GUQaSLFrWkLRP+flI4J0lNCa+OI=">AAACFnicbVDLSgNBEJyNrxhfqx69DAYhIoZdCehFCHjxoBDBPCCJYXYymwyZfTDTK4Zlv8KLv+LFgyJexZt/4+wmhxgtaCiquunuckLBFVjWt5FbWFxaXsmvFtbWNza3zO2dhgoiSVmdBiKQLYcoJrjP6sBBsFYoGfEcwZrO6CL1m/dMKh74tzAOWdcjA5+7nBLQUs887ngEho4bPyR3MRzZCT7HmSS9+PqqlpRmfDjsmUWrbGXAf4k9JUU0Ra1nfnX6AY085gMVRKm2bYXQjYkETgVLCp1IsZDQERmwtqY+8ZjqxtlbCT7QSh+7gdTlA87U2YmYeEqNPUd3pkeqeS8V//PaEbhn3Zj7YQTMp5NFbiQwBDjNCPe5ZBTEWBNCJde3YjokklDQSRZ0CPb8y39J46RsW2X7plKsVqZx5NEe2kclZKNTVEWXqIbqiKJH9Ixe0ZvxZLwY78bHpDVnTGd20S8Ynz9Pk59n</latexit><latexit sha1_base64="GUQaSLFrWkLRP+flI4J0lNCa+OI=">AAACFnicbVDLSgNBEJyNrxhfqx69DAYhIoZdCehFCHjxoBDBPCCJYXYymwyZfTDTK4Zlv8KLv+LFgyJexZt/4+wmhxgtaCiquunuckLBFVjWt5FbWFxaXsmvFtbWNza3zO2dhgoiSVmdBiKQLYcoJrjP6sBBsFYoGfEcwZrO6CL1m/dMKh74tzAOWdcjA5+7nBLQUs887ngEho4bPyR3MRzZCT7HmSS9+PqqlpRmfDjsmUWrbGXAf4k9JUU0Ra1nfnX6AY085gMVRKm2bYXQjYkETgVLCp1IsZDQERmwtqY+8ZjqxtlbCT7QSh+7gdTlA87U2YmYeEqNPUd3pkeqeS8V//PaEbhn3Zj7YQTMp5NFbiQwBDjNCPe5ZBTEWBNCJde3YjokklDQSRZ0CPb8y39J46RsW2X7plKsVqZx5NEe2kclZKNTVEWXqIbqiKJH9Ixe0ZvxZLwY78bHpDVnTGd20S8Ynz9Pk59n</latexit><latexit sha1_base64="GUQaSLFrWkLRP+flI4J0lNCa+OI=">AAACFnicbVDLSgNBEJyNrxhfqx69DAYhIoZdCehFCHjxoBDBPCCJYXYymwyZfTDTK4Zlv8KLv+LFgyJexZt/4+wmhxgtaCiquunuckLBFVjWt5FbWFxaXsmvFtbWNza3zO2dhgoiSVmdBiKQLYcoJrjP6sBBsFYoGfEcwZrO6CL1m/dMKh74tzAOWdcjA5+7nBLQUs887ngEho4bPyR3MRzZCT7HmSS9+PqqlpRmfDjsmUWrbGXAf4k9JUU0Ra1nfnX6AY085gMVRKm2bYXQjYkETgVLCp1IsZDQERmwtqY+8ZjqxtlbCT7QSh+7gdTlA87U2YmYeEqNPUd3pkeqeS8V//PaEbhn3Zj7YQTMp5NFbiQwBDjNCPe5ZBTEWBNCJde3YjokklDQSRZ0CPb8y39J46RsW2X7plKsVqZx5NEe2kclZKNTVEWXqIbqiKJH9Ixe0ZvxZLwY78bHpDVnTGd20S8Ynz9Pk59n</latexit><latexit sha1_base64="GUQaSLFrWkLRP+flI4J0lNCa+OI=">AAACFnicbVDLSgNBEJyNrxhfqx69DAYhIoZdCehFCHjxoBDBPCCJYXYymwyZfTDTK4Zlv8KLv+LFgyJexZt/4+wmhxgtaCiquunuckLBFVjWt5FbWFxaXsmvFtbWNza3zO2dhgoiSVmdBiKQLYcoJrjP6sBBsFYoGfEcwZrO6CL1m/dMKh74tzAOWdcjA5+7nBLQUs887ngEho4bPyR3MRzZCT7HmSS9+PqqlpRmfDjsmUWrbGXAf4k9JUU0Ra1nfnX6AY085gMVRKm2bYXQjYkETgVLCp1IsZDQERmwtqY+8ZjqxtlbCT7QSh+7gdTlA87U2YmYeEqNPUd3pkeqeS8V//PaEbhn3Zj7YQTMp5NFbiQwBDjNCPe5ZBTEWBNCJde3YjokklDQSRZ0CPb8y39J46RsW2X7plKsVqZx5NEe2kclZKNTVEWXqIbqiKJH9Ixe0ZvxZLwY78bHpDVnTGd20S8Ynz9Pk59n</latexit>

 (or RNN)

Need to model interactions and their effect on dynamics

Simple example:



Structured Deep Models Thomas Kipf

Motivation: Learning physical dynamics

#19

• 5 particles + their trajectories 
• Concatenate feature vectors 
 

• Feed into neural net 
 

• Done? 

xt
1

<latexit sha1_base64="yKWkotx3mGqgxJf0eYBnjinUefk=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB18dBueJW3TnIKvFyUoEc9UH5qzuMWBJyhUxSYzqeG2MvpRoFk3xW6iaGx5RN6Ih3LFU05KaXzlPPyJlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtkSvOUvr5LmRdVzq97dZaV2mddRhBM4hXPw4ApqcAt1aAADDc/wCm/Oo/PivDsfi9GCk+8cwx84nz+4cZKY</latexit><latexit sha1_base64="yKWkotx3mGqgxJf0eYBnjinUefk=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB18dBueJW3TnIKvFyUoEc9UH5qzuMWBJyhUxSYzqeG2MvpRoFk3xW6iaGx5RN6Ih3LFU05KaXzlPPyJlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtkSvOUvr5LmRdVzq97dZaV2mddRhBM4hXPw4ApqcAt1aAADDc/wCm/Oo/PivDsfi9GCk+8cwx84nz+4cZKY</latexit><latexit sha1_base64="yKWkotx3mGqgxJf0eYBnjinUefk=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB18dBueJW3TnIKvFyUoEc9UH5qzuMWBJyhUxSYzqeG2MvpRoFk3xW6iaGx5RN6Ih3LFU05KaXzlPPyJlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtkSvOUvr5LmRdVzq97dZaV2mddRhBM4hXPw4ApqcAt1aAADDc/wCm/Oo/PivDsfi9GCk+8cwx84nz+4cZKY</latexit><latexit sha1_base64="yKWkotx3mGqgxJf0eYBnjinUefk=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB18dBueJW3TnIKvFyUoEc9UH5qzuMWBJyhUxSYzqeG2MvpRoFk3xW6iaGx5RN6Ih3LFU05KaXzlPPyJlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtkSvOUvr5LmRdVzq97dZaV2mddRhBM4hXPw4ApqcAt1aAADDc/wCm/Oo/PivDsfi9GCk+8cwx84nz+4cZKY</latexit>

xt
2

<latexit sha1_base64="YoPMuZUcWO9eGjtKjJYt9MsQZSY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgB4DXjxGMA9INmF2MpsMmX0w06uGJf/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKi6XQaNvfVmFjc2t7p7hb2ts/ODwqH5+0dZQoxlsskpHqelRzKULeQoGSd2PFaeBJ3vGmN5nfeeBKiyi8x1nM3YCOQ+ELRtFIg35AceL56dN8WBvgsFyxq/YCZJ04OalAjuaw/NUfRSwJeIhMUq17jh2jm1KFgkk+L/UTzWPKpnTMe4aGNODaTRep5+TCKCPiR8q8EMlC/b2R0kDrWeCZySylXvUy8T+vl6B/7aYijBPkIVse8hNJMCJZBWQkFGcoZ4ZQpoTJStiEKsrQFFUyJTirX14n7VrVsavOXb3SqOd1FOEMzuESHLiCBtxCE1rAQMEzvMKb9Wi9WO/Wx3K0YOU7p/AH1ucPufeSmQ==</latexit><latexit sha1_base64="YoPMuZUcWO9eGjtKjJYt9MsQZSY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgB4DXjxGMA9INmF2MpsMmX0w06uGJf/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKi6XQaNvfVmFjc2t7p7hb2ts/ODwqH5+0dZQoxlsskpHqelRzKULeQoGSd2PFaeBJ3vGmN5nfeeBKiyi8x1nM3YCOQ+ELRtFIg35AceL56dN8WBvgsFyxq/YCZJ04OalAjuaw/NUfRSwJeIhMUq17jh2jm1KFgkk+L/UTzWPKpnTMe4aGNODaTRep5+TCKCPiR8q8EMlC/b2R0kDrWeCZySylXvUy8T+vl6B/7aYijBPkIVse8hNJMCJZBWQkFGcoZ4ZQpoTJStiEKsrQFFUyJTirX14n7VrVsavOXb3SqOd1FOEMzuESHLiCBtxCE1rAQMEzvMKb9Wi9WO/Wx3K0YOU7p/AH1ucPufeSmQ==</latexit><latexit sha1_base64="YoPMuZUcWO9eGjtKjJYt9MsQZSY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgB4DXjxGMA9INmF2MpsMmX0w06uGJf/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKi6XQaNvfVmFjc2t7p7hb2ts/ODwqH5+0dZQoxlsskpHqelRzKULeQoGSd2PFaeBJ3vGmN5nfeeBKiyi8x1nM3YCOQ+ELRtFIg35AceL56dN8WBvgsFyxq/YCZJ04OalAjuaw/NUfRSwJeIhMUq17jh2jm1KFgkk+L/UTzWPKpnTMe4aGNODaTRep5+TCKCPiR8q8EMlC/b2R0kDrWeCZySylXvUy8T+vl6B/7aYijBPkIVse8hNJMCJZBWQkFGcoZ4ZQpoTJStiEKsrQFFUyJTirX14n7VrVsavOXb3SqOd1FOEMzuESHLiCBtxCE1rAQMEzvMKb9Wi9WO/Wx3K0YOU7p/AH1ucPufeSmQ==</latexit><latexit sha1_base64="YoPMuZUcWO9eGjtKjJYt9MsQZSY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgB4DXjxGMA9INmF2MpsMmX0w06uGJf/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKi6XQaNvfVmFjc2t7p7hb2ts/ODwqH5+0dZQoxlsskpHqelRzKULeQoGSd2PFaeBJ3vGmN5nfeeBKiyi8x1nM3YCOQ+ELRtFIg35AceL56dN8WBvgsFyxq/YCZJ04OalAjuaw/NUfRSwJeIhMUq17jh2jm1KFgkk+L/UTzWPKpnTMe4aGNODaTRep5+TCKCPiR8q8EMlC/b2R0kDrWeCZySylXvUy8T+vl6B/7aYijBPkIVse8hNJMCJZBWQkFGcoZ4ZQpoTJStiEKsrQFFUyJTirX14n7VrVsavOXb3SqOd1FOEMzuESHLiCBtxCE1rAQMEzvMKb9Wi9WO/Wx3K0YOU7p/AH1ucPufeSmQ==</latexit>

xt
3

<latexit sha1_base64="nP+1G+L3VdUpJd5mn4mgzBcluxM=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIt6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/ALt9kpo=</latexit><latexit sha1_base64="nP+1G+L3VdUpJd5mn4mgzBcluxM=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIt6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/ALt9kpo=</latexit><latexit sha1_base64="nP+1G+L3VdUpJd5mn4mgzBcluxM=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIt6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/ALt9kpo=</latexit><latexit sha1_base64="nP+1G+L3VdUpJd5mn4mgzBcluxM=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIt6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/ALt9kpo=</latexit>

xt
4

<latexit sha1_base64="balvQZwbjBOSnvE7BuIPDKyemyA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkp6LLgxmUF+4C+yKSZNjSTGZI7ahn6H25cKOLWf3Hn35hpZ6GtBwKHc+7lnhw/lsKg6347a+sbm1vbhZ3i7t7+wWHp6LhpokQz3mCRjHTbp4ZLoXgDBUrejjWnoS95y5/cZH7rgWsjInWP05j3QjpSIhCMopX63ZDi2A/Sp9mg2sdBqexW3DnIKvFyUoYc9UHpqzuMWBJyhUxSYzqeG2MvpRoFk3xW7CaGx5RN6Ih3LFU05KaXzlPPyLlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtoSvOUvr5LmZcVzK95dtVyr5nUU4BTO4AI8uIIa3EIdGsBAwzO8wpvz6Lw4787HYnTNyXdO4A+czx+9A5Kb</latexit><latexit sha1_base64="balvQZwbjBOSnvE7BuIPDKyemyA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkp6LLgxmUF+4C+yKSZNjSTGZI7ahn6H25cKOLWf3Hn35hpZ6GtBwKHc+7lnhw/lsKg6347a+sbm1vbhZ3i7t7+wWHp6LhpokQz3mCRjHTbp4ZLoXgDBUrejjWnoS95y5/cZH7rgWsjInWP05j3QjpSIhCMopX63ZDi2A/Sp9mg2sdBqexW3DnIKvFyUoYc9UHpqzuMWBJyhUxSYzqeG2MvpRoFk3xW7CaGx5RN6Ih3LFU05KaXzlPPyLlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtoSvOUvr5LmZcVzK95dtVyr5nUU4BTO4AI8uIIa3EIdGsBAwzO8wpvz6Lw4787HYnTNyXdO4A+czx+9A5Kb</latexit><latexit sha1_base64="balvQZwbjBOSnvE7BuIPDKyemyA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkp6LLgxmUF+4C+yKSZNjSTGZI7ahn6H25cKOLWf3Hn35hpZ6GtBwKHc+7lnhw/lsKg6347a+sbm1vbhZ3i7t7+wWHp6LhpokQz3mCRjHTbp4ZLoXgDBUrejjWnoS95y5/cZH7rgWsjInWP05j3QjpSIhCMopX63ZDi2A/Sp9mg2sdBqexW3DnIKvFyUoYc9UHpqzuMWBJyhUxSYzqeG2MvpRoFk3xW7CaGx5RN6Ih3LFU05KaXzlPPyLlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtoSvOUvr5LmZcVzK95dtVyr5nUU4BTO4AI8uIIa3EIdGsBAwzO8wpvz6Lw4787HYnTNyXdO4A+czx+9A5Kb</latexit><latexit sha1_base64="balvQZwbjBOSnvE7BuIPDKyemyA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkp6LLgxmUF+4C+yKSZNjSTGZI7ahn6H25cKOLWf3Hn35hpZ6GtBwKHc+7lnhw/lsKg6347a+sbm1vbhZ3i7t7+wWHp6LhpokQz3mCRjHTbp4ZLoXgDBUrejjWnoS95y5/cZH7rgWsjInWP05j3QjpSIhCMopX63ZDi2A/Sp9mg2sdBqexW3DnIKvFyUoYc9UHpqzuMWBJyhUxSYzqeG2MvpRoFk3xW7CaGx5RN6Ih3LFU05KaXzlPPyLlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtoSvOUvr5LmZcVzK95dtVyr5nUU4BTO4AI8uIIa3EIdGsBAwzO8wpvz6Lw4787HYnTNyXdO4A+czx+9A5Kb</latexit>

