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Recap: Skip-gram

(apricot, tablespoon)
center word x context word c
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Skip-gram with negative sampling

+: (apricot, tablespoon)
center word x context word c

-:  (apricot, aardvark) 
-:  (apricot, seven) 
-:  (apricot, my) 
-:  (apricot, where) 
-:  (apricot, dear)

Similar to multinomial logistic regression 
(|V|-way classification)!

Similar to (binary) logistic regression!

<latexit sha1_base64="nORaLlc5zzQ56QKGHf8NTWEXEhQ="></latexit>

P (y = 1 | x, c) = �(ux · vc)
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P (y = 0 | x, c0) = 1� �(ux · vc0)
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= �(�ux · vc0)



Continuous Bag of Words (CBOW) 

L(✓) =
TY

t=1

P (wt | {wt+j},�m  j  m, j 6= 0)
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X
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: embedding for center word k,  ∀k ∈ V

: embedding for context word k,  ∀k ∈ V
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uk 2 Rd
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vk 2 Rd



Zoom poll

Let’s make a comparison between skip-gram and CBOW. Which of the following is correct?

(a) Skip-gram is a simpler task compared to CBOW 
(b) Skip-gram is faster to train than CBOW 
(c) Skip-gram works better than CBOW for rare words 
(d) None of the above 

The answer is (c). See the next slide.

Skip-gramContinuous Bag of Words (CBOW)



Skip-gram vs CBOW

• CBOW is comparatively faster to train than skip-gram

• Skip-gram is slower but works well for smaller amount 
of data and works well for less frequently occurring 
words

• CBOW is a simpler problem than Skip-gram because in 
CBOW we just need to predict the one center word 
given many context words.

Skip-gramContinuous Bag of Words (CBOW)



GloVe: Global Vectors

(Pennington et al, 2014): GloVe: Global Vectors for Word Representation

• Take the global co-occurrence statistics: Xi,j

• Training faster 
• Scalable to very large corpora

• Key idea: let’s approximate           using their co-occurrence counts directly. <latexit sha1_base64="Ssw/epuzMjpq42+5YU9IG1zH6S4=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVRIRdVl047KCfUATwmQyacdOMmFmUighazf+ihsXirj1C9z5N07aCNp64MLhnHu59x4/YVQqy/oyKkvLK6tr1fXaxubW9o65u9eRPBWYtDFnXPR8JAmjMWkrqhjpJYKgyGek64+uC787JkJSHt+pSULcCA1iGlKMlJY889CJkBr6YZbmHoUODriCP9I497L73DPrVsOaAi4SuyR1UKLlmZ9OwHEakVhhhqTs21ai3AwJRTEjec1JJUkQHqEB6Wsao4hIN5u+ksNjrQQw5EJXrOBU/T2RoUjKSeTrzuJKOe8V4n9eP1XhpZvROEkVifFsUZgyqDgscoEBFQQrNtEEYUH1rRAPkUBY6fRqOgR7/uVF0jlt2OcN6/as3rwq46iCA3AEToANLkAT3IAWaAMMHsATeAGvxqPxbLwZ77PWilHO7IM/MD6+ATwsm0A=</latexit>ui · vj

<latexit sha1_base64="HJH+Jzilk92Mf7osjbJHNBnuRCA="></latexit>
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X

i,j2V

f(Xi,j)
⇣
ui · vj + bi + b̃j � logXi,j

⌘2

[advanced]



FastText: sub-word embeddings

(Bojanowski et al, 2017): Enriching Word Vectors with Subword Information

• Similar to skip-gram, but break words into n-grams with n = 3 to 6

<where>: 3-grams: <wh, whe, her, ere, re> 

4-grams: <whe, wher, here, ere> 

5-grams: <wher, where, here> 

6-grams: <where, where>

• Replace                     by
<latexit sha1_base64="F4FHKUKsHaKXJznBo1ZBBB2W9Yo=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUlE1GXRjcsK9gFNCJPJpB06yYSZSbGELN34K25cKOLWT3Dn3zhpI2jrgQuHc+7l3nv8hFGpLOvLqCwtr6yuVddrG5tb2zvm7l5H8lRg0saccdHzkSSMxqStqGKklwiCIp+Rrj+6LvzumAhJeXynJglxIzSIaUgxUlryzEMnQmroh1mae/fQwQFX8Eca5x72zLrVsKaAi8QuSR2UaHnmpxNwnEYkVpghKfu2lSg3Q0JRzEhec1JJEoRHaED6msYoItLNpo/k8FgrAQy50BUrOFV/T2QoknIS+bqzuFHOe4X4n9dPVXjpZjROUkViPFsUpgwqDotUYEAFwYpNNEFYUH0rxEMkEFY6u5oOwZ5/eZF0Thv2ecO6Pas3r8o4quAAHIETYIML0AQ3oAXaAIMH8ARewKvxaDwbb8b7rLVilDP74A+Mj29tw5o8</latexit>ux · vc

<latexit sha1_base64="4Beq/8ulIg115+bBtCU9vRkBLp4=">AAACKHicbVBNS8NAFNzU7/oV9ehlsQj1YElE1JuiF48VrApNCZvtpi7dbMLuS2kJ+Tle/CteRBTp1V/ipkbQ6sDCMDOPfW+CRHANjjO2KjOzc/MLi0vV5ZXVtXV7Y/NGx6mirEVjEau7gGgmuGQt4CDYXaIYiQLBboP+ReHfDpjSPJbXMEpYJyI9yUNOCRjJt089nUZ+1sMel1h6wIaQ7fcUiXReH+7lmRcRuA/CLM19k6HdGPC3NMh9mvt2zWk4E+C/xC1JDZVo+vaL141pGjEJVBCt266TQCcjCjgVLK96qWYJoX3SY21DJYmY7mSTQ3O8a5QuDmNlngQ8UX9OZGZvPYoCkyyW1NNeIf7ntVMITzoZl0kKTNKvj8JUYIhx0RrucsUoiJEhhCpudsX0nihCwXRbNSW40yf/JTcHDfeo4Vwd1s7OyzoW0TbaQXXkomN0hi5RE7UQRQ/oCb2iN+vRerberfFXtGKVM1voF6yPTxkCp9w=</latexit> X

g2n-grams(x)

ug · vc

[advanced]



Trained word embeddings available

• word2vec: https://code.google.com/archive/p/word2vec/ 

• GloVe: https://nlp.stanford.edu/projects/glove/ 

• FastText: https://fasttext.cc/

Differ in algorithms, text corpora, dimensions, cased/uncased…
Applied to many other languages

https://code.google.com/archive/p/word2vec/
https://nlp.stanford.edu/projects/glove/
https://fasttext.cc/


Easy to use!



How to evaluate word embeddings?



Extrinsic evaluation 

• Let’s plug these word embeddings into a real NLP 
system and see whether this improves performance 

• Could take a long time but still the most important 
evaluation metric I

( 0.31
−0.28) ( 0.01

−0.91) (1.87
0.03) (−3.17

−0.18) (1.23
1.59)

don’t like this movie

ML model

👎

Extrinsic vs intrinsic evaluation

Intrinsic evaluation 

• Evaluate on a specific/intermediate subtask 

• Fast to compute  

• Not clear if it really helps downstream tasks



Intrinsic evaluation: word similarity

Word similarity 
Example dataset: wordsim-353 
353 pairs of words with human judgement 
http://www.cs.technion.ac.il/~gabr/resources/data/wordsim353/

Cosine similarity:

Metric: Spearman rank correlation

http://www.cs.technion.ac.il/~gabr/resources/data/wordsim353/


Intrinsic evaluation: word analogy

Word analogy 
man: woman  king: ?      a : b  c : ?  ≈ ≈
 argmax

i
(cos(ui,ub � ua + uc))

