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The Rise of the GPUThe Rise of the GPU
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Long-Range Temporal ContextLong-Range Temporal Context



Language Translation by Recurrent Neural NetworksLanguage Translation by Recurrent Neural Networks



Motivations for gates

Error propagated back will elicit conflicting weight update signals:
1) Accessing the information stored in a memory cell (+)
2) Protecting downstream units from being perturbed by the 

information stored (‐)

Introducing gates offers more flexibility on controlling connection 
weights updated by error flows.

Hochreiter, S., & Schmidhuber, J. (1997). Long short-term memory. Neural Computation

LSTM



Transformer DynamicsTransformer Dynamics



Self-Attention is a matrixSelf-Attention is a matrix

Self-Attention is added
To the feedforward input
Self-Attention is added
To the feedforward input



Linear State Space Model



CIFAR‐10

Efficiently Modeling Long Sequences with Structured State Spaces
Albert Gu, Karan Goel, and Christopher Re



Toeplitz Matrix



Mamba: Linear-Time Sequence Modeling with Selective State Spaces
Albert Gu and Tri Dao



Mamba: Linear-Time Sequence Modeling with Selective State Spaces
Albert Gu and Tri Dao, 2023

ppl = perplexity



Ring Model for Temporal Convolution

Line Attractor



Traveling Waves in Networks of Spiking Neurons

The spectrum at a single point appears similar
to noise

While the space‐time Fourier transform (2D FFT) reveals
a strong spatiotemporal invariant

Excitatory
inputs (nS)

Muller*, Fletterman*, Desbordes, Sejnowski



Traveling Waves in Partially-Connected RNNsTraveling Waves in Partially-Connected RNNs

Keller, Sejnowski and Welling, arXiv



Copy Task Learning is 100x FasterCopy Task Learning is 100x Faster

Keller, Sejnowski and Welling, arXiv



Addition Task Learning is More RobustAddition Task Learning is More Robust

Keller, Sejnowski and Welling, arXiv
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Hierarchy of Temporal Convolutions



Transformer DynamicsTransformer Dynamics

Mark Schnitzer



Sleep Spindles Are Circular Traveling Waves in Cortex

Muller and Sejnowski, eLife, 2016



Traveling Waves in the Hippocampus

Lubenov and Siapas(2008)



Traveling Waves in the Hippocampus

Lubenov and Siapas(2008)



Predictive AutoencoderPredictive Autoencoder

Predictive Sequence Learning in the Hippocampal Formation
Chen, Zhang, Cameron, and Sejnowski, bioRxiv, Neuron, in press



Predicting Ahead in the HippocampusPredicting Ahead in the Hippocampus



Interpreting the Code in the Hidden UnitsInterpreting the Code in the Hidden Units



Temporal Prediction Learns to Classify ActionsTemporal Prediction Learns to Classify Actions



Learning How to Rotate Images Learning How to Rotate Images 





Montague, Dayan and Sejnowski, 1996

Basal Ganglia

Dopamine Neurons  Dopamine Neurons  

Reward Prediction Error Reward Prediction Error 

Learning How to Decide What to Do Next



Sequence Learning in Transformers and BrainsSequence Learning in Transformers and Brains



Do Basal Ganglia Compute Self-Attention?Do Basal Ganglia Compute Self-Attention?

Muller, Churchland, Sejnowski, arXiv
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