xt
5

<latexit sha1_base64="vbviRYEG/Pzkqyz4Dn62kMPOZ9s=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKp6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/AL6Jkpw=</latexit><latexit sha1_base64="vbviRYEG/Pzkqyz4Dn62kMPOZ9s=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKp6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/AL6Jkpw=</latexit><latexit sha1_base64="vbviRYEG/Pzkqyz4Dn62kMPOZ9s=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKp6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/AL6Jkpw=</latexit><latexit sha1_base64="vbviRYEG/Pzkqyz4Dn62kMPOZ9s=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKp6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/AL6Jkpw=</latexit>

xt
i

<latexit sha1_base64="Uxwybt/x5M0HOF1htXyVjOzOrNM=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB6OOgXHGr7hxklXg5qUCO+qD81R1GLAm5QiapMR3PjbGXUo2CST4rdRPDY8omdMQ7lioactNL56ln5MwqQxJE2j6FZK7+3khpaMw09O1kltIse5n4n9dJMLjupULFCXLFFoeCRBKMSFYBGQrNGcqpJZRpYbMSNqaaMrRFlWwJ3vKXV0nzouq5Ve/uslK7zOsowgmcwjl4cAU1uIU6NICBhmd4hTfn0Xlx3p2PxWjByXeO4Q+czx8N0JLQ</latexit><latexit sha1_base64="Uxwybt/x5M0HOF1htXyVjOzOrNM=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB6OOgXHGr7hxklXg5qUCO+qD81R1GLAm5QiapMR3PjbGXUo2CST4rdRPDY8omdMQ7lioactNL56ln5MwqQxJE2j6FZK7+3khpaMw09O1kltIse5n4n9dJMLjupULFCXLFFoeCRBKMSFYBGQrNGcqpJZRpYbMSNqaaMrRFlWwJ3vKXV0nzouq5Ve/uslK7zOsowgmcwjl4cAU1uIU6NICBhmd4hTfn0Xlx3p2PxWjByXeO4Q+czx8N0JLQ</latexit><latexit sha1_base64="Uxwybt/x5M0HOF1htXyVjOzOrNM=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB6OOgXHGr7hxklXg5qUCO+qD81R1GLAm5QiapMR3PjbGXUo2CST4rdRPDY8omdMQ7lioactNL56ln5MwqQxJE2j6FZK7+3khpaMw09O1kltIse5n4n9dJMLjupULFCXLFFoeCRBKMSFYBGQrNGcqpJZRpYbMSNqaaMrRFlWwJ3vKXV0nzouq5Ve/uslK7zOsowgmcwjl4cAU1uIU6NICBhmd4hTfn0Xlx3p2PxWjByXeO4Q+czx8N0JLQ</latexit><latexit sha1_base64="Uxwybt/x5M0HOF1htXyVjOzOrNM=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB6OOgXHGr7hxklXg5qUCO+qD81R1GLAm5QiapMR3PjbGXUo2CST4rdRPDY8omdMQ7lioactNL56ln5MwqQxJE2j6FZK7+3khpaMw09O1kltIse5n4n9dJMLjupULFCXLFFoeCRBKMSFYBGQrNGcqpJZRpYbMSNqaaMrRFlWwJ3vKXV0nzouq5Ve/uslK7zOsowgmcwjl4cAU1uIU6NICBhmd4hTfn0Xlx3p2PxWjByXeO4Q+czx8N0JLQ</latexit>

xt = [xt
1,x

t
2, ...,x

t
5]

<latexit sha1_base64="dGqPXi5ANYgglHEqL/z55Yr68XE=">AAACLXicbVDLSgMxFM3UV62vqks3wSK4kGGmVHQjFHThsoJ9QDstmTTThmYeJHfEMvSH3PgrIrioiFt/w0xbsA8PBM45915y73EjwRVY1tjIrK1vbG5lt3M7u3v7B/nDo5oKY0lZlYYilA2XKCZ4wKrAQbBGJBnxXcHq7uA2rdefmFQ8DB5hGDHHJ72Ae5wS0FYnf9fyCfRdL3ketQHf4Oaf7thtuMBzuphq0zQXzMs2OJ18wTKtCfAqsWekgGaodPLvrW5IY58FQAVRqmlbETgJkcCpYKNcK1YsInRAeqypaUB8ppxkcu0In2mni71Q6hcAnrjzEwnxlRr6ru5M11TLtdT8r9aMwbt2Eh5EMbCATj/yYoEhxGl0uMsloyCGmhAqud4V0z6RhIIOOKdDsJdPXiW1omlbpv1QKpRLsziy6ASdonNkoytURveogqqIohf0hsbo03g1Powv43vamjFmM8doAcbPL/WSp90=</latexit><latexit sha1_base64="dGqPXi5ANYgglHEqL/z55Yr68XE=">AAACLXicbVDLSgMxFM3UV62vqks3wSK4kGGmVHQjFHThsoJ9QDstmTTThmYeJHfEMvSH3PgrIrioiFt/w0xbsA8PBM45915y73EjwRVY1tjIrK1vbG5lt3M7u3v7B/nDo5oKY0lZlYYilA2XKCZ4wKrAQbBGJBnxXcHq7uA2rdefmFQ8DB5hGDHHJ72Ae5wS0FYnf9fyCfRdL3ketQHf4Oaf7thtuMBzuphq0zQXzMs2OJ18wTKtCfAqsWekgGaodPLvrW5IY58FQAVRqmlbETgJkcCpYKNcK1YsInRAeqypaUB8ppxkcu0In2mni71Q6hcAnrjzEwnxlRr6ru5M11TLtdT8r9aMwbt2Eh5EMbCATj/yYoEhxGl0uMsloyCGmhAqud4V0z6RhIIOOKdDsJdPXiW1omlbpv1QKpRLsziy6ASdonNkoytURveogqqIohf0hsbo03g1Powv43vamjFmM8doAcbPL/WSp90=</latexit><latexit sha1_base64="dGqPXi5ANYgglHEqL/z55Yr68XE=">AAACLXicbVDLSgMxFM3UV62vqks3wSK4kGGmVHQjFHThsoJ9QDstmTTThmYeJHfEMvSH3PgrIrioiFt/w0xbsA8PBM45915y73EjwRVY1tjIrK1vbG5lt3M7u3v7B/nDo5oKY0lZlYYilA2XKCZ4wKrAQbBGJBnxXcHq7uA2rdefmFQ8DB5hGDHHJ72Ae5wS0FYnf9fyCfRdL3ketQHf4Oaf7thtuMBzuphq0zQXzMs2OJ18wTKtCfAqsWekgGaodPLvrW5IY58FQAVRqmlbETgJkcCpYKNcK1YsInRAeqypaUB8ppxkcu0In2mni71Q6hcAnrjzEwnxlRr6ru5M11TLtdT8r9aMwbt2Eh5EMbCATj/yYoEhxGl0uMsloyCGmhAqud4V0z6RhIIOOKdDsJdPXiW1omlbpv1QKpRLsziy6ASdonNkoytURveogqqIohf0hsbo03g1Powv43vamjFmM8doAcbPL/WSp90=</latexit><latexit sha1_base64="dGqPXi5ANYgglHEqL/z55Yr68XE=">AAACLXicbVDLSgMxFM3UV62vqks3wSK4kGGmVHQjFHThsoJ9QDstmTTThmYeJHfEMvSH3PgrIrioiFt/w0xbsA8PBM45915y73EjwRVY1tjIrK1vbG5lt3M7u3v7B/nDo5oKY0lZlYYilA2XKCZ4wKrAQbBGJBnxXcHq7uA2rdefmFQ8DB5hGDHHJ72Ae5wS0FYnf9fyCfRdL3ketQHf4Oaf7thtuMBzuphq0zQXzMs2OJ18wTKtCfAqsWekgGaodPLvrW5IY58FQAVRqmlbETgJkcCpYKNcK1YsInRAeqypaUB8ppxkcu0In2mni71Q6hcAnrjzEwnxlRr6ru5M11TLtdT8r9aMwbt2Eh5EMbCATj/yYoEhxGl0uMsloyCGmhAqud4V0z6RhIIOOKdDsJdPXiW1omlbpv1QKpRLsziy6ASdonNkoytURveogqqIohf0hsbo03g1Powv43vamjFmM8doAcbPL/WSp90=</latexit>

xt+1 = MLP(xt)
<latexit sha1_base64="GUQaSLFrWkLRP+flI4J0lNCa+OI=">AAACFnicbVDLSgNBEJyNrxhfqx69DAYhIoZdCehFCHjxoBDBPCCJYXYymwyZfTDTK4Zlv8KLv+LFgyJexZt/4+wmhxgtaCiquunuckLBFVjWt5FbWFxaXsmvFtbWNza3zO2dhgoiSVmdBiKQLYcoJrjP6sBBsFYoGfEcwZrO6CL1m/dMKh74tzAOWdcjA5+7nBLQUs887ngEho4bPyR3MRzZCT7HmSS9+PqqlpRmfDjsmUWrbGXAf4k9JUU0Ra1nfnX6AY085gMVRKm2bYXQjYkETgVLCp1IsZDQERmwtqY+8ZjqxtlbCT7QSh+7gdTlA87U2YmYeEqNPUd3pkeqeS8V//PaEbhn3Zj7YQTMp5NFbiQwBDjNCPe5ZBTEWBNCJde3YjokklDQSRZ0CPb8y39J46RsW2X7plKsVqZx5NEe2kclZKNTVEWXqIbqiKJH9Ixe0ZvxZLwY78bHpDVnTGd20S8Ynz9Pk59n</latexit><latexit sha1_base64="GUQaSLFrWkLRP+flI4J0lNCa+OI=">AAACFnicbVDLSgNBEJyNrxhfqx69DAYhIoZdCehFCHjxoBDBPCCJYXYymwyZfTDTK4Zlv8KLv+LFgyJexZt/4+wmhxgtaCiquunuckLBFVjWt5FbWFxaXsmvFtbWNza3zO2dhgoiSVmdBiKQLYcoJrjP6sBBsFYoGfEcwZrO6CL1m/dMKh74tzAOWdcjA5+7nBLQUs887ngEho4bPyR3MRzZCT7HmSS9+PqqlpRmfDjsmUWrbGXAf4k9JUU0Ra1nfnX6AY085gMVRKm2bYXQjYkETgVLCp1IsZDQERmwtqY+8ZjqxtlbCT7QSh+7gdTlA87U2YmYeEqNPUd3pkeqeS8V//PaEbhn3Zj7YQTMp5NFbiQwBDjNCPe5ZBTEWBNCJde3YjokklDQSRZ0CPb8y39J46RsW2X7plKsVqZx5NEe2kclZKNTVEWXqIbqiKJH9Ixe0ZvxZLwY78bHpDVnTGd20S8Ynz9Pk59n</latexit><latexit sha1_base64="GUQaSLFrWkLRP+flI4J0lNCa+OI=">AAACFnicbVDLSgNBEJyNrxhfqx69DAYhIoZdCehFCHjxoBDBPCCJYXYymwyZfTDTK4Zlv8KLv+LFgyJexZt/4+wmhxgtaCiquunuckLBFVjWt5FbWFxaXsmvFtbWNza3zO2dhgoiSVmdBiKQLYcoJrjP6sBBsFYoGfEcwZrO6CL1m/dMKh74tzAOWdcjA5+7nBLQUs887ngEho4bPyR3MRzZCT7HmSS9+PqqlpRmfDjsmUWrbGXAf4k9JUU0Ra1nfnX6AY085gMVRKm2bYXQjYkETgVLCp1IsZDQERmwtqY+8ZjqxtlbCT7QSh+7gdTlA87U2YmYeEqNPUd3pkeqeS8V//PaEbhn3Zj7YQTMp5NFbiQwBDjNCPe5ZBTEWBNCJde3YjokklDQSRZ0CPb8y39J46RsW2X7plKsVqZx5NEe2kclZKNTVEWXqIbqiKJH9Ixe0ZvxZLwY78bHpDVnTGd20S8Ynz9Pk59n</latexit><latexit sha1_base64="GUQaSLFrWkLRP+flI4J0lNCa+OI=">AAACFnicbVDLSgNBEJyNrxhfqx69DAYhIoZdCehFCHjxoBDBPCCJYXYymwyZfTDTK4Zlv8KLv+LFgyJexZt/4+wmhxgtaCiquunuckLBFVjWt5FbWFxaXsmvFtbWNza3zO2dhgoiSVmdBiKQLYcoJrjP6sBBsFYoGfEcwZrO6CL1m/dMKh74tzAOWdcjA5+7nBLQUs887ngEho4bPyR3MRzZCT7HmSS9+PqqlpRmfDjsmUWrbGXAf4k9JUU0Ra1nfnX6AY085gMVRKm2bYXQjYkETgVLCp1IsZDQERmwtqY+8ZjqxtlbCT7QSh+7gdTlA87U2YmYeEqNPUd3pkeqeS8V//PaEbhn3Zj7YQTMp5NFbiQwBDjNCPe5ZBTEWBNCJde3YjokklDQSRZ0CPb8y39J46RsW2X7plKsVqZx5NEe2kclZKNTVEWXqIbqiKJH9Ixe0ZvxZLwY78bHpDVnTGd20S8Ynz9Pk59n</latexit>