<latexit sha1_base64="JrpgXOIk2wxy6PeogrgqRj0rj24="></latexit><latexit sha1_base64="JrpgXOIk2wxy6PeogrgqRj0rj24="></latexit><latexit sha1_base64="JrpgXOIk2wxy6PeogrgqRj0rj24="></latexit><latexit sha1_base64="JrpgXOIk2wxy6PeogrgqRj0rj24="></latexit>

semantic

Chicago:Illinois Philadelphia: ? ≈ bad:worst  cool: ? ≈

syntactic

http://download.tensorflow.org/data/questions-words.txt
More examples at 

http://www.cs.technion.ac.il/~gabr/resources/data/wordsim353/


From word embeddings to neural networks

I
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vcat =

0

BB@

�0.224
0.130
�0.290
0.276

1

CCA

<latexit sha1_base64="ZS11t+SATcIQYaaJ4VZuEjXjz0Y="></latexit><latexit sha1_base64="X7JObiHYNXwbsISLOmkjXbSsJws="></latexit><latexit sha1_base64="X7JObiHYNXwbsISLOmkjXbSsJws="></latexit><latexit sha1_base64="yUhkDlYwUUEoQ+3MeiaCkTTY5/M="></latexit>
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0
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1

CCA

<latexit sha1_base64="7A8Mq63LMTMc+l3UeNcP10h1a/Y="></latexit><latexit sha1_base64="uVvmVkONvo7ZgSwrHlzj6B+jPNQ="></latexit><latexit sha1_base64="uVvmVkONvo7ZgSwrHlzj6B+jPNQ="></latexit><latexit sha1_base64="QWAMEHLqCoErtEma6Wi/777uLqM="></latexit>
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0
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1
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<latexit sha1_base64="odYGt+syjpaXyhzBR2lH0qeQ+vM="></latexit><latexit sha1_base64="kC++ZoeREatr7v57EgIo3XrJSss="></latexit><latexit sha1_base64="kC++ZoeREatr7v57EgIo3XrJSss="></latexit><latexit sha1_base64="nKGHRyDYykkoHfjg5UdytxCiaVE="></latexit>
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0
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1
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Neural networks in NLP
Feed-forward NNs Recurrent NNs

Convolutional NNs Transformer

Always coupled with word embeddings…



Zoom poll

How much do you know about neural networks (or deep learning)?

(a) I have NOT heard of these concepts 
(b) I have heard of feedforward NNs, LSTMs or Transformers but I don’t understand 
their inner workings 
(c) I have used a deep learning library (e.g., PyTorch, Tensorflow) as a “blackbox” 
(d) I have used neural networks extensively in my work and understand how 
backpropagation works.



Neural Networks: History



NN “dark ages”

• ConvNets: applied to MNIST by LeCun in 1998

• Long Short-term Memory Networks (LSTMs): Hochreiter 
and Schmidhuber 1997

• Henderson 2003: neural shift-reduce parser, not SOTA

• Neural network algorithms date from the 80s

Slide credit: Greg Durrett



2008-2013: A glimmer of light

• Collobert and Weston 2011: “NLP (almost) from 
Scratch”  

• Feedforward NNs can replace “feature engineering” 

• 2008 version was marred by bad experiments, claimed 
SOTA but wasn’t, 2011 version tied SOTA

• Krizhevskey et al, 2012: AlexNet for ImageNet Classification

• Socher 2011-2014: tree-structured RNNs working okay

Slide credit: Greg Durrett



2014: Stuff starts working

• Kim (2014) + Kalchbrenner et al, 2014: sentence classification  

• ConvNets work for NLP!

• Sutskever et al, 2014: sequence-to-sequence for neural MT 

• LSTMs work for NLP!

• Chen and Manning 2014: dependency parsing 

• Even feedforward networks work well for NLP!

• 2015: explosion of neural networks for everything under the sun

Slide credit: Greg Durrett

• 2018-2019: NLP has entered the era of pre-trained models (ELMo, BERT)



Why didn’t they work before?

• Datasets too small: for machine translation, not really better until you have 
1M+ parallel sentences (and really need a lot more)

• Optimization not well understood: good initialization, per-feature scaling + 
momentum (Adagrad/Adam) work best out-of-the-box 

• Regularization: dropout is pretty helpful 

• Computers not big enough: can’t run for enough iterations

• Inputs: need word embeddings to represent continuous semantics

Slide credit: Greg Durrett



The “Promise” of deep learning

• Most NLP works in the past focused on human-designed representations 
and input features

• Representation learning attempts to automatically learn good features and representations

• Deep learning attempts to learn multiple levels of representations on increasing 
complexity/abstraction



Feedforward Neural Networks



Feed-forward NNs

• Input:  

• Output: 

x1, …, xd ∈ ℝ
y* ∈ {0,1}



Neural computation

Computation units: neurons



An artificial neuron

• A neuron is a computational unit that has scalar inputs and an output 

• Each input has an associated weight. 

• The neuron multiples each input by its weight, sums them, applied a nonlinear 
activation function to the result, and passes it to its output.



Neural networks

• The neurons are connected to each other, forming a network 

• The output of a neuron may feed into the inputs of other neurons



A neuron can be a binary logistic regression unit

f(z) =
1

1 + e�z
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<latexit sha1_base64="ZkMOMesafP282TqYF4LGQu9UHlw="></latexit>

hw,b(x) = f(w|x+ b)

We are going to use f as the activation function—f can take in  and other forms!σ



A neural network 
= running several logistic regressions at the same time

If we feed a vector of inputs through a bunch of logistic regression functions, then we 
get a vector of outputs, which we can feed into another logistic regression function



Mathematical notations

• Input layer: x1, …, xd

• Hidden layer 2: h(2)
1 , h(2)

2 , …, h(2)
d2
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h(2)
1 = f(W (2)

1,1 h
(1)
1 +W (2)

1,2 h
(1)
2 + . . .+W (2)

1,d1
h(1)
d1

+ b(2)1 )
<latexit sha1_base64="a67o9ygnsA1DfBnoZrjOG8wnOOw="></latexit><latexit sha1_base64="a67o9ygnsA1DfBnoZrjOG8wnOOw="></latexit><latexit sha1_base64="a67o9ygnsA1DfBnoZrjOG8wnOOw="></latexit><latexit sha1_base64="a67o9ygnsA1DfBnoZrjOG8wnOOw="></latexit>

h(2)
2 = f(W (2)

2,1 h
(1)
1 +W (2)

2,2 h
(1)
2 + . . .+W (2)

2,d1
h(1)
d1

+ b(2)2 )
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• Output layer: 

y = �(w(o)
1 h(2)

1 + w(o)
2 h(2)

2 + . . .+ w(o)
d2

h(2)
d2

+ b(o))
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• Hidden layer 1: h(1)
1 , h(1)

2 , …, h(1)
d1
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h(1)
1 = f(W (1)

1,1 +W (1)
1,2 x2 + . . .+W (1)

1,dxd + b(1)1 )
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h(1)
2 = f(W (1)

2,1 +W (1)
2,2 x2 + . . .+W (1)

2,dxd + b(1)2 )
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Matrix notations

• Input layer: 

