
Geometry	
  of	
  Neuroscience

Matilde	
  Marcolli	
  &	
  Doris	
  Tsao

Mar	
  2:	
  Deep	
  learning



References

• Deep	
  Learning	
  by	
  Goodfellow,	
  Bengio,	
  Courville
• http://neuralnetworksanddeeplearning.com



History	
  of	
  Artificial	
  Intelligence



Knowledge	
  base	
  approach:	
  (computer	
  can	
  
reason	
  automatically	
  about	
  statements	
  in	
  
formal	
  languages	
  using	
  logical	
  inference	
  rules)



Machine	
  learning:	
  AI	
  systems	
  acquire	
  their	
  own	
  knowledge	
  by	
  extracting	
  patterns	
  
from	
  raw	
  data

Recall	
  Gromov’s conviction	
   that	
  there	
  must	
  be	
  some	
   simple	
  universal	
   principle	
  by	
  which
Ergosystems can	
  extract	
  structure	
  &	
  symmetries	
   from	
  inputs



Representation is	
  critical



Distributed	
  representations	
  are	
  
powerful	
  (each	
  input	
  represented	
  by	
  
many	
  features,	
  each	
  feature	
  involved	
  
in	
  representation	
  of	
  many	
  inputs)



Coarse	
  coding	
  of	
  fine	
  spatial	
  detail

(argument	
  due	
  to	
  Goeff Hinton)
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Coarse	
  coding	
  of	
  fine	
  spatial	
  detail

(argument	
  due	
  to	
  Goeff Hinton)



Perceptron





Deep	
  learning:	
  learns	
  representations	
  that	
  are	
  expressed	
  in	
  terms	
  of	
  other,	
   simpler	
  
representations	
  (or	
  alternatively:	
  sequence	
  of	
  steps	
  with	
  intermediate	
  buffers).





Why	
  is	
  deep	
  learning	
  so	
  
successful?

• Large	
  data	
  sets
• Fast	
  computers	
  enabling	
  training	
  of	
  large	
  networks





Typical	
  types	
  of	
  tasks	
  for	
  machine	
  
learning

• Classification	
  (1…k)
• Regression	
  (predict	
  numerical	
  value	
  given	
  some	
  
input)
• Transcription	
  (image	
  -­‐>	
  text)
• Machine	
  translation
• Structured	
  output	
  (e.g.,	
  segmentation	
  map)
• Synthesis
• Denoising



Networks	
  can	
  perform	
  complex	
  
tasks

• Neural	
  turing machine:	
  can	
  learn	
  to	
  read	
  from	
  
memory	
  cells	
  and	
  write	
  arbitrary	
  content	
  to	
  
memory	
  cells;	
  can	
  learn	
  simple	
  programs	
  from	
  
examples	
  of	
  desired	
  behavior	
  (e.g.,	
  learn	
  to	
  sort	
  
lists	
  given	
  examples	
  of	
  scrambled	
  and	
  sorted	
  lists).
• Reinforcement	
  learning:	
  Autonomous	
  agent	
  learns	
  
to	
  perform	
  task	
  by	
  trial	
  and	
  error	
  without	
  any	
  
guidance	
  from	
  human	
  (DeepMind,	
  Atari	
  and	
  Go).



Linear	
  regression:	
  A	
  simple	
  
example	
  of	
  machine	
  learning



Capacity



Regularization:	
  modification	
  to	
  learning	
  
algorithm	
  to	
  reduce	
  generalization	
  error	
  but	
  
not	
  training	
  error



Cost	
  function



Classifier	
  output



Universal	
  approximation	
  theorem

• A	
  feedforward	
  network	
  with	
  a	
  linear	
  output	
  layer	
  
and	
  at	
  least	
  one	
  hidden	
  layer	
  with	
  any	
  “squashing”	
  
activation	
  function	
  (such	
  as	
  logistic	
  sigmoid)	
  can	
  
approximate	
  any	
  continuous	
  function	
  from	
  one	
  
finite-­‐dim	
  space	
  to	
  another	
  with	
  any	
  desired	
  
nonzero	
  error.





s=-­‐b/w,	
  big	
  w	
  and	
  b	
  results	
  in	
  step









Universal	
  approximation	
  theorem

• In	
  worse	
  case,	
  exponential	
  number	
  of	
  hidden	
  units	
  
(possibly	
  one	
  for	
  each	
  input	
  config that	
  needs	
  to	
  be	
  
distinguished)	
  is	
  required.	
  	