 (or RNN)

Need to model interactions and their effect on dynamics

Simple example:



Structured Deep Models Thomas Kipf

Motivation: Learning physical dynamics

#19

• 5 particles + their trajectories 
• Concatenate feature vectors 
 

• Feed into neural net 
 

• Done? 

xt
1

<latexit sha1_base64="yKWkotx3mGqgxJf0eYBnjinUefk=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB18dBueJW3TnIKvFyUoEc9UH5qzuMWBJyhUxSYzqeG2MvpRoFk3xW6iaGx5RN6Ih3LFU05KaXzlPPyJlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtkSvOUvr5LmRdVzq97dZaV2mddRhBM4hXPw4ApqcAt1aAADDc/wCm/Oo/PivDsfi9GCk+8cwx84nz+4cZKY</latexit><latexit sha1_base64="yKWkotx3mGqgxJf0eYBnjinUefk=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB18dBueJW3TnIKvFyUoEc9UH5qzuMWBJyhUxSYzqeG2MvpRoFk3xW6iaGx5RN6Ih3LFU05KaXzlPPyJlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtkSvOUvr5LmRdVzq97dZaV2mddRhBM4hXPw4ApqcAt1aAADDc/wCm/Oo/PivDsfi9GCk+8cwx84nz+4cZKY</latexit><latexit sha1_base64="yKWkotx3mGqgxJf0eYBnjinUefk=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB18dBueJW3TnIKvFyUoEc9UH5qzuMWBJyhUxSYzqeG2MvpRoFk3xW6iaGx5RN6Ih3LFU05KaXzlPPyJlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtkSvOUvr5LmRdVzq97dZaV2mddRhBM4hXPw4ApqcAt1aAADDc/wCm/Oo/PivDsfi9GCk+8cwx84nz+4cZKY</latexit><latexit sha1_base64="yKWkotx3mGqgxJf0eYBnjinUefk=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB18dBueJW3TnIKvFyUoEc9UH5qzuMWBJyhUxSYzqeG2MvpRoFk3xW6iaGx5RN6Ih3LFU05KaXzlPPyJlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtkSvOUvr5LmRdVzq97dZaV2mddRhBM4hXPw4ApqcAt1aAADDc/wCm/Oo/PivDsfi9GCk+8cwx84nz+4cZKY</latexit>

xt
2

<latexit sha1_base64="YoPMuZUcWO9eGjtKjJYt9MsQZSY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgB4DXjxGMA9INmF2MpsMmX0w06uGJf/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKi6XQaNvfVmFjc2t7p7hb2ts/ODwqH5+0dZQoxlsskpHqelRzKULeQoGSd2PFaeBJ3vGmN5nfeeBKiyi8x1nM3YCOQ+ELRtFIg35AceL56dN8WBvgsFyxq/YCZJ04OalAjuaw/NUfRSwJeIhMUq17jh2jm1KFgkk+L/UTzWPKpnTMe4aGNODaTRep5+TCKCPiR8q8EMlC/b2R0kDrWeCZySylXvUy8T+vl6B/7aYijBPkIVse8hNJMCJZBWQkFGcoZ4ZQpoTJStiEKsrQFFUyJTirX14n7VrVsavOXb3SqOd1FOEMzuESHLiCBtxCE1rAQMEzvMKb9Wi9WO/Wx3K0YOU7p/AH1ucPufeSmQ==</latexit><latexit sha1_base64="YoPMuZUcWO9eGjtKjJYt9MsQZSY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgB4DXjxGMA9INmF2MpsMmX0w06uGJf/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKi6XQaNvfVmFjc2t7p7hb2ts/ODwqH5+0dZQoxlsskpHqelRzKULeQoGSd2PFaeBJ3vGmN5nfeeBKiyi8x1nM3YCOQ+ELRtFIg35AceL56dN8WBvgsFyxq/YCZJ04OalAjuaw/NUfRSwJeIhMUq17jh2jm1KFgkk+L/UTzWPKpnTMe4aGNODaTRep5+TCKCPiR8q8EMlC/b2R0kDrWeCZySylXvUy8T+vl6B/7aYijBPkIVse8hNJMCJZBWQkFGcoZ4ZQpoTJStiEKsrQFFUyJTirX14n7VrVsavOXb3SqOd1FOEMzuESHLiCBtxCE1rAQMEzvMKb9Wi9WO/Wx3K0YOU7p/AH1ucPufeSmQ==</latexit><latexit sha1_base64="YoPMuZUcWO9eGjtKjJYt9MsQZSY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgB4DXjxGMA9INmF2MpsMmX0w06uGJf/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKi6XQaNvfVmFjc2t7p7hb2ts/ODwqH5+0dZQoxlsskpHqelRzKULeQoGSd2PFaeBJ3vGmN5nfeeBKiyi8x1nM3YCOQ+ELRtFIg35AceL56dN8WBvgsFyxq/YCZJ04OalAjuaw/NUfRSwJeIhMUq17jh2jm1KFgkk+L/UTzWPKpnTMe4aGNODaTRep5+TCKCPiR8q8EMlC/b2R0kDrWeCZySylXvUy8T+vl6B/7aYijBPkIVse8hNJMCJZBWQkFGcoZ4ZQpoTJStiEKsrQFFUyJTirX14n7VrVsavOXb3SqOd1FOEMzuESHLiCBtxCE1rAQMEzvMKb9Wi9WO/Wx3K0YOU7p/AH1ucPufeSmQ==</latexit><latexit sha1_base64="YoPMuZUcWO9eGjtKjJYt9MsQZSY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgB4DXjxGMA9INmF2MpsMmX0w06uGJf/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKi6XQaNvfVmFjc2t7p7hb2ts/ODwqH5+0dZQoxlsskpHqelRzKULeQoGSd2PFaeBJ3vGmN5nfeeBKiyi8x1nM3YCOQ+ELRtFIg35AceL56dN8WBvgsFyxq/YCZJ04OalAjuaw/NUfRSwJeIhMUq17jh2jm1KFgkk+L/UTzWPKpnTMe4aGNODaTRep5+TCKCPiR8q8EMlC/b2R0kDrWeCZySylXvUy8T+vl6B/7aYijBPkIVse8hNJMCJZBWQkFGcoZ4ZQpoTJStiEKsrQFFUyJTirX14n7VrVsavOXb3SqOd1FOEMzuESHLiCBtxCE1rAQMEzvMKb9Wi9WO/Wx3K0YOU7p/AH1ucPufeSmQ==</latexit>

xt
3

<latexit sha1_base64="nP+1G+L3VdUpJd5mn4mgzBcluxM=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIt6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/ALt9kpo=</latexit><latexit sha1_base64="nP+1G+L3VdUpJd5mn4mgzBcluxM=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIt6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/ALt9kpo=</latexit><latexit sha1_base64="nP+1G+L3VdUpJd5mn4mgzBcluxM=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIt6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/ALt9kpo=</latexit><latexit sha1_base64="nP+1G+L3VdUpJd5mn4mgzBcluxM=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIt6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/ALt9kpo=</latexit>

xt
4

<latexit sha1_base64="balvQZwbjBOSnvE7BuIPDKyemyA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkp6LLgxmUF+4C+yKSZNjSTGZI7ahn6H25cKOLWf3Hn35hpZ6GtBwKHc+7lnhw/lsKg6347a+sbm1vbhZ3i7t7+wWHp6LhpokQz3mCRjHTbp4ZLoXgDBUrejjWnoS95y5/cZH7rgWsjInWP05j3QjpSIhCMopX63ZDi2A/Sp9mg2sdBqexW3DnIKvFyUoYc9UHpqzuMWBJyhUxSYzqeG2MvpRoFk3xW7CaGx5RN6Ih3LFU05KaXzlPPyLlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtoSvOUvr5LmZcVzK95dtVyr5nUU4BTO4AI8uIIa3EIdGsBAwzO8wpvz6Lw4787HYnTNyXdO4A+czx+9A5Kb</latexit><latexit sha1_base64="balvQZwbjBOSnvE7BuIPDKyemyA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkp6LLgxmUF+4C+yKSZNjSTGZI7ahn6H25cKOLWf3Hn35hpZ6GtBwKHc+7lnhw/lsKg6347a+sbm1vbhZ3i7t7+wWHp6LhpokQz3mCRjHTbp4ZLoXgDBUrejjWnoS95y5/cZH7rgWsjInWP05j3QjpSIhCMopX63ZDi2A/Sp9mg2sdBqexW3DnIKvFyUoYc9UHpqzuMWBJyhUxSYzqeG2MvpRoFk3xW7CaGx5RN6Ih3LFU05KaXzlPPyLlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtoSvOUvr5LmZcVzK95dtVyr5nUU4BTO4AI8uIIa3EIdGsBAwzO8wpvz6Lw4787HYnTNyXdO4A+czx+9A5Kb</latexit><latexit sha1_base64="balvQZwbjBOSnvE7BuIPDKyemyA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkp6LLgxmUF+4C+yKSZNjSTGZI7ahn6H25cKOLWf3Hn35hpZ6GtBwKHc+7lnhw/lsKg6347a+sbm1vbhZ3i7t7+wWHp6LhpokQz3mCRjHTbp4ZLoXgDBUrejjWnoS95y5/cZH7rgWsjInWP05j3QjpSIhCMopX63ZDi2A/Sp9mg2sdBqexW3DnIKvFyUoYc9UHpqzuMWBJyhUxSYzqeG2MvpRoFk3xW7CaGx5RN6Ih3LFU05KaXzlPPyLlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtoSvOUvr5LmZcVzK95dtVyr5nUU4BTO4AI8uIIa3EIdGsBAwzO8wpvz6Lw4787HYnTNyXdO4A+czx+9A5Kb</latexit><latexit sha1_base64="balvQZwbjBOSnvE7BuIPDKyemyA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkp6LLgxmUF+4C+yKSZNjSTGZI7ahn6H25cKOLWf3Hn35hpZ6GtBwKHc+7lnhw/lsKg6347a+sbm1vbhZ3i7t7+wWHp6LhpokQz3mCRjHTbp4ZLoXgDBUrejjWnoS95y5/cZH7rgWsjInWP05j3QjpSIhCMopX63ZDi2A/Sp9mg2sdBqexW3DnIKvFyUoYc9UHpqzuMWBJyhUxSYzqeG2MvpRoFk3xW7CaGx5RN6Ih3LFU05KaXzlPPyLlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtoSvOUvr5LmZcVzK95dtVyr5nUU4BTO4AI8uIIa3EIdGsBAwzO8wpvz6Lw4787HYnTNyXdO4A+czx+9A5Kb</latexit>

xt
5

<latexit sha1_base64="vbviRYEG/Pzkqyz4Dn62kMPOZ9s=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKp6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/AL6Jkpw=</latexit><latexit sha1_base64="vbviRYEG/Pzkqyz4Dn62kMPOZ9s=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKp6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/AL6Jkpw=</latexit><latexit sha1_base64="vbviRYEG/Pzkqyz4Dn62kMPOZ9s=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKp6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/AL6Jkpw=</latexit><latexit sha1_base64="vbviRYEG/Pzkqyz4Dn62kMPOZ9s=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKp6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/AL6Jkpw=</latexit>

xt
i

<latexit sha1_base64="Uxwybt/x5M0HOF1htXyVjOzOrNM=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB6OOgXHGr7hxklXg5qUCO+qD81R1GLAm5QiapMR3PjbGXUo2CST4rdRPDY8omdMQ7lioactNL56ln5MwqQxJE2j6FZK7+3khpaMw09O1kltIse5n4n9dJMLjupULFCXLFFoeCRBKMSFYBGQrNGcqpJZRpYbMSNqaaMrRFlWwJ3vKXV0nzouq5Ve/uslK7zOsowgmcwjl4cAU1uIU6NICBhmd4hTfn0Xlx3p2PxWjByXeO4Q+czx8N0JLQ</latexit><latexit sha1_base64="Uxwybt/x5M0HOF1htXyVjOzOrNM=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB6OOgXHGr7hxklXg5qUCO+qD81R1GLAm5QiapMR3PjbGXUo2CST4rdRPDY8omdMQ7lioactNL56ln5MwqQxJE2j6FZK7+3khpaMw09O1kltIse5n4n9dJMLjupULFCXLFFoeCRBKMSFYBGQrNGcqpJZRpYbMSNqaaMrRFlWwJ3vKXV0nzouq5Ve/uslK7zOsowgmcwjl4cAU1uIU6NICBhmd4hTfn0Xlx3p2PxWjByXeO4Q+czx8N0JLQ</latexit><latexit sha1_base64="Uxwybt/x5M0HOF1htXyVjOzOrNM=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB6OOgXHGr7hxklXg5qUCO+qD81R1GLAm5QiapMR3PjbGXUo2CST4rdRPDY8omdMQ7lioactNL56ln5MwqQxJE2j6FZK7+3khpaMw09O1kltIse5n4n9dJMLjupULFCXLFFoeCRBKMSFYBGQrNGcqpJZRpYbMSNqaaMrRFlWwJ3vKXV0nzouq5Ve/uslK7zOsowgmcwjl4cAU1uIU6NICBhmd4hTfn0Xlx3p2PxWjByXeO4Q+czx8N0JLQ</latexit><latexit sha1_base64="Uxwybt/x5M0HOF1htXyVjOzOrNM=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB6OOgXHGr7hxklXg5qUCO+qD81R1GLAm5QiapMR3PjbGXUo2CST4rdRPDY8omdMQ7lioactNL56ln5MwqQxJE2j6FZK7+3khpaMw09O1kltIse5n4n9dJMLjupULFCXLFFoeCRBKMSFYBGQrNGcqpJZRpYbMSNqaaMrRFlWwJ3vKXV0nzouq5Ve/uslK7zOsowgmcwjl4cAU1uIU6NICBhmd4hTfn0Xlx3p2PxWjByXeO4Q+czx8N0JLQ</latexit>

xt = [xt
1,x

t
2, ...,x

t
5]