• Hidden layer 1: 

h1 = f(W(1)x+ b(1)) 2 Rd1
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W(2) 2 Rd2⇥d1 ,b(2) 2 Rd2
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• Hidden layer 2: 

h2 = f(W(2)h1 + b(2)) 2 Rd2
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• Output layer:

y = �(w(o) · h2 + b(o))
<latexit sha1_base64="xwf5NTK8Os9frFEQg9QWL1GKg9Q=">AAACInicbVDLSsNAFJ34rPUVdelmsAgtQkmKoC6EohuXFewDmlgm00k7dJIJMxOlhHyLG3/FjQtFXQl+jJM2grYeuHA4517uvceLGJXKsj6NhcWl5ZXVwlpxfWNza9vc2W1JHgtMmpgzLjoekoTRkDQVVYx0IkFQ4DHS9kaXmd++I0JSHt6ocUTcAA1C6lOMlJZ65tkYnkNH0kGAyk6A1NDzk/v0NinzSgod3OcK/sjDtFeDR9CbmpWeWbKq1gRwntg5KYEcjZ757vQ5jgMSKsyQlF3bipSbIKEoZiQtOrEkEcIjNCBdTUMUEOkmkxdTeKiVPvS50BUqOFF/TyQokHIceLozO1fOepn4n9eNlX/qJjSMYkVCPF3kxwwqDrO8YJ8KghUba4KwoPpWiIdIIKx0qkUdgj378jxp1aq2VbWvj0v1izyOAtgHB6AMbHAC6uAKNEATYPAAnsALeDUejWfjzfiYti4Y+cwe+APj6xs+HKLU</latexit><latexit sha1_base64="xwf5NTK8Os9frFEQg9QWL1GKg9Q=">AAACInicbVDLSsNAFJ34rPUVdelmsAgtQkmKoC6EohuXFewDmlgm00k7dJIJMxOlhHyLG3/FjQtFXQl+jJM2grYeuHA4517uvceLGJXKsj6NhcWl5ZXVwlpxfWNza9vc2W1JHgtMmpgzLjoekoTRkDQVVYx0IkFQ4DHS9kaXmd++I0JSHt6ocUTcAA1C6lOMlJZ65tkYnkNH0kGAyk6A1NDzk/v0NinzSgod3OcK/sjDtFeDR9CbmpWeWbKq1gRwntg5KYEcjZ757vQ5jgMSKsyQlF3bipSbIKEoZiQtOrEkEcIjNCBdTUMUEOkmkxdTeKiVPvS50BUqOFF/TyQokHIceLozO1fOepn4n9eNlX/qJjSMYkVCPF3kxwwqDrO8YJ8KghUba4KwoPpWiIdIIKx0qkUdgj378jxp1aq2VbWvj0v1izyOAtgHB6AMbHAC6uAKNEATYPAAnsALeDUejWfjzfiYti4Y+cwe+APj6xs+HKLU</latexit><latexit sha1_base64="xwf5NTK8Os9frFEQg9QWL1GKg9Q=">AAACInicbVDLSsNAFJ34rPUVdelmsAgtQkmKoC6EohuXFewDmlgm00k7dJIJMxOlhHyLG3/FjQtFXQl+jJM2grYeuHA4517uvceLGJXKsj6NhcWl5ZXVwlpxfWNza9vc2W1JHgtMmpgzLjoekoTRkDQVVYx0IkFQ4DHS9kaXmd++I0JSHt6ocUTcAA1C6lOMlJZ65tkYnkNH0kGAyk6A1NDzk/v0NinzSgod3OcK/sjDtFeDR9CbmpWeWbKq1gRwntg5KYEcjZ757vQ5jgMSKsyQlF3bipSbIKEoZiQtOrEkEcIjNCBdTUMUEOkmkxdTeKiVPvS50BUqOFF/TyQokHIceLozO1fOepn4n9eNlX/qJjSMYkVCPF3kxwwqDrO8YJ8KghUba4KwoPpWiIdIIKx0qkUdgj378jxp1aq2VbWvj0v1izyOAtgHB6AMbHAC6uAKNEATYPAAnsALeDUejWfjzfiYti4Y+cwe+APj6xs+HKLU</latexit><latexit sha1_base64="xwf5NTK8Os9frFEQg9QWL1GKg9Q=">AAACInicbVDLSsNAFJ34rPUVdelmsAgtQkmKoC6EohuXFewDmlgm00k7dJIJMxOlhHyLG3/FjQtFXQl+jJM2grYeuHA4517uvceLGJXKsj6NhcWl5ZXVwlpxfWNza9vc2W1JHgtMmpgzLjoekoTRkDQVVYx0IkFQ4DHS9kaXmd++I0JSHt6ocUTcAA1C6lOMlJZ65tkYnkNH0kGAyk6A1NDzk/v0NinzSgod3OcK/sjDtFeDR9CbmpWeWbKq1gRwntg5KYEcjZ757vQ5jgMSKsyQlF3bipSbIKEoZiQtOrEkEcIjNCBdTUMUEOkmkxdTeKiVPvS50BUqOFF/TyQokHIceLozO1fOepn4n9eNlX/qJjSMYkVCPF3kxwwqDrO8YJ8KghUba4KwoPpWiIdIIKx0qkUdgj378jxp1aq2VbWvj0v1izyOAtgHB6AMbHAC6uAKNEATYPAAnsALeDUejWfjzfiYti4Y+cwe+APj6xs+HKLU</latexit> *: f is applied element-wise

f([z1, z2, z3]) = [f(z1), f(z2), f(z3)]
<latexit sha1_base64="nb0Ya5OXLynEy63m+VxQ8PVH0Sw=">AAACFnicbVDLSgMxFM34rPU16tJNsAgt1DLTCroRim5cVrAPmA5DJs20oZnMkGSEtvQr3Pgrblwo4lbc+Tdm2llo64HkHs65l+QeP2ZUKsv6NlZW19Y3NnNb+e2d3b198+CwJaNEYNLEEYtEx0eSMMpJU1HFSCcWBIU+I21/eJP67QciJI34vRrFxA1Rn9OAYqS05JlnQdEZe3YZjr1qetXcEryCTlDUYqkM01rNaq3kembBqlgzwGViZ6QAMjQ886vbi3ASEq4wQ1I6thUrd4KEopiRab6bSBIjPER94mjKUUikO5mtNYWnWunBIBL6cAVn6u+JCQqlHIW+7gyRGshFLxX/85xEBZfuhPI4UYTj+UNBwqCKYJoR7FFBsGIjTRAWVP8V4gESCCudZF6HYC+uvExa1YptVey780L9OosjB47BCSgCG1yAOrgFDdAEGDyCZ/AK3own48V4Nz7mrStGNnME/sD4/AGnpJqo</latexit><latexit sha1_base64="nb0Ya5OXLynEy63m+VxQ8PVH0Sw=">AAACFnicbVDLSgMxFM34rPU16tJNsAgt1DLTCroRim5cVrAPmA5DJs20oZnMkGSEtvQr3Pgrblwo4lbc+Tdm2llo64HkHs65l+QeP2ZUKsv6NlZW19Y3NnNb+e2d3b198+CwJaNEYNLEEYtEx0eSMMpJU1HFSCcWBIU+I21/eJP67QciJI34vRrFxA1Rn9OAYqS05JlnQdEZe3YZjr1qetXcEryCTlDUYqkM01rNaq3kembBqlgzwGViZ6QAMjQ886vbi3ASEq4wQ1I6thUrd4KEopiRab6bSBIjPER94mjKUUikO5mtNYWnWunBIBL6cAVn6u+JCQqlHIW+7gyRGshFLxX/85xEBZfuhPI4UYTj+UNBwqCKYJoR7FFBsGIjTRAWVP8V4gESCCudZF6HYC+uvExa1YptVey780L9OosjB47BCSgCG1yAOrgFDdAEGDyCZ/AK3own48V4Nz7mrStGNnME/sD4/AGnpJqo</latexit><latexit sha1_base64="nb0Ya5OXLynEy63m+VxQ8PVH0Sw=">AAACFnicbVDLSgMxFM34rPU16tJNsAgt1DLTCroRim5cVrAPmA5DJs20oZnMkGSEtvQr3Pgrblwo4lbc+Tdm2llo64HkHs65l+QeP2ZUKsv6NlZW19Y3NnNb+e2d3b198+CwJaNEYNLEEYtEx0eSMMpJU1HFSCcWBIU+I21/eJP67QciJI34vRrFxA1Rn9OAYqS05JlnQdEZe3YZjr1qetXcEryCTlDUYqkM01rNaq3kembBqlgzwGViZ6QAMjQ886vbi3ASEq4wQ1I6thUrd4KEopiRab6bSBIjPER94mjKUUikO5mtNYWnWunBIBL6cAVn6u+JCQqlHIW+7gyRGshFLxX/85xEBZfuhPI4UYTj+UNBwqCKYJoR7FFBsGIjTRAWVP8V4gESCCudZF6HYC+uvExa1YptVey780L9OosjB47BCSgCG1yAOrgFDdAEGDyCZ/AK3own48V4Nz7mrStGNnME/sD4/AGnpJqo</latexit><latexit sha1_base64="nb0Ya5OXLynEy63m+VxQ8PVH0Sw=">AAACFnicbVDLSgMxFM34rPU16tJNsAgt1DLTCroRim5cVrAPmA5DJs20oZnMkGSEtvQr3Pgrblwo4lbc+Tdm2llo64HkHs65l+QeP2ZUKsv6NlZW19Y3NnNb+e2d3b198+CwJaNEYNLEEYtEx0eSMMpJU1HFSCcWBIU+I21/eJP67QciJI34vRrFxA1Rn9OAYqS05JlnQdEZe3YZjr1qetXcEryCTlDUYqkM01rNaq3kembBqlgzwGViZ6QAMjQ886vbi3ASEq4wQ1I6thUrd4KEopiRab6bSBIjPER94mjKUUikO5mtNYWnWunBIBL6cAVn6u+JCQqlHIW+7gyRGshFLxX/85xEBZfuhPI4UYTj+UNBwqCKYJoR7FFBsGIjTRAWVP8V4gESCCudZF6HYC+uvExa1YptVey780L9OosjB47BCSgCG1yAOrgFDdAEGDyCZ/AK3own48V4Nz7mrStGNnME/sD4/AGnpJqo</latexit>