  
• In	
  binary	
  case,	
  easy	
  to	
  see:	
  number	
  of	
  possible	
  
binary	
  vectors	
  on	
  v	
  in	
  {0,1}n	
   is	
  2^2^n,	
  selecting	
  one	
  
such	
  function	
  requires	
  2^n	
  bits.
• While	
  single	
  hidden	
  layer	
  is	
  sufficient	
  to	
  represent	
  
any	
  function,	
  the	
  layer	
  may	
  be	
  unfeasibly	
  large	
  and	
  
may	
  fail	
  to	
  learn	
  and	
  generalize	
  correctly.



Exponential	
  increase	
  in	
  efficiency	
  with	
  depth





Computational	
  experiment	
  demonstrating	
  
increase	
  in	
  efficiency	
  with	
  depth





Convolutional	
  neural	
  network	
  (special	
  
type	
  of	
  multilayer	
  perceptron)













Downsampling

Multiple layers

Filters  are  often  followed  (or  
incorporate)  downsampling
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Motivation	
  from	
  Visual	
  Cortex









Stochastic  Gradient  Descent  
via  Back  propagation



Stochastic  Gradient  Descent  
via  Back  propagation



Is  back  propagation  biological?







Human  level  performance

Slide  credit:  Joshua  Bengio











Verbal  descriptions  of  pictures

Slide  credit:  Fei-­Fei Li



Slide  credit:  Matthew  Zeiler
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Do	
  deep	
  networks	
  model	
  the	
  
brain?



Yamins and  DiCarlo,  PNAS  2014



Yamins and  DiCarlo,  PNAS  2014



Adversarial	
  examples



Recurrent	
  networks	
  (RNN)

• Hopfield	
  network
• Boltzmann	
  machine
• Networks	
  for	
  sequence	
  modeling











Boltzmann	
  machine



RNNs	
  for	
  sequence	
  modeling



Autoencoder

• An	
  autoencoder is	
  a	
  neural	
  network	
  that	
  is	
  trained	
  to	
  attempt	
  to	
  copy	
  its	
  input
to	
  its	
  output.	
  

• Can	
  learn	
  representations	
  that	
  are	
  sparse,	
  denoised,	
   low-­‐dimensional	
  etc.



Generator	
  Adversarial	
  Networks	
  
(GANS)



Generator	
  Adversarial	
  Networks	
  
(GANS)



Generator	
  Adversarial	
  Networks	
  
(GANS)

Wu	
  et	
  al.	
  NIPS	
  2016	
  



Unsupervised	
  Learning

Lotter	
  et	
  al,	
  ICLR	
  2017
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What	
  is	
  the	
  nature	
  of	
  the	
  
representations	
  learned	
  by	
  deep	
  

networks?

“An	
  essential	
  ingredient	
  of	
  ergo-­‐learning	
  strategy	
  is	
  a	
  search	
  for	
  symmetry-­‐-­‐
repetitive	
  patterns-­‐-­‐in	
  flows	
  of	
  signals.	
  Even	
  more	
  signicantly,	
  an	
  ergo	
  system
creates/identies such	
  patterns	
  by	
  reducing/compressing	
  "information"	
   and	
  by
structuralizing	
  "redundancies"	
   in	
  these	
  flows.”	
  	
  -­‐-­‐Gromov

A	
  connection	
  between	
  category	
  theory	
  &	
  machine	
  learning?