<latexit sha1_base64="dGqPXi5ANYgglHEqL/z55Yr68XE=">AAACLXicbVDLSgMxFM3UV62vqks3wSK4kGGmVHQjFHThsoJ9QDstmTTThmYeJHfEMvSH3PgrIrioiFt/w0xbsA8PBM45915y73EjwRVY1tjIrK1vbG5lt3M7u3v7B/nDo5oKY0lZlYYilA2XKCZ4wKrAQbBGJBnxXcHq7uA2rdefmFQ8DB5hGDHHJ72Ae5wS0FYnf9fyCfRdL3ketQHf4Oaf7thtuMBzuphq0zQXzMs2OJ18wTKtCfAqsWekgGaodPLvrW5IY58FQAVRqmlbETgJkcCpYKNcK1YsInRAeqypaUB8ppxkcu0In2mni71Q6hcAnrjzEwnxlRr6ru5M11TLtdT8r9aMwbt2Eh5EMbCATj/yYoEhxGl0uMsloyCGmhAqud4V0z6RhIIOOKdDsJdPXiW1omlbpv1QKpRLsziy6ASdonNkoytURveogqqIohf0hsbo03g1Powv43vamjFmM8doAcbPL/WSp90=</latexit><latexit sha1_base64="dGqPXi5ANYgglHEqL/z55Yr68XE=">AAACLXicbVDLSgMxFM3UV62vqks3wSK4kGGmVHQjFHThsoJ9QDstmTTThmYeJHfEMvSH3PgrIrioiFt/w0xbsA8PBM45915y73EjwRVY1tjIrK1vbG5lt3M7u3v7B/nDo5oKY0lZlYYilA2XKCZ4wKrAQbBGJBnxXcHq7uA2rdefmFQ8DB5hGDHHJ72Ae5wS0FYnf9fyCfRdL3ketQHf4Oaf7thtuMBzuphq0zQXzMs2OJ18wTKtCfAqsWekgGaodPLvrW5IY58FQAVRqmlbETgJkcCpYKNcK1YsInRAeqypaUB8ppxkcu0In2mni71Q6hcAnrjzEwnxlRr6ru5M11TLtdT8r9aMwbt2Eh5EMbCATj/yYoEhxGl0uMsloyCGmhAqud4V0z6RhIIOOKdDsJdPXiW1omlbpv1QKpRLsziy6ASdonNkoytURveogqqIohf0hsbo03g1Powv43vamjFmM8doAcbPL/WSp90=</latexit><latexit sha1_base64="dGqPXi5ANYgglHEqL/z55Yr68XE=">AAACLXicbVDLSgMxFM3UV62vqks3wSK4kGGmVHQjFHThsoJ9QDstmTTThmYeJHfEMvSH3PgrIrioiFt/w0xbsA8PBM45915y73EjwRVY1tjIrK1vbG5lt3M7u3v7B/nDo5oKY0lZlYYilA2XKCZ4wKrAQbBGJBnxXcHq7uA2rdefmFQ8DB5hGDHHJ72Ae5wS0FYnf9fyCfRdL3ketQHf4Oaf7thtuMBzuphq0zQXzMs2OJ18wTKtCfAqsWekgGaodPLvrW5IY58FQAVRqmlbETgJkcCpYKNcK1YsInRAeqypaUB8ppxkcu0In2mni71Q6hcAnrjzEwnxlRr6ru5M11TLtdT8r9aMwbt2Eh5EMbCATj/yYoEhxGl0uMsloyCGmhAqud4V0z6RhIIOOKdDsJdPXiW1omlbpv1QKpRLsziy6ASdonNkoytURveogqqIohf0hsbo03g1Powv43vamjFmM8doAcbPL/WSp90=</latexit><latexit sha1_base64="dGqPXi5ANYgglHEqL/z55Yr68XE=">AAACLXicbVDLSgMxFM3UV62vqks3wSK4kGGmVHQjFHThsoJ9QDstmTTThmYeJHfEMvSH3PgrIrioiFt/w0xbsA8PBM45915y73EjwRVY1tjIrK1vbG5lt3M7u3v7B/nDo5oKY0lZlYYilA2XKCZ4wKrAQbBGJBnxXcHq7uA2rdefmFQ8DB5hGDHHJ72Ae5wS0FYnf9fyCfRdL3ketQHf4Oaf7thtuMBzuphq0zQXzMs2OJ18wTKtCfAqsWekgGaodPLvrW5IY58FQAVRqmlbETgJkcCpYKNcK1YsInRAeqypaUB8ppxkcu0In2mni71Q6hcAnrjzEwnxlRr6ru5M11TLtdT8r9aMwbt2Eh5EMbCATj/yYoEhxGl0uMsloyCGmhAqud4V0z6RhIIOOKdDsJdPXiW1omlbpv1QKpRLsziy6ASdonNkoytURveogqqIohf0hsbo03g1Powv43vamjFmM8doAcbPL/WSp90=</latexit>

xt+1 = MLP(xt)
<latexit sha1_base64="GUQaSLFrWkLRP+flI4J0lNCa+OI=">AAACFnicbVDLSgNBEJyNrxhfqx69DAYhIoZdCehFCHjxoBDBPCCJYXYymwyZfTDTK4Zlv8KLv+LFgyJexZt/4+wmhxgtaCiquunuckLBFVjWt5FbWFxaXsmvFtbWNza3zO2dhgoiSVmdBiKQLYcoJrjP6sBBsFYoGfEcwZrO6CL1m/dMKh74tzAOWdcjA5+7nBLQUs887ngEho4bPyR3MRzZCT7HmSS9+PqqlpRmfDjsmUWrbGXAf4k9JUU0Ra1nfnX6AY085gMVRKm2bYXQjYkETgVLCp1IsZDQERmwtqY+8ZjqxtlbCT7QSh+7gdTlA87U2YmYeEqNPUd3pkeqeS8V//PaEbhn3Zj7YQTMp5NFbiQwBDjNCPe5ZBTEWBNCJde3YjokklDQSRZ0CPb8y39J46RsW2X7plKsVqZx5NEe2kclZKNTVEWXqIbqiKJH9Ixe0ZvxZLwY78bHpDVnTGd20S8Ynz9Pk59n</latexit><latexit sha1_base64="GUQaSLFrWkLRP+flI4J0lNCa+OI=">AAACFnicbVDLSgNBEJyNrxhfqx69DAYhIoZdCehFCHjxoBDBPCCJYXYymwyZfTDTK4Zlv8KLv+LFgyJexZt/4+wmhxgtaCiquunuckLBFVjWt5FbWFxaXsmvFtbWNza3zO2dhgoiSVmdBiKQLYcoJrjP6sBBsFYoGfEcwZrO6CL1m/dMKh74tzAOWdcjA5+7nBLQUs887ngEho4bPyR3MRzZCT7HmSS9+PqqlpRmfDjsmUWrbGXAf4k9JUU0Ra1nfnX6AY085gMVRKm2bYXQjYkETgVLCp1IsZDQERmwtqY+8ZjqxtlbCT7QSh+7gdTlA87U2YmYeEqNPUd3pkeqeS8V//PaEbhn3Zj7YQTMp5NFbiQwBDjNCPe5ZBTEWBNCJde3YjokklDQSRZ0CPb8y39J46RsW2X7plKsVqZx5NEe2kclZKNTVEWXqIbqiKJH9Ixe0ZvxZLwY78bHpDVnTGd20S8Ynz9Pk59n</latexit><latexit sha1_base64="GUQaSLFrWkLRP+flI4J0lNCa+OI=">AAACFnicbVDLSgNBEJyNrxhfqx69DAYhIoZdCehFCHjxoBDBPCCJYXYymwyZfTDTK4Zlv8KLv+LFgyJexZt/4+wmhxgtaCiquunuckLBFVjWt5FbWFxaXsmvFtbWNza3zO2dhgoiSVmdBiKQLYcoJrjP6sBBsFYoGfEcwZrO6CL1m/dMKh74tzAOWdcjA5+7nBLQUs887ngEho4bPyR3MRzZCT7HmSS9+PqqlpRmfDjsmUWrbGXAf4k9JUU0Ra1nfnX6AY085gMVRKm2bYXQjYkETgVLCp1IsZDQERmwtqY+8ZjqxtlbCT7QSh+7gdTlA87U2YmYeEqNPUd3pkeqeS8V//PaEbhn3Zj7YQTMp5NFbiQwBDjNCPe5ZBTEWBNCJde3YjokklDQSRZ0CPb8y39J46RsW2X7plKsVqZx5NEe2kclZKNTVEWXqIbqiKJH9Ixe0ZvxZLwY78bHpDVnTGd20S8Ynz9Pk59n</latexit><latexit sha1_base64="GUQaSLFrWkLRP+flI4J0lNCa+OI=">AAACFnicbVDLSgNBEJyNrxhfqx69DAYhIoZdCehFCHjxoBDBPCCJYXYymwyZfTDTK4Zlv8KLv+LFgyJexZt/4+wmhxgtaCiquunuckLBFVjWt5FbWFxaXsmvFtbWNza3zO2dhgoiSVmdBiKQLYcoJrjP6sBBsFYoGfEcwZrO6CL1m/dMKh74tzAOWdcjA5+7nBLQUs887ngEho4bPyR3MRzZCT7HmSS9+PqqlpRmfDjsmUWrbGXAf4k9JUU0Ra1nfnX6AY085gMVRKm2bYXQjYkETgVLCp1IsZDQERmwtqY+8ZjqxtlbCT7QSh+7gdTlA87U2YmYeEqNPUd3pkeqeS8V//PaEbhn3Zj7YQTMp5NFbiQwBDjNCPe5ZBTEWBNCJde3YjokklDQSRZ0CPb8y39J46RsW2X7plKsVqZx5NEe2kclZKNTVEWXqIbqiKJH9Ixe0ZvxZLwY78bHpDVnTGd20S8Ynz9Pk59n</latexit>

Works (somewhat), but we can do a lot better.

 (or RNN)

Need to model interactions and their effect on dynamics

Simple example:



Structured Deep Models Thomas Kipf

A naïve model of Intuitive Physics

#20

xt
1

<latexit sha1_base64="yKWkotx3mGqgxJf0eYBnjinUefk=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB18dBueJW3TnIKvFyUoEc9UH5qzuMWBJyhUxSYzqeG2MvpRoFk3xW6iaGx5RN6Ih3LFU05KaXzlPPyJlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtkSvOUvr5LmRdVzq97dZaV2mddRhBM4hXPw4ApqcAt1aAADDc/wCm/Oo/PivDsfi9GCk+8cwx84nz+4cZKY</latexit><latexit sha1_base64="yKWkotx3mGqgxJf0eYBnjinUefk=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB18dBueJW3TnIKvFyUoEc9UH5qzuMWBJyhUxSYzqeG2MvpRoFk3xW6iaGx5RN6Ih3LFU05KaXzlPPyJlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtkSvOUvr5LmRdVzq97dZaV2mddRhBM4hXPw4ApqcAt1aAADDc/wCm/Oo/PivDsfi9GCk+8cwx84nz+4cZKY</latexit><latexit sha1_base64="yKWkotx3mGqgxJf0eYBnjinUefk=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB18dBueJW3TnIKvFyUoEc9UH5qzuMWBJyhUxSYzqeG2MvpRoFk3xW6iaGx5RN6Ih3LFU05KaXzlPPyJlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtkSvOUvr5LmRdVzq97dZaV2mddRhBM4hXPw4ApqcAt1aAADDc/wCm/Oo/PivDsfi9GCk+8cwx84nz+4cZKY</latexit><latexit sha1_base64="yKWkotx3mGqgxJf0eYBnjinUefk=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB18dBueJW3TnIKvFyUoEc9UH5qzuMWBJyhUxSYzqeG2MvpRoFk3xW6iaGx5RN6Ih3LFU05KaXzlPPyJlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtkSvOUvr5LmRdVzq97dZaV2mddRhBM4hXPw4ApqcAt1aAADDc/wCm/Oo/PivDsfi9GCk+8cwx84nz+4cZKY</latexit>