x 2 Rd
<latexit sha1_base64="r88cLpKiZJtXS/wgD8iCVci7o1w=">AAACBHicbVC7TsMwFL3hWcorwNjFokJiqhKEBANDJRbGguhDakrlOE5r1XEi20FUUQYWfoWFAYRY+Qg2/gan7QAtR7J0fM69uvceP+FMacf5tpaWV1bX1ksb5c2t7Z1de2+/peJUEtokMY9lx8eKciZoUzPNaSeRFEc+p21/dFn47XsqFYvFrR4ntBfhgWAhI1gbqW9XvAjroR9mDznymEDTr5/d5HdB3646NWcCtEjcGanCDI2+/eUFMUkjKjThWKmu6yS6l2GpGeE0L3upogkmIzygXUMFjqjqZZMjcnRklACFsTRPaDRRf3dkOFJqHPmmsthRzXuF+J/XTXV43suYSFJNBZkOClOOdIyKRFDAJCWajw3BRDKzKyJDLDHRJreyCcGdP3mRtE5qrlNzr0+r9YtZHCWowCEcgwtnUIcraEATCDzCM7zCm/VkvVjv1se0dMma9RzAH1ifP+g+mDo=</latexit><latexit sha1_base64="r88cLpKiZJtXS/wgD8iCVci7o1w=">AAACBHicbVC7TsMwFL3hWcorwNjFokJiqhKEBANDJRbGguhDakrlOE5r1XEi20FUUQYWfoWFAYRY+Qg2/gan7QAtR7J0fM69uvceP+FMacf5tpaWV1bX1ksb5c2t7Z1de2+/peJUEtokMY9lx8eKciZoUzPNaSeRFEc+p21/dFn47XsqFYvFrR4ntBfhgWAhI1gbqW9XvAjroR9mDznymEDTr5/d5HdB3646NWcCtEjcGanCDI2+/eUFMUkjKjThWKmu6yS6l2GpGeE0L3upogkmIzygXUMFjqjqZZMjcnRklACFsTRPaDRRf3dkOFJqHPmmsthRzXuF+J/XTXV43suYSFJNBZkOClOOdIyKRFDAJCWajw3BRDKzKyJDLDHRJreyCcGdP3mRtE5qrlNzr0+r9YtZHCWowCEcgwtnUIcraEATCDzCM7zCm/VkvVjv1se0dMma9RzAH1ifP+g+mDo=</latexit><latexit sha1_base64="r88cLpKiZJtXS/wgD8iCVci7o1w=">AAACBHicbVC7TsMwFL3hWcorwNjFokJiqhKEBANDJRbGguhDakrlOE5r1XEi20FUUQYWfoWFAYRY+Qg2/gan7QAtR7J0fM69uvceP+FMacf5tpaWV1bX1ksb5c2t7Z1de2+/peJUEtokMY9lx8eKciZoUzPNaSeRFEc+p21/dFn47XsqFYvFrR4ntBfhgWAhI1gbqW9XvAjroR9mDznymEDTr5/d5HdB3646NWcCtEjcGanCDI2+/eUFMUkjKjThWKmu6yS6l2GpGeE0L3upogkmIzygXUMFjqjqZZMjcnRklACFsTRPaDRRf3dkOFJqHPmmsthRzXuF+J/XTXV43suYSFJNBZkOClOOdIyKRFDAJCWajw3BRDKzKyJDLDHRJreyCcGdP3mRtE5qrlNzr0+r9YtZHCWowCEcgwtnUIcraEATCDzCM7zCm/VkvVjv1se0dMma9RzAH1ifP+g+mDo=</latexit><latexit sha1_base64="r88cLpKiZJtXS/wgD8iCVci7o1w=">AAACBHicbVC7TsMwFL3hWcorwNjFokJiqhKEBANDJRbGguhDakrlOE5r1XEi20FUUQYWfoWFAYRY+Qg2/gan7QAtR7J0fM69uvceP+FMacf5tpaWV1bX1ksb5c2t7Z1de2+/peJUEtokMY9lx8eKciZoUzPNaSeRFEc+p21/dFn47XsqFYvFrR4ntBfhgWAhI1gbqW9XvAjroR9mDznymEDTr5/d5HdB3646NWcCtEjcGanCDI2+/eUFMUkjKjThWKmu6yS6l2GpGeE0L3upogkmIzygXUMFjqjqZZMjcnRklACFsTRPaDRRf3dkOFJqHPmmsthRzXuF+J/XTXV43suYSFJNBZkOClOOdIyKRFDAJCWajw3BRDKzKyJDLDHRJreyCcGdP3mRtE5qrlNzr0+r9YtZHCWowCEcgwtnUIcraEATCDzCM7zCm/VkvVjv1se0dMma9RzAH1ifP+g+mDo=</latexit>