xt
2

<latexit sha1_base64="YoPMuZUcWO9eGjtKjJYt9MsQZSY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgB4DXjxGMA9INmF2MpsMmX0w06uGJf/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKi6XQaNvfVmFjc2t7p7hb2ts/ODwqH5+0dZQoxlsskpHqelRzKULeQoGSd2PFaeBJ3vGmN5nfeeBKiyi8x1nM3YCOQ+ELRtFIg35AceL56dN8WBvgsFyxq/YCZJ04OalAjuaw/NUfRSwJeIhMUq17jh2jm1KFgkk+L/UTzWPKpnTMe4aGNODaTRep5+TCKCPiR8q8EMlC/b2R0kDrWeCZySylXvUy8T+vl6B/7aYijBPkIVse8hNJMCJZBWQkFGcoZ4ZQpoTJStiEKsrQFFUyJTirX14n7VrVsavOXb3SqOd1FOEMzuESHLiCBtxCE1rAQMEzvMKb9Wi9WO/Wx3K0YOU7p/AH1ucPufeSmQ==</latexit><latexit sha1_base64="YoPMuZUcWO9eGjtKjJYt9MsQZSY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgB4DXjxGMA9INmF2MpsMmX0w06uGJf/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKi6XQaNvfVmFjc2t7p7hb2ts/ODwqH5+0dZQoxlsskpHqelRzKULeQoGSd2PFaeBJ3vGmN5nfeeBKiyi8x1nM3YCOQ+ELRtFIg35AceL56dN8WBvgsFyxq/YCZJ04OalAjuaw/NUfRSwJeIhMUq17jh2jm1KFgkk+L/UTzWPKpnTMe4aGNODaTRep5+TCKCPiR8q8EMlC/b2R0kDrWeCZySylXvUy8T+vl6B/7aYijBPkIVse8hNJMCJZBWQkFGcoZ4ZQpoTJStiEKsrQFFUyJTirX14n7VrVsavOXb3SqOd1FOEMzuESHLiCBtxCE1rAQMEzvMKb9Wi9WO/Wx3K0YOU7p/AH1ucPufeSmQ==</latexit><latexit sha1_base64="YoPMuZUcWO9eGjtKjJYt9MsQZSY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgB4DXjxGMA9INmF2MpsMmX0w06uGJf/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKi6XQaNvfVmFjc2t7p7hb2ts/ODwqH5+0dZQoxlsskpHqelRzKULeQoGSd2PFaeBJ3vGmN5nfeeBKiyi8x1nM3YCOQ+ELRtFIg35AceL56dN8WBvgsFyxq/YCZJ04OalAjuaw/NUfRSwJeIhMUq17jh2jm1KFgkk+L/UTzWPKpnTMe4aGNODaTRep5+TCKCPiR8q8EMlC/b2R0kDrWeCZySylXvUy8T+vl6B/7aYijBPkIVse8hNJMCJZBWQkFGcoZ4ZQpoTJStiEKsrQFFUyJTirX14n7VrVsavOXb3SqOd1FOEMzuESHLiCBtxCE1rAQMEzvMKb9Wi9WO/Wx3K0YOU7p/AH1ucPufeSmQ==</latexit><latexit sha1_base64="YoPMuZUcWO9eGjtKjJYt9MsQZSY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgB4DXjxGMA9INmF2MpsMmX0w06uGJf/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKi6XQaNvfVmFjc2t7p7hb2ts/ODwqH5+0dZQoxlsskpHqelRzKULeQoGSd2PFaeBJ3vGmN5nfeeBKiyi8x1nM3YCOQ+ELRtFIg35AceL56dN8WBvgsFyxq/YCZJ04OalAjuaw/NUfRSwJeIhMUq17jh2jm1KFgkk+L/UTzWPKpnTMe4aGNODaTRep5+TCKCPiR8q8EMlC/b2R0kDrWeCZySylXvUy8T+vl6B/7aYijBPkIVse8hNJMCJZBWQkFGcoZ4ZQpoTJStiEKsrQFFUyJTirX14n7VrVsavOXb3SqOd1FOEMzuESHLiCBtxCE1rAQMEzvMKb9Wi9WO/Wx3K0YOU7p/AH1ucPufeSmQ==</latexit>

xt
3

<latexit sha1_base64="nP+1G+L3VdUpJd5mn4mgzBcluxM=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIt6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/ALt9kpo=</latexit><latexit sha1_base64="nP+1G+L3VdUpJd5mn4mgzBcluxM=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIt6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/ALt9kpo=</latexit><latexit sha1_base64="nP+1G+L3VdUpJd5mn4mgzBcluxM=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIt6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/ALt9kpo=</latexit><latexit sha1_base64="nP+1G+L3VdUpJd5mn4mgzBcluxM=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIt6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/ALt9kpo=</latexit>

xt
4

<latexit sha1_base64="balvQZwbjBOSnvE7BuIPDKyemyA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkp6LLgxmUF+4C+yKSZNjSTGZI7ahn6H25cKOLWf3Hn35hpZ6GtBwKHc+7lnhw/lsKg6347a+sbm1vbhZ3i7t7+wWHp6LhpokQz3mCRjHTbp4ZLoXgDBUrejjWnoS95y5/cZH7rgWsjInWP05j3QjpSIhCMopX63ZDi2A/Sp9mg2sdBqexW3DnIKvFyUoYc9UHpqzuMWBJyhUxSYzqeG2MvpRoFk3xW7CaGx5RN6Ih3LFU05KaXzlPPyLlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtoSvOUvr5LmZcVzK95dtVyr5nUU4BTO4AI8uIIa3EIdGsBAwzO8wpvz6Lw4787HYnTNyXdO4A+czx+9A5Kb</latexit><latexit sha1_base64="balvQZwbjBOSnvE7BuIPDKyemyA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkp6LLgxmUF+4C+yKSZNjSTGZI7ahn6H25cKOLWf3Hn35hpZ6GtBwKHc+7lnhw/lsKg6347a+sbm1vbhZ3i7t7+wWHp6LhpokQz3mCRjHTbp4ZLoXgDBUrejjWnoS95y5/cZH7rgWsjInWP05j3QjpSIhCMopX63ZDi2A/Sp9mg2sdBqexW3DnIKvFyUoYc9UHpqzuMWBJyhUxSYzqeG2MvpRoFk3xW7CaGx5RN6Ih3LFU05KaXzlPPyLlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtoSvOUvr5LmZcVzK95dtVyr5nUU4BTO4AI8uIIa3EIdGsBAwzO8wpvz6Lw4787HYnTNyXdO4A+czx+9A5Kb</latexit><latexit sha1_base64="balvQZwbjBOSnvE7BuIPDKyemyA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkp6LLgxmUF+4C+yKSZNjSTGZI7ahn6H25cKOLWf3Hn35hpZ6GtBwKHc+7lnhw/lsKg6347a+sbm1vbhZ3i7t7+wWHp6LhpokQz3mCRjHTbp4ZLoXgDBUrejjWnoS95y5/cZH7rgWsjInWP05j3QjpSIhCMopX63ZDi2A/Sp9mg2sdBqexW3DnIKvFyUoYc9UHpqzuMWBJyhUxSYzqeG2MvpRoFk3xW7CaGx5RN6Ih3LFU05KaXzlPPyLlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtoSvOUvr5LmZcVzK95dtVyr5nUU4BTO4AI8uIIa3EIdGsBAwzO8wpvz6Lw4787HYnTNyXdO4A+czx+9A5Kb</latexit><latexit sha1_base64="balvQZwbjBOSnvE7BuIPDKyemyA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkp6LLgxmUF+4C+yKSZNjSTGZI7ahn6H25cKOLWf3Hn35hpZ6GtBwKHc+7lnhw/lsKg6347a+sbm1vbhZ3i7t7+wWHp6LhpokQz3mCRjHTbp4ZLoXgDBUrejjWnoS95y5/cZH7rgWsjInWP05j3QjpSIhCMopX63ZDi2A/Sp9mg2sdBqexW3DnIKvFyUoYc9UHpqzuMWBJyhUxSYzqeG2MvpRoFk3xW7CaGx5RN6Ih3LFU05KaXzlPPyLlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtoSvOUvr5LmZcVzK95dtVyr5nUU4BTO4AI8uIIa3EIdGsBAwzO8wpvz6Lw4787HYnTNyXdO4A+czx+9A5Kb</latexit>

xt
5

<latexit sha1_base64="vbviRYEG/Pzkqyz4Dn62kMPOZ9s=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKp6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/AL6Jkpw=</latexit><latexit sha1_base64="vbviRYEG/Pzkqyz4Dn62kMPOZ9s=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKp6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/AL6Jkpw=</latexit><latexit sha1_base64="vbviRYEG/Pzkqyz4Dn62kMPOZ9s=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKp6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/AL6Jkpw=</latexit><latexit sha1_base64="vbviRYEG/Pzkqyz4Dn62kMPOZ9s=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKp6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/AL6Jkpw=</latexit>

Problems:



Structured Deep Models Thomas Kipf

A naïve model of Intuitive Physics

#20

xt
1

<latexit sha1_base64="yKWkotx3mGqgxJf0eYBnjinUefk=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB18dBueJW3TnIKvFyUoEc9UH5qzuMWBJyhUxSYzqeG2MvpRoFk3xW6iaGx5RN6Ih3LFU05KaXzlPPyJlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtkSvOUvr5LmRdVzq97dZaV2mddRhBM4hXPw4ApqcAt1aAADDc/wCm/Oo/PivDsfi9GCk+8cwx84nz+4cZKY</latexit><latexit sha1_base64="yKWkotx3mGqgxJf0eYBnjinUefk=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB18dBueJW3TnIKvFyUoEc9UH5qzuMWBJyhUxSYzqeG2MvpRoFk3xW6iaGx5RN6Ih3LFU05KaXzlPPyJlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtkSvOUvr5LmRdVzq97dZaV2mddRhBM4hXPw4ApqcAt1aAADDc/wCm/Oo/PivDsfi9GCk+8cwx84nz+4cZKY</latexit><latexit sha1_base64="yKWkotx3mGqgxJf0eYBnjinUefk=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB18dBueJW3TnIKvFyUoEc9UH5qzuMWBJyhUxSYzqeG2MvpRoFk3xW6iaGx5RN6Ih3LFU05KaXzlPPyJlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtkSvOUvr5LmRdVzq97dZaV2mddRhBM4hXPw4ApqcAt1aAADDc/wCm/Oo/PivDsfi9GCk+8cwx84nz+4cZKY</latexit><latexit sha1_base64="yKWkotx3mGqgxJf0eYBnjinUefk=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB18dBueJW3TnIKvFyUoEc9UH5qzuMWBJyhUxSYzqeG2MvpRoFk3xW6iaGx5RN6Ih3LFU05KaXzlPPyJlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtkSvOUvr5LmRdVzq97dZaV2mddRhBM4hXPw4ApqcAt1aAADDc/wCm/Oo/PivDsfi9GCk+8cwx84nz+4cZKY</latexit>

xt
2

<latexit sha1_base64="YoPMuZUcWO9eGjtKjJYt9MsQZSY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgB4DXjxGMA9INmF2MpsMmX0w06uGJf/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKi6XQaNvfVmFjc2t7p7hb2ts/ODwqH5+0dZQoxlsskpHqelRzKULeQoGSd2PFaeBJ3vGmN5nfeeBKiyi8x1nM3YCOQ+ELRtFIg35AceL56dN8WBvgsFyxq/YCZJ04OalAjuaw/NUfRSwJeIhMUq17jh2jm1KFgkk+L/UTzWPKpnTMe4aGNODaTRep5+TCKCPiR8q8EMlC/b2R0kDrWeCZySylXvUy8T+vl6B/7aYijBPkIVse8hNJMCJZBWQkFGcoZ4ZQpoTJStiEKsrQFFUyJTirX14n7VrVsavOXb3SqOd1FOEMzuESHLiCBtxCE1rAQMEzvMKb9Wi9WO/Wx3K0YOU7p/AH1ucPufeSmQ==</latexit><latexit sha1_base64="YoPMuZUcWO9eGjtKjJYt9MsQZSY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgB4DXjxGMA9INmF2MpsMmX0w06uGJf/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKi6XQaNvfVmFjc2t7p7hb2ts/ODwqH5+0dZQoxlsskpHqelRzKULeQoGSd2PFaeBJ3vGmN5nfeeBKiyi8x1nM3YCOQ+ELRtFIg35AceL56dN8WBvgsFyxq/YCZJ04OalAjuaw/NUfRSwJeIhMUq17jh2jm1KFgkk+L/UTzWPKpnTMe4aGNODaTRep5+TCKCPiR8q8EMlC/b2R0kDrWeCZySylXvUy8T+vl6B/7aYijBPkIVse8hNJMCJZBWQkFGcoZ4ZQpoTJStiEKsrQFFUyJTirX14n7VrVsavOXb3SqOd1FOEMzuESHLiCBtxCE1rAQMEzvMKb9Wi9WO/Wx3K0YOU7p/AH1ucPufeSmQ==</latexit><latexit sha1_base64="YoPMuZUcWO9eGjtKjJYt9MsQZSY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgB4DXjxGMA9INmF2MpsMmX0w06uGJf/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKi6XQaNvfVmFjc2t7p7hb2ts/ODwqH5+0dZQoxlsskpHqelRzKULeQoGSd2PFaeBJ3vGmN5nfeeBKiyi8x1nM3YCOQ+ELRtFIg35AceL56dN8WBvgsFyxq/YCZJ04OalAjuaw/NUfRSwJeIhMUq17jh2jm1KFgkk+L/UTzWPKpnTMe4aGNODaTRep5+TCKCPiR8q8EMlC/b2R0kDrWeCZySylXvUy8T+vl6B/7aYijBPkIVse8hNJMCJZBWQkFGcoZ4ZQpoTJStiEKsrQFFUyJTirX14n7VrVsavOXb3SqOd1FOEMzuESHLiCBtxCE1rAQMEzvMKb9Wi9WO/Wx3K0YOU7p/AH1ucPufeSmQ==</latexit><latexit sha1_base64="YoPMuZUcWO9eGjtKjJYt9MsQZSY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgB4DXjxGMA9INmF2MpsMmX0w06uGJf/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKi6XQaNvfVmFjc2t7p7hb2ts/ODwqH5+0dZQoxlsskpHqelRzKULeQoGSd2PFaeBJ3vGmN5nfeeBKiyi8x1nM3YCOQ+ELRtFIg35AceL56dN8WBvgsFyxq/YCZJ04OalAjuaw/NUfRSwJeIhMUq17jh2jm1KFgkk+L/UTzWPKpnTMe4aGNODaTRep5+TCKCPiR8q8EMlC/b2R0kDrWeCZySylXvUy8T+vl6B/7aYijBPkIVse8hNJMCJZBWQkFGcoZ4ZQpoTJStiEKsrQFFUyJTirX14n7VrVsavOXb3SqOd1FOEMzuESHLiCBtxCE1rAQMEzvMKb9Wi9WO/Wx3K0YOU7p/AH1ucPufeSmQ==</latexit>

xt
3

<latexit sha1_base64="nP+1G+L3VdUpJd5mn4mgzBcluxM=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIt6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/ALt9kpo=</latexit><latexit sha1_base64="nP+1G+L3VdUpJd5mn4mgzBcluxM=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIt6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/ALt9kpo=</latexit><latexit sha1_base64="nP+1G+L3VdUpJd5mn4mgzBcluxM=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIt6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/ALt9kpo=</latexit><latexit sha1_base64="nP+1G+L3VdUpJd5mn4mgzBcluxM=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIt6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/ALt9kpo=</latexit>

xt
4

<latexit sha1_base64="balvQZwbjBOSnvE7BuIPDKyemyA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkp6LLgxmUF+4C+yKSZNjSTGZI7ahn6H25cKOLWf3Hn35hpZ6GtBwKHc+7lnhw/lsKg6347a+sbm1vbhZ3i7t7+wWHp6LhpokQz3mCRjHTbp4ZLoXgDBUrejjWnoS95y5/cZH7rgWsjInWP05j3QjpSIhCMopX63ZDi2A/Sp9mg2sdBqexW3DnIKvFyUoYc9UHpqzuMWBJyhUxSYzqeG2MvpRoFk3xW7CaGx5RN6Ih3LFU05KaXzlPPyLlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtoSvOUvr5LmZcVzK95dtVyr5nUU4BTO4AI8uIIa3EIdGsBAwzO8wpvz6Lw4787HYnTNyXdO4A+czx+9A5Kb</latexit><latexit sha1_base64="balvQZwbjBOSnvE7BuIPDKyemyA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkp6LLgxmUF+4C+yKSZNjSTGZI7ahn6H25cKOLWf3Hn35hpZ6GtBwKHc+7lnhw/lsKg6347a+sbm1vbhZ3i7t7+wWHp6LhpokQz3mCRjHTbp4ZLoXgDBUrejjWnoS95y5/cZH7rgWsjInWP05j3QjpSIhCMopX63ZDi2A/Sp9mg2sdBqexW3DnIKvFyUoYc9UHpqzuMWBJyhUxSYzqeG2MvpRoFk3xW7CaGx5RN6Ih3LFU05KaXzlPPyLlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtoSvOUvr5LmZcVzK95dtVyr5nUU4BTO4AI8uIIa3EIdGsBAwzO8wpvz6Lw4787HYnTNyXdO4A+czx+9A5Kb</latexit><latexit sha1_base64="balvQZwbjBOSnvE7BuIPDKyemyA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkp6LLgxmUF+4C+yKSZNjSTGZI7ahn6H25cKOLWf3Hn35hpZ6GtBwKHc+7lnhw/lsKg6347a+sbm1vbhZ3i7t7+wWHp6LhpokQz3mCRjHTbp4ZLoXgDBUrejjWnoS95y5/cZH7rgWsjInWP05j3QjpSIhCMopX63ZDi2A/Sp9mg2sdBqexW3DnIKvFyUoYc9UHpqzuMWBJyhUxSYzqeG2MvpRoFk3xW7CaGx5RN6Ih3LFU05KaXzlPPyLlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtoSvOUvr5LmZcVzK95dtVyr5nUU4BTO4AI8uIIa3EIdGsBAwzO8wpvz6Lw4787HYnTNyXdO4A+czx+9A5Kb</latexit><latexit sha1_base64="balvQZwbjBOSnvE7BuIPDKyemyA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkp6LLgxmUF+4C+yKSZNjSTGZI7ahn6H25cKOLWf3Hn35hpZ6GtBwKHc+7lnhw/lsKg6347a+sbm1vbhZ3i7t7+wWHp6LhpokQz3mCRjHTbp4ZLoXgDBUrejjWnoS95y5/cZH7rgWsjInWP05j3QjpSIhCMopX63ZDi2A/Sp9mg2sdBqexW3DnIKvFyUoYc9UHpqzuMWBJyhUxSYzqeG2MvpRoFk3xW7CaGx5RN6Ih3LFU05KaXzlPPyLlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtoSvOUvr5LmZcVzK95dtVyr5nUU4BTO4AI8uIIa3EIdGsBAwzO8wpvz6Lw4787HYnTNyXdO4A+czx+9A5Kb</latexit>

xt
5

<latexit sha1_base64="vbviRYEG/Pzkqyz4Dn62kMPOZ9s=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKp6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/AL6Jkpw=</latexit><latexit sha1_base64="vbviRYEG/Pzkqyz4Dn62kMPOZ9s=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKp6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/AL6Jkpw=</latexit><latexit sha1_base64="vbviRYEG/Pzkqyz4Dn62kMPOZ9s=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKp6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/AL6Jkpw=</latexit><latexit sha1_base64="vbviRYEG/Pzkqyz4Dn62kMPOZ9s=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKp6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/AL6Jkpw=</latexit>

Problems:

• Arbitrary ordering of nodes 

➡ Need permutation equivariance
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xt
1

<latexit sha1_base64="yKWkotx3mGqgxJf0eYBnjinUefk=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB18dBueJW3TnIKvFyUoEc9UH5qzuMWBJyhUxSYzqeG2MvpRoFk3xW6iaGx5RN6Ih3LFU05KaXzlPPyJlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtkSvOUvr5LmRdVzq97dZaV2mddRhBM4hXPw4ApqcAt1aAADDc/wCm/Oo/PivDsfi9GCk+8cwx84nz+4cZKY</latexit><latexit sha1_base64="yKWkotx3mGqgxJf0eYBnjinUefk=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB18dBueJW3TnIKvFyUoEc9UH5qzuMWBJyhUxSYzqeG2MvpRoFk3xW6iaGx5RN6Ih3LFU05KaXzlPPyJlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtkSvOUvr5LmRdVzq97dZaV2mddRhBM4hXPw4ApqcAt1aAADDc/wCm/Oo/PivDsfi9GCk+8cwx84nz+4cZKY</latexit><latexit sha1_base64="yKWkotx3mGqgxJf0eYBnjinUefk=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB18dBueJW3TnIKvFyUoEc9UH5qzuMWBJyhUxSYzqeG2MvpRoFk3xW6iaGx5RN6Ih3LFU05KaXzlPPyJlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtkSvOUvr5LmRdVzq97dZaV2mddRhBM4hXPw4ApqcAt1aAADDc/wCm/Oo/PivDsfi9GCk+8cwx84nz+4cZKY</latexit><latexit sha1_base64="yKWkotx3mGqgxJf0eYBnjinUefk=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB18dBueJW3TnIKvFyUoEc9UH5qzuMWBJyhUxSYzqeG2MvpRoFk3xW6iaGx5RN6Ih3LFU05KaXzlPPyJlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtkSvOUvr5LmRdVzq97dZaV2mddRhBM4hXPw4ApqcAt1aAADDc/wCm/Oo/PivDsfi9GCk+8cwx84nz+4cZKY</latexit>

xt
2

<latexit sha1_base64="YoPMuZUcWO9eGjtKjJYt9MsQZSY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgB4DXjxGMA9INmF2MpsMmX0w06uGJf/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKi6XQaNvfVmFjc2t7p7hb2ts/ODwqH5+0dZQoxlsskpHqelRzKULeQoGSd2PFaeBJ3vGmN5nfeeBKiyi8x1nM3YCOQ+ELRtFIg35AceL56dN8WBvgsFyxq/YCZJ04OalAjuaw/NUfRSwJeIhMUq17jh2jm1KFgkk+L/UTzWPKpnTMe4aGNODaTRep5+TCKCPiR8q8EMlC/b2R0kDrWeCZySylXvUy8T+vl6B/7aYijBPkIVse8hNJMCJZBWQkFGcoZ4ZQpoTJStiEKsrQFFUyJTirX14n7VrVsavOXb3SqOd1FOEMzuESHLiCBtxCE1rAQMEzvMKb9Wi9WO/Wx3K0YOU7p/AH1ucPufeSmQ==</latexit><latexit sha1_base64="YoPMuZUcWO9eGjtKjJYt9MsQZSY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgB4DXjxGMA9INmF2MpsMmX0w06uGJf/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKi6XQaNvfVmFjc2t7p7hb2ts/ODwqH5+0dZQoxlsskpHqelRzKULeQoGSd2PFaeBJ3vGmN5nfeeBKiyi8x1nM3YCOQ+ELRtFIg35AceL56dN8WBvgsFyxq/YCZJ04OalAjuaw/NUfRSwJeIhMUq17jh2jm1KFgkk+L/UTzWPKpnTMe4aGNODaTRep5+TCKCPiR8q8EMlC/b2R0kDrWeCZySylXvUy8T+vl6B/7aYijBPkIVse8hNJMCJZBWQkFGcoZ4ZQpoTJStiEKsrQFFUyJTirX14n7VrVsavOXb3SqOd1FOEMzuESHLiCBtxCE1rAQMEzvMKb9Wi9WO/Wx3K0YOU7p/AH1ucPufeSmQ==</latexit><latexit sha1_base64="YoPMuZUcWO9eGjtKjJYt9MsQZSY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgB4DXjxGMA9INmF2MpsMmX0w06uGJf/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKi6XQaNvfVmFjc2t7p7hb2ts/ODwqH5+0dZQoxlsskpHqelRzKULeQoGSd2PFaeBJ3vGmN5nfeeBKiyi8x1nM3YCOQ+ELRtFIg35AceL56dN8WBvgsFyxq/YCZJ04OalAjuaw/NUfRSwJeIhMUq17jh2jm1KFgkk+L/UTzWPKpnTMe4aGNODaTRep5+TCKCPiR8q8EMlC/b2R0kDrWeCZySylXvUy8T+vl6B/7aYijBPkIVse8hNJMCJZBWQkFGcoZ4ZQpoTJStiEKsrQFFUyJTirX14n7VrVsavOXb3SqOd1FOEMzuESHLiCBtxCE1rAQMEzvMKb9Wi9WO/Wx3K0YOU7p/AH1ucPufeSmQ==</latexit><latexit sha1_base64="YoPMuZUcWO9eGjtKjJYt9MsQZSY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgB4DXjxGMA9INmF2MpsMmX0w06uGJf/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKi6XQaNvfVmFjc2t7p7hb2ts/ODwqH5+0dZQoxlsskpHqelRzKULeQoGSd2PFaeBJ3vGmN5nfeeBKiyi8x1nM3YCOQ+ELRtFIg35AceL56dN8WBvgsFyxq/YCZJ04OalAjuaw/NUfRSwJeIhMUq17jh2jm1KFgkk+L/UTzWPKpnTMe4aGNODaTRep5+TCKCPiR8q8EMlC/b2R0kDrWeCZySylXvUy8T+vl6B/7aYijBPkIVse8hNJMCJZBWQkFGcoZ4ZQpoTJStiEKsrQFFUyJTirX14n7VrVsavOXb3SqOd1FOEMzuESHLiCBtxCE1rAQMEzvMKb9Wi9WO/Wx3K0YOU7p/AH1ucPufeSmQ==</latexit>

xt
3

<latexit sha1_base64="nP+1G+L3VdUpJd5mn4mgzBcluxM=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIt6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/ALt9kpo=</latexit><latexit sha1_base64="nP+1G+L3VdUpJd5mn4mgzBcluxM=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIt6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/ALt9kpo=</latexit><latexit sha1_base64="nP+1G+L3VdUpJd5mn4mgzBcluxM=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIt6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/ALt9kpo=</latexit><latexit sha1_base64="nP+1G+L3VdUpJd5mn4mgzBcluxM=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIt6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/ALt9kpo=</latexit>

xt
4

<latexit sha1_base64="balvQZwbjBOSnvE7BuIPDKyemyA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkp6LLgxmUF+4C+yKSZNjSTGZI7ahn6H25cKOLWf3Hn35hpZ6GtBwKHc+7lnhw/lsKg6347a+sbm1vbhZ3i7t7+wWHp6LhpokQz3mCRjHTbp4ZLoXgDBUrejjWnoS95y5/cZH7rgWsjInWP05j3QjpSIhCMopX63ZDi2A/Sp9mg2sdBqexW3DnIKvFyUoYc9UHpqzuMWBJyhUxSYzqeG2MvpRoFk3xW7CaGx5RN6Ih3LFU05KaXzlPPyLlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtoSvOUvr5LmZcVzK95dtVyr5nUU4BTO4AI8uIIa3EIdGsBAwzO8wpvz6Lw4787HYnTNyXdO4A+czx+9A5Kb</latexit><latexit sha1_base64="balvQZwbjBOSnvE7BuIPDKyemyA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkp6LLgxmUF+4C+yKSZNjSTGZI7ahn6H25cKOLWf3Hn35hpZ6GtBwKHc+7lnhw/lsKg6347a+sbm1vbhZ3i7t7+wWHp6LhpokQz3mCRjHTbp4ZLoXgDBUrejjWnoS95y5/cZH7rgWsjInWP05j3QjpSIhCMopX63ZDi2A/Sp9mg2sdBqexW3DnIKvFyUoYc9UHpqzuMWBJyhUxSYzqeG2MvpRoFk3xW7CaGx5RN6Ih3LFU05KaXzlPPyLlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtoSvOUvr5LmZcVzK95dtVyr5nUU4BTO4AI8uIIa3EIdGsBAwzO8wpvz6Lw4787HYnTNyXdO4A+czx+9A5Kb</latexit><latexit sha1_base64="balvQZwbjBOSnvE7BuIPDKyemyA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkp6LLgxmUF+4C+yKSZNjSTGZI7ahn6H25cKOLWf3Hn35hpZ6GtBwKHc+7lnhw/lsKg6347a+sbm1vbhZ3i7t7+wWHp6LhpokQz3mCRjHTbp4ZLoXgDBUrejjWnoS95y5/cZH7rgWsjInWP05j3QjpSIhCMopX63ZDi2A/Sp9mg2sdBqexW3DnIKvFyUoYc9UHpqzuMWBJyhUxSYzqeG2MvpRoFk3xW7CaGx5RN6Ih3LFU05KaXzlPPyLlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtoSvOUvr5LmZcVzK95dtVyr5nUU4BTO4AI8uIIa3EIdGsBAwzO8wpvz6Lw4787HYnTNyXdO4A+czx+9A5Kb</latexit><latexit sha1_base64="balvQZwbjBOSnvE7BuIPDKyemyA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkp6LLgxmUF+4C+yKSZNjSTGZI7ahn6H25cKOLWf3Hn35hpZ6GtBwKHc+7lnhw/lsKg6347a+sbm1vbhZ3i7t7+wWHp6LhpokQz3mCRjHTbp4ZLoXgDBUrejjWnoS95y5/cZH7rgWsjInWP05j3QjpSIhCMopX63ZDi2A/Sp9mg2sdBqexW3DnIKvFyUoYc9UHpqzuMWBJyhUxSYzqeG2MvpRoFk3xW7CaGx5RN6Ih3LFU05KaXzlPPyLlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtoSvOUvr5LmZcVzK95dtVyr5nUU4BTO4AI8uIIa3EIdGsBAwzO8wpvz6Lw4787HYnTNyXdO4A+czx+9A5Kb</latexit>

xt
5

<latexit sha1_base64="vbviRYEG/Pzkqyz4Dn62kMPOZ9s=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKp6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/AL6Jkpw=</latexit><latexit sha1_base64="vbviRYEG/Pzkqyz4Dn62kMPOZ9s=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKp6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/AL6Jkpw=</latexit><latexit sha1_base64="vbviRYEG/Pzkqyz4Dn62kMPOZ9s=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKp6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/AL6Jkpw=</latexit><latexit sha1_base64="vbviRYEG/Pzkqyz4Dn62kMPOZ9s=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKp6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/AL6Jkpw=</latexit>