W(1) 2 Rd1⇥d,b(1) 2 Rd1
<latexit sha1_base64="Av+k0GGeUMcXk+fjFFEBVogb7nE=">AAACPnicfVDPS8MwGE3nrzl/TT16CQ5hgoxWBD14GHjxOMVug7WWNE23sDQtSSqM0r/Mi3+DN49ePCji1aPpNkE38UHg8d77yPc9P2FUKtN8MkoLi0vLK+XVytr6xuZWdXunLeNUYGLjmMWi6yNJGOXEVlQx0k0EQZHPSMcfXhR+544ISWN+o0YJcSPU5zSkGCkteVXbiZAa+GHWyW+zunWYQ4dyOBH97FqLgWdBR9GISBjkR/A77/+Tz71qzWyYY8B5Yk1JDUzR8qqPThDjNCJcYYak7FlmotwMCUUxI3nFSSVJEB6iPulpypFex83G5+fwQCsBDGOhH1dwrP6cyFAk5SjydbLYU856hfiX10tVeOZmlCepIhxPPgpTBlUMiy5hQAXBio00QVhQvSvEAyQQVrrxii7Bmj15nrSPG5bZsK5Oas3zaR1lsAf2QR1Y4BQ0wSVoARtgcA+ewSt4Mx6MF+Pd+JhES8Z0Zhf8gvH5BQCyrvw=</latexit><latexit sha1_base64="Av+k0GGeUMcXk+fjFFEBVogb7nE=">AAACPnicfVDPS8MwGE3nrzl/TT16CQ5hgoxWBD14GHjxOMVug7WWNE23sDQtSSqM0r/Mi3+DN49ePCji1aPpNkE38UHg8d77yPc9P2FUKtN8MkoLi0vLK+XVytr6xuZWdXunLeNUYGLjmMWi6yNJGOXEVlQx0k0EQZHPSMcfXhR+544ISWN+o0YJcSPU5zSkGCkteVXbiZAa+GHWyW+zunWYQ4dyOBH97FqLgWdBR9GISBjkR/A77/+Tz71qzWyYY8B5Yk1JDUzR8qqPThDjNCJcYYak7FlmotwMCUUxI3nFSSVJEB6iPulpypFex83G5+fwQCsBDGOhH1dwrP6cyFAk5SjydbLYU856hfiX10tVeOZmlCepIhxPPgpTBlUMiy5hQAXBio00QVhQvSvEAyQQVrrxii7Bmj15nrSPG5bZsK5Oas3zaR1lsAf2QR1Y4BQ0wSVoARtgcA+ewSt4Mx6MF+Pd+JhES8Z0Zhf8gvH5BQCyrvw=</latexit><latexit sha1_base64="Av+k0GGeUMcXk+fjFFEBVogb7nE=">AAACPnicfVDPS8MwGE3nrzl/TT16CQ5hgoxWBD14GHjxOMVug7WWNE23sDQtSSqM0r/Mi3+DN49ePCji1aPpNkE38UHg8d77yPc9P2FUKtN8MkoLi0vLK+XVytr6xuZWdXunLeNUYGLjmMWi6yNJGOXEVlQx0k0EQZHPSMcfXhR+544ISWN+o0YJcSPU5zSkGCkteVXbiZAa+GHWyW+zunWYQ4dyOBH97FqLgWdBR9GISBjkR/A77/+Tz71qzWyYY8B5Yk1JDUzR8qqPThDjNCJcYYak7FlmotwMCUUxI3nFSSVJEB6iPulpypFex83G5+fwQCsBDGOhH1dwrP6cyFAk5SjydbLYU856hfiX10tVeOZmlCepIhxPPgpTBlUMiy5hQAXBio00QVhQvSvEAyQQVrrxii7Bmj15nrSPG5bZsK5Oas3zaR1lsAf2QR1Y4BQ0wSVoARtgcA+ewSt4Mx6MF+Pd+JhES8Z0Zhf8gvH5BQCyrvw=</latexit><latexit sha1_base64="Av+k0GGeUMcXk+fjFFEBVogb7nE=">AAACPnicfVDPS8MwGE3nrzl/TT16CQ5hgoxWBD14GHjxOMVug7WWNE23sDQtSSqM0r/Mi3+DN49ePCji1aPpNkE38UHg8d77yPc9P2FUKtN8MkoLi0vLK+XVytr6xuZWdXunLeNUYGLjmMWi6yNJGOXEVlQx0k0EQZHPSMcfXhR+544ISWN+o0YJcSPU5zSkGCkteVXbiZAa+GHWyW+zunWYQ4dyOBH97FqLgWdBR9GISBjkR/A77/+Tz71qzWyYY8B5Yk1JDUzR8qqPThDjNCJcYYak7FlmotwMCUUxI3nFSSVJEB6iPulpypFex83G5+fwQCsBDGOhH1dwrP6cyFAk5SjydbLYU856hfiX10tVeOZmlCepIhxPPgpTBlUMiy5hQAXBio00QVhQvSvEAyQQVrrxii7Bmj15nrSPG5bZsK5Oas3zaR1lsAf2QR1Y4BQ0wSVoARtgcA+ewSt4Mx6MF+Pd+JhES8Z0Zhf8gvH5BQCyrvw=</latexit>



Why non-linearities?

Q: How if we remove activation function f?

Neural networks can learn much more complex functions and nonlinear decision boundaries

The capacity of the network increases with more hidden units and more hidden layers



Why non-linearities?

Linear classifier Neural Networks Hidden representations 
are linearly separable!

https://colah.github.io/posts/2014-03-NN-Manifolds-Topology/



Activation functions

f(z) =
1

1 + e�z
<latexit sha1_base64="4snGlhjxkE7I7roWcflso17LAcU=">AAACBHicbVDLSgMxFM3UV62vUZfdBItQEctEBN0IRTcuK9gHtGPJpJk2NJMZkozQDrNw46+4caGIWz/CnX9j2s5CWw9cOJxzL/fe40WcKe0431ZuaXlldS2/XtjY3NresXf3GiqMJaF1EvJQtjysKGeC1jXTnLYiSXHgcdr0htcTv/lApWKhuNOjiLoB7gvmM4K1kbp20S+Pj+Al7PgSkwSlCYLHkN4nJ+M07dolp+JMARcJykgJZKh17a9OLyRxQIUmHCvVRk6k3QRLzQinaaETKxphMsR92jZU4IAqN5k+kcJDo/SgH0pTQsOp+nsiwYFSo8AznQHWAzXvTcT/vHas/Qs3YSKKNRVktsiPOdQhnCQCe0xSovnIEEwkM7dCMsAmDm1yK5gQ0PzLi6RxWkFOBd2elapXWRx5UAQHoAwQOAdVcANqoA4IeATP4BW8WU/Wi/Vufcxac1Y2sw/+wPr8ASGfln4=</latexit><latexit sha1_base64="4snGlhjxkE7I7roWcflso17LAcU=">AAACBHicbVDLSgMxFM3UV62vUZfdBItQEctEBN0IRTcuK9gHtGPJpJk2NJMZkozQDrNw46+4caGIWz/CnX9j2s5CWw9cOJxzL/fe40WcKe0431ZuaXlldS2/XtjY3NresXf3GiqMJaF1EvJQtjysKGeC1jXTnLYiSXHgcdr0htcTv/lApWKhuNOjiLoB7gvmM4K1kbp20S+Pj+Al7PgSkwSlCYLHkN4nJ+M07dolp+JMARcJykgJZKh17a9OLyRxQIUmHCvVRk6k3QRLzQinaaETKxphMsR92jZU4IAqN5k+kcJDo/SgH0pTQsOp+nsiwYFSo8AznQHWAzXvTcT/vHas/Qs3YSKKNRVktsiPOdQhnCQCe0xSovnIEEwkM7dCMsAmDm1yK5gQ0PzLi6RxWkFOBd2elapXWRx5UAQHoAwQOAdVcANqoA4IeATP4BW8WU/Wi/Vufcxac1Y2sw/+wPr8ASGfln4=</latexit><latexit sha1_base64="4snGlhjxkE7I7roWcflso17LAcU=">AAACBHicbVDLSgMxFM3UV62vUZfdBItQEctEBN0IRTcuK9gHtGPJpJk2NJMZkozQDrNw46+4caGIWz/CnX9j2s5CWw9cOJxzL/fe40WcKe0431ZuaXlldS2/XtjY3NresXf3GiqMJaF1EvJQtjysKGeC1jXTnLYiSXHgcdr0htcTv/lApWKhuNOjiLoB7gvmM4K1kbp20S+Pj+Al7PgSkwSlCYLHkN4nJ+M07dolp+JMARcJykgJZKh17a9OLyRxQIUmHCvVRk6k3QRLzQinaaETKxphMsR92jZU4IAqN5k+kcJDo/SgH0pTQsOp+nsiwYFSo8AznQHWAzXvTcT/vHas/Qs3YSKKNRVktsiPOdQhnCQCe0xSovnIEEwkM7dCMsAmDm1yK5gQ0PzLi6RxWkFOBd2elapXWRx5UAQHoAwQOAdVcANqoA4IeATP4BW8WU/Wi/Vufcxac1Y2sw/+wPr8ASGfln4=</latexit><latexit sha1_base64="4snGlhjxkE7I7roWcflso17LAcU=">AAACBHicbVDLSgMxFM3UV62vUZfdBItQEctEBN0IRTcuK9gHtGPJpJk2NJMZkozQDrNw46+4caGIWz/CnX9j2s5CWw9cOJxzL/fe40WcKe0431ZuaXlldS2/XtjY3NresXf3GiqMJaF1EvJQtjysKGeC1jXTnLYiSXHgcdr0htcTv/lApWKhuNOjiLoB7gvmM4K1kbp20S+Pj+Al7PgSkwSlCYLHkN4nJ+M07dolp+JMARcJykgJZKh17a9OLyRxQIUmHCvVRk6k3QRLzQinaaETKxphMsR92jZU4IAqN5k+kcJDo/SgH0pTQsOp+nsiwYFSo8AznQHWAzXvTcT/vHas/Qs3YSKKNRVktsiPOdQhnCQCe0xSovnIEEwkM7dCMsAmDm1yK5gQ0PzLi6RxWkFOBd2elapXWRx5UAQHoAwQOAdVcANqoA4IeATP4BW8WU/Wi/Vufcxac1Y2sw/+wPr8ASGfln4=</latexit>