Problems:

• Arbitrary ordering of nodes 

➡ Need permutation equivariance

• Model doesn’t know about structure of 
interactions 

➡ For many fundamental physical 
systems, interactions are pairwise
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xt
1

<latexit sha1_base64="yKWkotx3mGqgxJf0eYBnjinUefk=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB18dBueJW3TnIKvFyUoEc9UH5qzuMWBJyhUxSYzqeG2MvpRoFk3xW6iaGx5RN6Ih3LFU05KaXzlPPyJlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtkSvOUvr5LmRdVzq97dZaV2mddRhBM4hXPw4ApqcAt1aAADDc/wCm/Oo/PivDsfi9GCk+8cwx84nz+4cZKY</latexit><latexit sha1_base64="yKWkotx3mGqgxJf0eYBnjinUefk=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB18dBueJW3TnIKvFyUoEc9UH5qzuMWBJyhUxSYzqeG2MvpRoFk3xW6iaGx5RN6Ih3LFU05KaXzlPPyJlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtkSvOUvr5LmRdVzq97dZaV2mddRhBM4hXPw4ApqcAt1aAADDc/wCm/Oo/PivDsfi9GCk+8cwx84nz+4cZKY</latexit><latexit sha1_base64="yKWkotx3mGqgxJf0eYBnjinUefk=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB18dBueJW3TnIKvFyUoEc9UH5qzuMWBJyhUxSYzqeG2MvpRoFk3xW6iaGx5RN6Ih3LFU05KaXzlPPyJlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtkSvOUvr5LmRdVzq97dZaV2mddRhBM4hXPw4ApqcAt1aAADDc/wCm/Oo/PivDsfi9GCk+8cwx84nz+4cZKY</latexit><latexit sha1_base64="yKWkotx3mGqgxJf0eYBnjinUefk=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB18dBueJW3TnIKvFyUoEc9UH5qzuMWBJyhUxSYzqeG2MvpRoFk3xW6iaGx5RN6Ih3LFU05KaXzlPPyJlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtkSvOUvr5LmRdVzq97dZaV2mddRhBM4hXPw4ApqcAt1aAADDc/wCm/Oo/PivDsfi9GCk+8cwx84nz+4cZKY</latexit>

xt
2

<latexit sha1_base64="YoPMuZUcWO9eGjtKjJYt9MsQZSY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgB4DXjxGMA9INmF2MpsMmX0w06uGJf/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKi6XQaNvfVmFjc2t7p7hb2ts/ODwqH5+0dZQoxlsskpHqelRzKULeQoGSd2PFaeBJ3vGmN5nfeeBKiyi8x1nM3YCOQ+ELRtFIg35AceL56dN8WBvgsFyxq/YCZJ04OalAjuaw/NUfRSwJeIhMUq17jh2jm1KFgkk+L/UTzWPKpnTMe4aGNODaTRep5+TCKCPiR8q8EMlC/b2R0kDrWeCZySylXvUy8T+vl6B/7aYijBPkIVse8hNJMCJZBWQkFGcoZ4ZQpoTJStiEKsrQFFUyJTirX14n7VrVsavOXb3SqOd1FOEMzuESHLiCBtxCE1rAQMEzvMKb9Wi9WO/Wx3K0YOU7p/AH1ucPufeSmQ==</latexit><latexit sha1_base64="YoPMuZUcWO9eGjtKjJYt9MsQZSY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgB4DXjxGMA9INmF2MpsMmX0w06uGJf/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKi6XQaNvfVmFjc2t7p7hb2ts/ODwqH5+0dZQoxlsskpHqelRzKULeQoGSd2PFaeBJ3vGmN5nfeeBKiyi8x1nM3YCOQ+ELRtFIg35AceL56dN8WBvgsFyxq/YCZJ04OalAjuaw/NUfRSwJeIhMUq17jh2jm1KFgkk+L/UTzWPKpnTMe4aGNODaTRep5+TCKCPiR8q8EMlC/b2R0kDrWeCZySylXvUy8T+vl6B/7aYijBPkIVse8hNJMCJZBWQkFGcoZ4ZQpoTJStiEKsrQFFUyJTirX14n7VrVsavOXb3SqOd1FOEMzuESHLiCBtxCE1rAQMEzvMKb9Wi9WO/Wx3K0YOU7p/AH1ucPufeSmQ==</latexit><latexit sha1_base64="YoPMuZUcWO9eGjtKjJYt9MsQZSY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgB4DXjxGMA9INmF2MpsMmX0w06uGJf/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKi6XQaNvfVmFjc2t7p7hb2ts/ODwqH5+0dZQoxlsskpHqelRzKULeQoGSd2PFaeBJ3vGmN5nfeeBKiyi8x1nM3YCOQ+ELRtFIg35AceL56dN8WBvgsFyxq/YCZJ04OalAjuaw/NUfRSwJeIhMUq17jh2jm1KFgkk+L/UTzWPKpnTMe4aGNODaTRep5+TCKCPiR8q8EMlC/b2R0kDrWeCZySylXvUy8T+vl6B/7aYijBPkIVse8hNJMCJZBWQkFGcoZ4ZQpoTJStiEKsrQFFUyJTirX14n7VrVsavOXb3SqOd1FOEMzuESHLiCBtxCE1rAQMEzvMKb9Wi9WO/Wx3K0YOU7p/AH1ucPufeSmQ==</latexit><latexit sha1_base64="YoPMuZUcWO9eGjtKjJYt9MsQZSY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgB4DXjxGMA9INmF2MpsMmX0w06uGJf/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKi6XQaNvfVmFjc2t7p7hb2ts/ODwqH5+0dZQoxlsskpHqelRzKULeQoGSd2PFaeBJ3vGmN5nfeeBKiyi8x1nM3YCOQ+ELRtFIg35AceL56dN8WBvgsFyxq/YCZJ04OalAjuaw/NUfRSwJeIhMUq17jh2jm1KFgkk+L/UTzWPKpnTMe4aGNODaTRep5+TCKCPiR8q8EMlC/b2R0kDrWeCZySylXvUy8T+vl6B/7aYijBPkIVse8hNJMCJZBWQkFGcoZ4ZQpoTJStiEKsrQFFUyJTirX14n7VrVsavOXb3SqOd1FOEMzuESHLiCBtxCE1rAQMEzvMKb9Wi9WO/Wx3K0YOU7p/AH1ucPufeSmQ==</latexit>

xt
3

<latexit sha1_base64="nP+1G+L3VdUpJd5mn4mgzBcluxM=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIt6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/ALt9kpo=</latexit><latexit sha1_base64="nP+1G+L3VdUpJd5mn4mgzBcluxM=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIt6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/ALt9kpo=</latexit><latexit sha1_base64="nP+1G+L3VdUpJd5mn4mgzBcluxM=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIt6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/ALt9kpo=</latexit><latexit sha1_base64="nP+1G+L3VdUpJd5mn4mgzBcluxM=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRIt6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/ALt9kpo=</latexit>

xt
4

<latexit sha1_base64="balvQZwbjBOSnvE7BuIPDKyemyA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkp6LLgxmUF+4C+yKSZNjSTGZI7ahn6H25cKOLWf3Hn35hpZ6GtBwKHc+7lnhw/lsKg6347a+sbm1vbhZ3i7t7+wWHp6LhpokQz3mCRjHTbp4ZLoXgDBUrejjWnoS95y5/cZH7rgWsjInWP05j3QjpSIhCMopX63ZDi2A/Sp9mg2sdBqexW3DnIKvFyUoYc9UHpqzuMWBJyhUxSYzqeG2MvpRoFk3xW7CaGx5RN6Ih3LFU05KaXzlPPyLlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtoSvOUvr5LmZcVzK95dtVyr5nUU4BTO4AI8uIIa3EIdGsBAwzO8wpvz6Lw4787HYnTNyXdO4A+czx+9A5Kb</latexit><latexit sha1_base64="balvQZwbjBOSnvE7BuIPDKyemyA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkp6LLgxmUF+4C+yKSZNjSTGZI7ahn6H25cKOLWf3Hn35hpZ6GtBwKHc+7lnhw/lsKg6347a+sbm1vbhZ3i7t7+wWHp6LhpokQz3mCRjHTbp4ZLoXgDBUrejjWnoS95y5/cZH7rgWsjInWP05j3QjpSIhCMopX63ZDi2A/Sp9mg2sdBqexW3DnIKvFyUoYc9UHpqzuMWBJyhUxSYzqeG2MvpRoFk3xW7CaGx5RN6Ih3LFU05KaXzlPPyLlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtoSvOUvr5LmZcVzK95dtVyr5nUU4BTO4AI8uIIa3EIdGsBAwzO8wpvz6Lw4787HYnTNyXdO4A+czx+9A5Kb</latexit><latexit sha1_base64="balvQZwbjBOSnvE7BuIPDKyemyA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkp6LLgxmUF+4C+yKSZNjSTGZI7ahn6H25cKOLWf3Hn35hpZ6GtBwKHc+7lnhw/lsKg6347a+sbm1vbhZ3i7t7+wWHp6LhpokQz3mCRjHTbp4ZLoXgDBUrejjWnoS95y5/cZH7rgWsjInWP05j3QjpSIhCMopX63ZDi2A/Sp9mg2sdBqexW3DnIKvFyUoYc9UHpqzuMWBJyhUxSYzqeG2MvpRoFk3xW7CaGx5RN6Ih3LFU05KaXzlPPyLlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtoSvOUvr5LmZcVzK95dtVyr5nUU4BTO4AI8uIIa3EIdGsBAwzO8wpvz6Lw4787HYnTNyXdO4A+czx+9A5Kb</latexit><latexit sha1_base64="balvQZwbjBOSnvE7BuIPDKyemyA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkp6LLgxmUF+4C+yKSZNjSTGZI7ahn6H25cKOLWf3Hn35hpZ6GtBwKHc+7lnhw/lsKg6347a+sbm1vbhZ3i7t7+wWHp6LhpokQz3mCRjHTbp4ZLoXgDBUrejjWnoS95y5/cZH7rgWsjInWP05j3QjpSIhCMopX63ZDi2A/Sp9mg2sdBqexW3DnIKvFyUoYc9UHpqzuMWBJyhUxSYzqeG2MvpRoFk3xW7CaGx5RN6Ih3LFU05KaXzlPPyLlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtoSvOUvr5LmZcVzK95dtVyr5nUU4BTO4AI8uIIa3EIdGsBAwzO8wpvz6Lw4787HYnTNyXdO4A+czx+9A5Kb</latexit>

xt
5

<latexit sha1_base64="vbviRYEG/Pzkqyz4Dn62kMPOZ9s=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKp6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/AL6Jkpw=</latexit><latexit sha1_base64="vbviRYEG/Pzkqyz4Dn62kMPOZ9s=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKp6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/AL6Jkpw=</latexit><latexit sha1_base64="vbviRYEG/Pzkqyz4Dn62kMPOZ9s=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKp6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/AL6Jkpw=</latexit><latexit sha1_base64="vbviRYEG/Pzkqyz4Dn62kMPOZ9s=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKp6LLgxmUF+4A2LZPppB06mYSZG7WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWeOHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vYnN5nffmBK80je4zRmXkhGkgecEjRSvxcSHPtB+jQbXPZxUK44VWcOe5W4OalAjsag/NUbRjQJmUQqiNZd14nRS4lCTgWblXqJZjGhEzJiXUMlCZn20nnqmX1mlKEdRMo8ifZc/b2RklDraeibySylXvYy8T+vm2Bw7aVcxgkySReHgkTYGNlZBfaQK0ZRTA0hVHGT1aZjoghFU1TJlOAuf3mVtC6qrlN172qVei2vowgncArn4MIV1OEWGtAECgqe4RXerEfrxXq3PhajBSvfOYY/sD5/AL6Jkpw=</latexit>

Problems:

• Arbitrary ordering of nodes 

➡ Need permutation equivariance

• Model doesn’t know about structure of 
interactions 

➡ For many fundamental physical 
systems, interactions are pairwise

Structured neural models to the rescue!