sigmoid

f 0(z) = f(z)⇥ (1� f(z))
<latexit sha1_base64="3GcbAayqBhW++9Kwcpn77Vsrhoc=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovYLiyJCLoRim5cVrAPaEOZTCft4OTBzI1QQ3du/BU3LhRx6y+482+cpFlo64FhDufcy733uJHgCizr2ygsLC4trxRXS2vrG5tb5vZOS4WxpKxJQxHKjksUEzxgTeAgWCeSjPiuYG337ir12/dMKh4GtzCOmOOTYcA9TgloqW/ue0eVhyq+wF769YD7TOGKjY8zodo3y1bNyoDniZ2TMsrR6JtfvUFIY58FQAVRqmtbETgJkcCpYJNSL1YsIvSODFlX04DoeU6S3THBh1oZYC+U+gWAM/V3R0J8pca+qyt9AiM166Xif143Bu/cSXgQxcACOh3kxQJDiNNQ8IBLRkGMNSFUcr0rpiMiCQUdXUmHYM+ePE9aJzXbqtk3p+X6ZR5HEe2hA1RBNjpDdXSNGqiJKHpEz+gVvRlPxovxbnxMSwtG3rOL/sD4/AFGEZW7</latexit><latexit sha1_base64="3GcbAayqBhW++9Kwcpn77Vsrhoc=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovYLiyJCLoRim5cVrAPaEOZTCft4OTBzI1QQ3du/BU3LhRx6y+482+cpFlo64FhDufcy733uJHgCizr2ygsLC4trxRXS2vrG5tb5vZOS4WxpKxJQxHKjksUEzxgTeAgWCeSjPiuYG337ir12/dMKh4GtzCOmOOTYcA9TgloqW/ue0eVhyq+wF769YD7TOGKjY8zodo3y1bNyoDniZ2TMsrR6JtfvUFIY58FQAVRqmtbETgJkcCpYJNSL1YsIvSODFlX04DoeU6S3THBh1oZYC+U+gWAM/V3R0J8pca+qyt9AiM166Xif143Bu/cSXgQxcACOh3kxQJDiNNQ8IBLRkGMNSFUcr0rpiMiCQUdXUmHYM+ePE9aJzXbqtk3p+X6ZR5HEe2hA1RBNjpDdXSNGqiJKHpEz+gVvRlPxovxbnxMSwtG3rOL/sD4/AFGEZW7</latexit><latexit sha1_base64="3GcbAayqBhW++9Kwcpn77Vsrhoc=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovYLiyJCLoRim5cVrAPaEOZTCft4OTBzI1QQ3du/BU3LhRx6y+482+cpFlo64FhDufcy733uJHgCizr2ygsLC4trxRXS2vrG5tb5vZOS4WxpKxJQxHKjksUEzxgTeAgWCeSjPiuYG337ir12/dMKh4GtzCOmOOTYcA9TgloqW/ue0eVhyq+wF769YD7TOGKjY8zodo3y1bNyoDniZ2TMsrR6JtfvUFIY58FQAVRqmtbETgJkcCpYJNSL1YsIvSODFlX04DoeU6S3THBh1oZYC+U+gWAM/V3R0J8pca+qyt9AiM166Xif143Bu/cSXgQxcACOh3kxQJDiNNQ8IBLRkGMNSFUcr0rpiMiCQUdXUmHYM+ePE9aJzXbqtk3p+X6ZR5HEe2hA1RBNjpDdXSNGqiJKHpEz+gVvRlPxovxbnxMSwtG3rOL/sD4/AFGEZW7</latexit><latexit sha1_base64="3GcbAayqBhW++9Kwcpn77Vsrhoc=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovYLiyJCLoRim5cVrAPaEOZTCft4OTBzI1QQ3du/BU3LhRx6y+482+cpFlo64FhDufcy733uJHgCizr2ygsLC4trxRXS2vrG5tb5vZOS4WxpKxJQxHKjksUEzxgTeAgWCeSjPiuYG337ir12/dMKh4GtzCOmOOTYcA9TgloqW/ue0eVhyq+wF769YD7TOGKjY8zodo3y1bNyoDniZ2TMsrR6JtfvUFIY58FQAVRqmtbETgJkcCpYJNSL1YsIvSODFlX04DoeU6S3THBh1oZYC+U+gWAM/V3R0J8pca+qyt9AiM166Xif143Bu/cSXgQxcACOh3kxQJDiNNQ8IBLRkGMNSFUcr0rpiMiCQUdXUmHYM+ePE9aJzXbqtk3p+X6ZR5HEe2hA1RBNjpDdXSNGqiJKHpEz+gVvRlPxovxbnxMSwtG3rOL/sD4/AFGEZW7</latexit>

tanh

f 0(z) = 1� f(z)2
<latexit sha1_base64="MqVGA4i/sJsTCssjlSr5qxWmCNA=">AAAB+3icbZDLSsNAFIZP6q3WW6xLN4NFrAtLUgTdCEU3LivYC7SxTKaTduhkEmYmYg19FTcuFHHri7jzbZy2WWj1h4GP/5zDOfP7MWdKO86XlVtaXlldy68XNja3tnfs3WJTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oalpv3VOpWCRu9TimXogHggWMYG2snl0MjsqPx+gCuegEBQbvqj275FScmdBfcDMoQaZ6z/7s9iOShFRowrFSHdeJtZdiqRnhdFLoJorGmIzwgHYMChxS5aWz2yfo0Dh9FETSPKHRzP05keJQqXHom84Q66FarE3N/2qdRAfnXspEnGgqyHxRkHCkIzQNAvWZpETzsQFMJDO3IjLEEhNt4iqYENzFL/+FZrXiOhX35rRUu8ziyMM+HEAZXDiDGlxDHRpA4AGe4AVerYn1bL1Z7/PWnJXN7MEvWR/fnxSRkw==</latexit><latexit sha1_base64="MqVGA4i/sJsTCssjlSr5qxWmCNA=">AAAB+3icbZDLSsNAFIZP6q3WW6xLN4NFrAtLUgTdCEU3LivYC7SxTKaTduhkEmYmYg19FTcuFHHri7jzbZy2WWj1h4GP/5zDOfP7MWdKO86XlVtaXlldy68XNja3tnfs3WJTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oalpv3VOpWCRu9TimXogHggWMYG2snl0MjsqPx+gCuegEBQbvqj275FScmdBfcDMoQaZ6z/7s9iOShFRowrFSHdeJtZdiqRnhdFLoJorGmIzwgHYMChxS5aWz2yfo0Dh9FETSPKHRzP05keJQqXHom84Q66FarE3N/2qdRAfnXspEnGgqyHxRkHCkIzQNAvWZpETzsQFMJDO3IjLEEhNt4iqYENzFL/+FZrXiOhX35rRUu8ziyMM+HEAZXDiDGlxDHRpA4AGe4AVerYn1bL1Z7/PWnJXN7MEvWR/fnxSRkw==</latexit><latexit sha1_base64="MqVGA4i/sJsTCssjlSr5qxWmCNA=">AAAB+3icbZDLSsNAFIZP6q3WW6xLN4NFrAtLUgTdCEU3LivYC7SxTKaTduhkEmYmYg19FTcuFHHri7jzbZy2WWj1h4GP/5zDOfP7MWdKO86XlVtaXlldy68XNja3tnfs3WJTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oalpv3VOpWCRu9TimXogHggWMYG2snl0MjsqPx+gCuegEBQbvqj275FScmdBfcDMoQaZ6z/7s9iOShFRowrFSHdeJtZdiqRnhdFLoJorGmIzwgHYMChxS5aWz2yfo0Dh9FETSPKHRzP05keJQqXHom84Q66FarE3N/2qdRAfnXspEnGgqyHxRkHCkIzQNAvWZpETzsQFMJDO3IjLEEhNt4iqYENzFL/+FZrXiOhX35rRUu8ziyMM+HEAZXDiDGlxDHRpA4AGe4AVerYn1bL1Z7/PWnJXN7MEvWR/fnxSRkw==</latexit><latexit sha1_base64="MqVGA4i/sJsTCssjlSr5qxWmCNA=">AAAB+3icbZDLSsNAFIZP6q3WW6xLN4NFrAtLUgTdCEU3LivYC7SxTKaTduhkEmYmYg19FTcuFHHri7jzbZy2WWj1h4GP/5zDOfP7MWdKO86XlVtaXlldy68XNja3tnfs3WJTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oalpv3VOpWCRu9TimXogHggWMYG2snl0MjsqPx+gCuegEBQbvqj275FScmdBfcDMoQaZ6z/7s9iOShFRowrFSHdeJtZdiqRnhdFLoJorGmIzwgHYMChxS5aWz2yfo0Dh9FETSPKHRzP05keJQqXHom84Q66FarE3N/2qdRAfnXspEnGgqyHxRkHCkIzQNAvWZpETzsQFMJDO3IjLEEhNt4iqYENzFL/+FZrXiOhX35rRUu8ziyMM+HEAZXDiDGlxDHRpA4AGe4AVerYn1bL1Z7/PWnJXN7MEvWR/fnxSRkw==</latexit>

f(z) =
e2z � 1

e2z + 1
<latexit sha1_base64="G6vDyYAGjQKIG18jOKg0BSVdk0w=">AAACDXicbZDLSgMxFIYz9VbrbdSlm2AVKmKZKYJuhKIblxXsBdpaMumZNjRzIckI7TAv4MZXceNCEbfu3fk2pu0I2vpD4OM/53ByfifkTCrL+jIyC4tLyyvZ1dza+sbmlrm9U5NBJChUacAD0XCIBM58qCqmODRCAcRzONSdwdW4Xr8HIVng36phCG2P9HzmMkqUtjrmgVsYHeEL3HIFoTHcxaVRgk+wnfzwseaOmbeK1kR4HuwU8ihVpWN+troBjTzwFeVEyqZthaodE6EY5ZDkWpGEkNAB6UFTo088kO14ck2CD7XTxW4g9PMVnri/J2LiSTn0HN3pEdWXs7Wx+V+tGSn3vB0zP4wU+HS6yI04VgEeR4O7TABVfKiBUMH0XzHtE52L0gHmdAj27MnzUCsVbato35zmy5dpHFm0h/ZRAdnoDJXRNaqgKqLoAT2hF/RqPBrPxpvxPm3NGOnMLvoj4+MbIhKZsQ==</latexit><latexit sha1_base64="G6vDyYAGjQKIG18jOKg0BSVdk0w=">AAACDXicbZDLSgMxFIYz9VbrbdSlm2AVKmKZKYJuhKIblxXsBdpaMumZNjRzIckI7TAv4MZXceNCEbfu3fk2pu0I2vpD4OM/53ByfifkTCrL+jIyC4tLyyvZ1dza+sbmlrm9U5NBJChUacAD0XCIBM58qCqmODRCAcRzONSdwdW4Xr8HIVng36phCG2P9HzmMkqUtjrmgVsYHeEL3HIFoTHcxaVRgk+wnfzwseaOmbeK1kR4HuwU8ihVpWN+troBjTzwFeVEyqZthaodE6EY5ZDkWpGEkNAB6UFTo088kO14ck2CD7XTxW4g9PMVnri/J2LiSTn0HN3pEdWXs7Wx+V+tGSn3vB0zP4wU+HS6yI04VgEeR4O7TABVfKiBUMH0XzHtE52L0gHmdAj27MnzUCsVbato35zmy5dpHFm0h/ZRAdnoDJXRNaqgKqLoAT2hF/RqPBrPxpvxPm3NGOnMLvoj4+MbIhKZsQ==</latexit><latexit sha1_base64="G6vDyYAGjQKIG18jOKg0BSVdk0w=">AAACDXicbZDLSgMxFIYz9VbrbdSlm2AVKmKZKYJuhKIblxXsBdpaMumZNjRzIckI7TAv4MZXceNCEbfu3fk2pu0I2vpD4OM/53ByfifkTCrL+jIyC4tLyyvZ1dza+sbmlrm9U5NBJChUacAD0XCIBM58qCqmODRCAcRzONSdwdW4Xr8HIVng36phCG2P9HzmMkqUtjrmgVsYHeEL3HIFoTHcxaVRgk+wnfzwseaOmbeK1kR4HuwU8ihVpWN+troBjTzwFeVEyqZthaodE6EY5ZDkWpGEkNAB6UFTo088kO14ck2CD7XTxW4g9PMVnri/J2LiSTn0HN3pEdWXs7Wx+V+tGSn3vB0zP4wU+HS6yI04VgEeR4O7TABVfKiBUMH0XzHtE52L0gHmdAj27MnzUCsVbato35zmy5dpHFm0h/ZRAdnoDJXRNaqgKqLoAT2hF/RqPBrPxpvxPm3NGOnMLvoj4+MbIhKZsQ==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="ntnODkgzo3T4kCfyY+K/0V4NGOg=">AAACAnicbZDLSgMxGIX/qbdaq45u3QSrUBHLTDe6EQQ3LivYC7RjyaSZNjSTGZKM0A7zAm58FTcuFPEh3Pk2phdBWw8EPs5J+PMfP+ZMacf5snIrq2vrG/nNwlZxe2fX3is2VJRIQusk4pFs+VhRzgSta6Y5bcWS4tDntOkPryd584FKxSJxp0cx9ULcFyxgBGtjde2joDw+QZeoE0hMUnqfVscZOkNu9sOnhrt2yak4U6FlcOdQgrlqXfuz04tIElKhCcdKtV0n1l6KpWaE06zQSRSNMRniPm0bFDikykun22To2Dg9FETSHKHR1P39IsWhUqPQNzdDrAdqMZuY/2XtRAcXXspEnGgqyGxQkHCkIzSpBvWYpETzkQFMJDN/RWSATS/aFFgwJbiLKy9Do1pxnYp760AeDuAQyuDCOVzBDdSgDgQe4Rle4c16sl6s91ldOWve2z78kfXxDYg8mDk=</latexit><latexit sha1_base64="ntnODkgzo3T4kCfyY+K/0V4NGOg=">AAACAnicbZDLSgMxGIX/qbdaq45u3QSrUBHLTDe6EQQ3LivYC7RjyaSZNjSTGZKM0A7zAm58FTcuFPEh3Pk2phdBWw8EPs5J+PMfP+ZMacf5snIrq2vrG/nNwlZxe2fX3is2VJRIQusk4pFs+VhRzgSta6Y5bcWS4tDntOkPryd584FKxSJxp0cx9ULcFyxgBGtjde2joDw+QZeoE0hMUnqfVscZOkNu9sOnhrt2yak4U6FlcOdQgrlqXfuz04tIElKhCcdKtV0n1l6KpWaE06zQSRSNMRniPm0bFDikykun22To2Dg9FETSHKHR1P39IsWhUqPQNzdDrAdqMZuY/2XtRAcXXspEnGgqyGxQkHCkIzSpBvWYpETzkQFMJDN/RWSATS/aFFgwJbiLKy9Do1pxnYp760AeDuAQyuDCOVzBDdSgDgQe4Rle4c16sl6s91ldOWve2z78kfXxDYg8mDk=</latexit><latexit