Structured Deep Models Thomas Kipf

A naïve model of Intuitive Physics

#20

xt
1

<latexit sha1_base64="yKWkotx3mGqgxJf0eYBnjinUefk=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB18dBueJW3TnIKvFyUoEc9UH5qzuMWBJyhUxSYzqeG2MvpRoFk3xW6iaGx5RN6Ih3LFU05KaXzlPPyJlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtkSvOUvr5LmRdVzq97dZaV2mddRhBM4hXPw4ApqcAt1aAADDc/wCm/Oo/PivDsfi9GCk+8cwx84nz+4cZKY</latexit><latexit sha1_base64="yKWkotx3mGqgxJf0eYBnjinUefk=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB18dBueJW3TnIKvFyUoEc9UH5qzuMWBJyhUxSYzqeG2MvpRoFk3xW6iaGx5RN6Ih3LFU05KaXzlPPyJlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtkSvOUvr5LmRdVzq97dZaV2mddRhBM4hXPw4ApqcAt1aAADDc/wCm/Oo/PivDsfi9GCk+8cwx84nz+4cZKY</latexit><latexit sha1_base64="yKWkotx3mGqgxJf0eYBnjinUefk=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB18dBueJW3TnIKvFyUoEc9UH5qzuMWBJyhUxSYzqeG2MvpRoFk3xW6iaGx5RN6Ih3LFU05KaXzlPPyJlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtkSvOUvr5LmRdVzq97dZaV2mddRhBM4hXPw4ApqcAt1aAADDc/wCm/Oo/PivDsfi9GCk+8cwx84nz+4cZKY</latexit><latexit sha1_base64="yKWkotx3mGqgxJf0eYBnjinUefk=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7AP6IpNm2tBMZkjuqGXof7hxoYhb/8Wdf2OmnYW2HggczrmXe3L8WAqDrvvtFNbWNza3itulnd29/YPy4VHTRIlmvMEiGem2Tw2XQvEGCpS8HWtOQ1/ylj+5yfzWA9dGROoepzHvhXSkRCAYRSv1uyHFsR+kT7OB18dBueJW3TnIKvFyUoEc9UH5qzuMWBJyhUxSYzqeG2MvpRoFk3xW6iaGx5RN6Ih3LFU05KaXzlPPyJlVhiSItH0KyVz9vZHS0Jhp6NvJLKVZ9jLxP6+TYHDdS4WKE+SKLQ4FiSQYkawCMhSaM5RTSyjTwmYlbEw1ZWiLKtkSvOUvr5LmRdVzq97dZaV2mddRhBM4hXPw4ApqcAt1aAADDc/wCm/Oo/PivDsfi9GCk+8cwx84nz+4cZKY</latexit>

xt
2

<latexit sha1_base64="YoPMuZUcWO9eGjtKjJYt9MsQZSY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgB4DXjxGMA9INmF2MpsMmX0w06uGJf/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKi6XQaNvfVmFjc2t7p7hb2ts/ODwqH5+0dZQoxlsskpHqelRzKULeQoGSd2PFaeBJ3vGmN5nfeeBKiyi8x1nM3YCOQ+ELRtFIg35AceL56dN8WBvgsFyxq/YCZJ04OalAjuaw/NUfRSwJeIhMUq17jh2jm1KFgkk+L/UTzWPKpnTMe4aGNODaTRep5+TCKCPiR8q8EMlC/b2R0kDrWeCZySylXvUy8T+vl6B/7aYijBPkIVse8hNJMCJZBWQkFGcoZ4ZQpoTJStiEKsrQFFUyJTirX14n7VrVsavOXb3SqOd1FOEMzuESHLiCBtxCE1rAQMEzvMKb9Wi9WO/Wx3K0YOU7p/AH1ucPufeSmQ==</latexit><latexit sha1_base64="YoPMuZUcWO9eGjtKjJYt9MsQZSY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgB4DXjxGMA9INmF2MpsMmX0w06uGJf/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKi6XQaNvfVmFjc2t7p7hb2ts/ODwqH5+0dZQoxlsskpHqelRzKULeQoGSd2PFaeBJ3vGmN5nfeeBKiyi8x1nM3YCOQ+ELRtFIg35AceL56dN8WBvgsFyxq/YCZJ04OalAjuaw/NUfRSwJeIhMUq17jh2jm1KFgkk+L/UTzWPKpnTMe4aGNODaTRep5+TCKCPiR8q8EMlC/b2R0kDrWeCZySylXvUy8T+vl6B/7aYijBPkIVse8hNJMCJZBWQkFGcoZ4ZQpoTJStiEKsrQFFUyJTirX14n7VrVsavOXb3SqOd1FOEMzuESHLiCBtxCE1rAQMEzvMKb9Wi9WO/Wx3K0YOU7p/AH1ucPufeSmQ==</latexit><latexit sha1_base64="YoPMuZUcWO9eGjtKjJYt9MsQZSY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgB4DXjxGMA9INmF2MpsMmX0w06uGJf/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKi6XQaNvfVmFjc2t7p7hb2ts/ODwqH5+0dZQoxlsskpHqelRzKULeQoGSd2PFaeBJ3vGmN5nfeeBKiyi8x1nM3YCOQ+ELRtFIg35AceL56dN8WBvgsFyxq/YCZJ04OalAjuaw/NUfRSwJeIhMUq17jh2jm1KFgkk+L/UTzWPKpnTMe4aGNODaTRep5+TCKCPiR8q8EMlC/b2R0kDrWeCZySylXvUy8T+vl6B/7aYijBPkIVse8hNJMCJZBWQkFGcoZ4ZQpoTJStiEKsrQFFUyJTirX14n7VrVsavOXb3SqOd1FOEMzuESHLiCBtxCE1rAQMEzvMKb9Wi9WO/Wx3K0YOU7p/AH1ucPufeSmQ==</latexit><latexit sha1_base64="YoPMuZUcWO9eGjtKjJYt9MsQZSY=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgB4DXjxGMA9INmF2MpsMmX0w06uGJf/hxYMiXv0Xb/6Ns8keNLFgoKjqpmvKi6XQaNvfVmFjc2t7p7hb2ts/ODwqH5+0dZQoxlsskpHqelRzKULeQoGSd2PFaeBJ3vGmN5nfeeBKiyi8x1nM3YCOQ+ELRtFIg35AceL56dN8WBvgsFyxq/YCZJ04OalAjuaw/NUfRSwJeIhMUq17jh2jm1KFgkk+L/UTzWPKpnTMe4aGNODaTRep5+TCKCPiR8q8EMlC/b2R0kDrWeCZySylXvUy8T+vl6B/7aYijBPkIVse8hNJMCJZBWQkFGcoZ4ZQpoTJStiEKsrQFFUyJTirX14n7VrVsavOXb3SqOd1FOEMzuESHLiCBtxCE1rAQMEzvMKb9Wi9WO/Wx3K0YOU7p/AH1ucPufeSmQ==</latexit>
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Problems:

• Arbitrary ordering of nodes 

➡ Need permutation equivariance

• Model doesn’t know about structure of 
interactions 

➡ For many fundamental physical 
systems, interactions are pairwise

Structured neural models to the rescue!

Graph Neural Networks (GNNs) are an ideal candidate.



Structured Deep Models Thomas Kipf

GNNs for interacting systems

#21

Using GNNs, we can learn to model physical dynamics 
of interacting systems with very high precision 
if we know about the underlying structure of the 
interactions and their types (should there be different types)

Battaglia et al., (NIPS 2016)
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Our work (ICML 2018): 

1. Learn dynamics of interacting system 
without knowing structure of interactions


2. Infer latent interaction graph (plus edge 
types) using a VAE


3. Applications for physical systems, motion 
capture data and multi-agent systems



Structured Deep Models Thomas Kipf

Neural Relational Inference - Model overview

#23

Model: Variational auto-encoder with (discrete) edge types as discrete latent variables

Encoder and decoder are GNN-based!
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Neural Relational Inference - Model overview

#23

Model: Variational auto-encoder with (discrete) edge types as discrete latent variables

Encoder and decoder are GNN-based!
Main intuition:  
- Encoder generates hypothesis on how the system interacts  
- Decoder learns a dynamical model constrained by the encoder’s “interaction hypothesis”
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Neural Relational Inference - Model overview

#23

Model: Variational auto-encoder with (discrete) edge types as discrete latent variables

Encoder and decoder are GNN-based!
Main intuition:  
- Encoder generates hypothesis on how the system interacts  
- Decoder learns a dynamical model constrained by the encoder’s “interaction hypothesis”

Trained jointly using Gumbel softmax trick as straight-through gradient estimator
Yang et al. (ICLR 2017), Maddison et al. (ICLR 2017)
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Learning latent interaction graphs

#24
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Learning latent interaction graphs

#24

NRI can learn to discover  
ground-truth relations  
with very high accuracy!
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Learning latent interaction graphs

#24

Potential applications: 
- Inference of causal relations 

- Discovering protein 

interaction networks 
- Program induction  

(with programs as graphs)

NRI can learn to discover  
ground-truth relations  
with very high accuracy!
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Qualitative results

#25
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Qualitative results

#25

Neural relational inference for interacting systems (ICML 2018)

Thomas Kipf*, Ethan Fetaya*, Kuan-Chieh Wang, Max Welling, Richard Zemel.

(*: equal contribution)https://arxiv.org/abs/1802.04687

For more results (e.g. on NBA data)  
and model details, have a look at our paper: 
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Deep generative models of graphs

#26

(Under review at 
ICML TADGM Workshop)

With Nicola De Cao

arXiv version: 
https://arxiv.org/abs/1805.11973

https://arxiv.org/abs/1805.11973
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Likelihood-based (deep) graph generation

#27

Version 1: Generate graph (or predict new links) between known entities

Graph-based autoencoders: 
- Encoder: GNN/GCN 
- Decoder: Pairwise scoring function

p(Aij) = f(zi, zj)
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e.g. p(Aij) = �(zTi zj)
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Version 1: Generate graph (or predict new links) between known entities

Graph-based autoencoders: 
- Encoder: GNN/GCN 
- Decoder: Pairwise scoring function

Likelihood-based: 
- we have some ground truth graphs 
- define likelihood as how well a generated graph 

matches a ground truth graph
p(Aij) = f(zi, zj)
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Version 1: Generate graph (or predict new links) between known entities

Graph-based autoencoders: 
- Encoder: GNN/GCN 
- Decoder: Pairwise scoring function

(Variational) 
Graph Auto-Encoders 

Kipf & Welling 
(NIPS BDL 2016)

Graphite 
Grover et al. 

(NIPS BDL 2017)

Graph2Gauss 
Bojchevski &  
Günnemann 
(ICLR 2018)

Hyperspherical VAEs 
Davidson et al. 

(UAI 2018)

(Incomplete) History:

Likelihood-based: 
- we have some ground truth graphs 
- define likelihood as how well a generated graph 

matches a ground truth graph
p(Aij) = f(zi, zj)
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Likelihood-based (deep) graph generation

#28

Version 2: Generate graphs from scratch (single embedding vector)

Learning Graphical 
State Transitions 

Johnson 
(ICLR 2017)

Deep Generative 
Models of Graphs 

Li et al. 
(arXiv 2018)

GraphRNN 
You et al. 

(ICML 2018)

GraphVAE 
Simonovsky et al. 

(arXiv 2018)

Both 1-2 times rejected… Seems to be hard to get these ideas published!

Sequentially:

GraphRNN

Or in a single step:

GraphVAE

Problem:  
 

Need to define some node ordering or 
perform (expensive) graph matching  

 
(evaluating all possible permutations is too expensive)
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MolGAN model
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Implicit models offer promising alternative: 
No graph matching / fixed ordering needed! 

In practice: Use GANs and/or RL 

MolGAN:  
• Couple graph generator to a discriminator 

and a reward network 
• Train discriminator via GAN objective 
• Train reward net via RL objective 
• Generator is trained jointly
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MolGAN model architecture

#30

+ gated global pooling
Li et al., (ICLR 2016)

Generator: MLP to predict graph at once 
 
Discriminator / reward net: GNN/GCN  
(with support for multiple edge types)
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Chemical synthesis results

#31

Significantly faster training/generation Mode collapse is still an issue

ORGAN: GAN-based sequence generation model, Guimaraes et al. (2017)
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Conclusions

#32

- Deep Learning on graphs works! 
- Exciting area; lots of new applications and extensions (hard to catch up):

Some open problems: 
- Theory 
- Scalable, stable generative models 
- Learning on large, evolving data 
- Multi-modal and cross-modal learning (e.g. sequence2graph etc.)

GCN for recommendation on 16 billion edge graph!

[Leskovec lab, Stanford]

Relational reasoning

[Santoro et al., NIPS 2017]

Multi-Agent RL

[Sukhbaatar et al., 
 NIPS 2016]

Finding bugs in code

[Allamanis et al., ICLR 2018]
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Further reading
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Code on Github: 
http://github.com/ethanfetaya/nri

Project supported by SAP

Have a look at our ICML paper for an overview of recent work in the field:

https://arxiv.org/abs/1802.04687

Neural relational inference for interacting systems (ICML 2018)

Thomas Kipf*, Ethan Fetaya*, Kuan-Chieh Wang, Max Welling, Richard Zemel.

(*: equal contribution)

Blog post on Graph Convolutional Networks:  
http://tkipf.github.io/graph-convolutional-networks

GCN code on Github: 
http://github.com/tkipf/gcn

Other material:

• E-Mail: t.n.kipf@uva.nl 
• Twitter: @thomaskipf 
• Web: tkipf.github.io

Get in touch:

http://github.com/ethanfetaya/nri
https://arxiv.org/abs/1802.04687
http://tkipf.github.io/graph-convolutional-networks
http://github.com/tkipf/gcn