sha1_base64="fVWwQ1I2ofWM38dTM+TFffdN8og=">AAACDXicbZC7SgNBFIbPxluMt1VLm8EoRMSwm0YbIWhjGcFcIFnD7GQ2GZy9MDMrJMu+gI2vYmOhiK29nW/jJFlBE38Y+PjPOZw5vxtxJpVlfRm5hcWl5ZX8amFtfWNzy9zeacgwFoTWSchD0XKxpJwFtK6Y4rQVCYp9l9Ome3c5rjfvqZAsDG7UMKKOj/sB8xjBSltd88ArjY7QOep4ApOE3iaVUYpOkJ3+8LHmrlm0ytZEaB7sDIqQqdY1Pzu9kMQ+DRThWMq2bUXKSbBQjHCaFjqxpBEmd7hP2xoD7FPpJJNrUnSonR7yQqFfoNDE/T2RYF/Koe/qTh+rgZytjc3/au1YeWdOwoIoVjQg00VezJEK0Tga1GOCEsWHGjARTP8VkQHWuSgdYEGHYM+ePA+NStm2yva1VaxeZHHkYQ/2oQQ2nEIVrqAGdSDwAE/wAq/Go/FsvBnv09ackc3swh8ZH98g0pmt</latexit><latexit sha1_base64="G6vDyYAGjQKIG18jOKg0BSVdk0w=">AAACDXicbZDLSgMxFIYz9VbrbdSlm2AVKmKZKYJuhKIblxXsBdpaMumZNjRzIckI7TAv4MZXceNCEbfu3fk2pu0I2vpD4OM/53ByfifkTCrL+jIyC4tLyyvZ1dza+sbmlrm9U5NBJChUacAD0XCIBM58qCqmODRCAcRzONSdwdW4Xr8HIVng36phCG2P9HzmMkqUtjrmgVsYHeEL3HIFoTHcxaVRgk+wnfzwseaOmbeK1kR4HuwU8ihVpWN+troBjTzwFeVEyqZthaodE6EY5ZDkWpGEkNAB6UFTo088kO14ck2CD7XTxW4g9PMVnri/J2LiSTn0HN3pEdWXs7Wx+V+tGSn3vB0zP4wU+HS6yI04VgEeR4O7TABVfKiBUMH0XzHtE52L0gHmdAj27MnzUCsVbato35zmy5dpHFm0h/ZRAdnoDJXRNaqgKqLoAT2hF/RqPBrPxpvxPm3NGOnMLvoj4+MbIhKZsQ==</latexit><latexit sha1_base64="G6vDyYAGjQKIG18jOKg0BSVdk0w=">AAACDXicbZDLSgMxFIYz9VbrbdSlm2AVKmKZKYJuhKIblxXsBdpaMumZNjRzIckI7TAv4MZXceNCEbfu3fk2pu0I2vpD4OM/53ByfifkTCrL+jIyC4tLyyvZ1dza+sbmlrm9U5NBJChUacAD0XCIBM58qCqmODRCAcRzONSdwdW4Xr8HIVng36phCG2P9HzmMkqUtjrmgVsYHeEL3HIFoTHcxaVRgk+wnfzwseaOmbeK1kR4HuwU8ihVpWN+troBjTzwFeVEyqZthaodE6EY5ZDkWpGEkNAB6UFTo088kO14ck2CD7XTxW4g9PMVnri/J2LiSTn0HN3pEdWXs7Wx+V+tGSn3vB0zP4wU+HS6yI04VgEeR4O7TABVfKiBUMH0XzHtE52L0gHmdAj27MnzUCsVbato35zmy5dpHFm0h/ZRAdnoDJXRNaqgKqLoAT2hF/RqPBrPxpvxPm3NGOnMLvoj4+MbIhKZsQ==</latexit><latexit sha1_base64="G6vDyYAGjQKIG18jOKg0BSVdk0w=">AAACDXicbZDLSgMxFIYz9VbrbdSlm2AVKmKZKYJuhKIblxXsBdpaMumZNjRzIckI7TAv4MZXceNCEbfu3fk2pu0I2vpD4OM/53ByfifkTCrL+jIyC4tLyyvZ1dza+sbmlrm9U5NBJChUacAD0XCIBM58qCqmODRCAcRzONSdwdW4Xr8HIVng36phCG2P9HzmMkqUtjrmgVsYHeEL3HIFoTHcxaVRgk+wnfzwseaOmbeK1kR4HuwU8ihVpWN+troBjTzwFeVEyqZthaodE6EY5ZDkWpGEkNAB6UFTo088kO14ck2CD7XTxW4g9PMVnri/J2LiSTn0HN3pEdWXs7Wx+V+tGSn3vB0zP4wU+HS6yI04VgEeR4O7TABVfKiBUMH0XzHtE52L0gHmdAj27MnzUCsVbato35zmy5dpHFm0h/ZRAdnoDJXRNaqgKqLoAT2hF/RqPBrPxpvxPm3NGOnMLvoj4+MbIhKZsQ==</latexit><latexit sha1_base64="G6vDyYAGjQKIG18jOKg0BSVdk0w=">AAACDXicbZDLSgMxFIYz9VbrbdSlm2AVKmKZKYJuhKIblxXsBdpaMumZNjRzIckI7TAv4MZXceNCEbfu3fk2pu0I2vpD4OM/53ByfifkTCrL+jIyC4tLyyvZ1dza+sbmlrm9U5NBJChUacAD0XCIBM58qCqmODRCAcRzONSdwdW4Xr8HIVng36phCG2P9HzmMkqUtjrmgVsYHeEL3HIFoTHcxaVRgk+wnfzwseaOmbeK1kR4HuwU8ihVpWN+troBjTzwFeVEyqZthaodE6EY5ZDkWpGEkNAB6UFTo088kO14ck2CD7XTxW4g9PMVnri/J2LiSTn0HN3pEdWXs7Wx+V+tGSn3vB0zP4wU+HS6yI04VgEeR4O7TABVfKiBUMH0XzHtE52L0gHmdAj27MnzUCsVbato35zmy5dpHFm0h/ZRAdnoDJXRNaqgKqLoAT2hF/RqPBrPxpvxPm3NGOnMLvoj4+MbIhKZsQ==</latexit><latexit sha1_base64="G6vDyYAGjQKIG18jOKg0BSVdk0w=">AAACDXicbZDLSgMxFIYz9VbrbdSlm2AVKmKZKYJuhKIblxXsBdpaMumZNjRzIckI7TAv4MZXceNCEbfu3fk2pu0I2vpD4OM/53ByfifkTCrL+jIyC4tLyyvZ1dza+sbmlrm9U5NBJChUacAD0XCIBM58qCqmODRCAcRzONSdwdW4Xr8HIVng36phCG2P9HzmMkqUtjrmgVsYHeEL3HIFoTHcxaVRgk+wnfzwseaOmbeK1kR4HuwU8ihVpWN+troBjTzwFeVEyqZthaodE6EY5ZDkWpGEkNAB6UFTo088kO14ck2CD7XTxW4g9PMVnri/J2LiSTn0HN3pEdWXs7Wx+V+tGSn3vB0zP4wU+HS6yI04VgEeR4O7TABVfKiBUMH0XzHtE52L0gHmdAj27MnzUCsVbato35zmy5dpHFm0h/ZRAdnoDJXRNaqgKqLoAT2hF/RqPBrPxpvxPm3NGOnMLvoj4+MbIhKZsQ==</latexit><latexit sha1_base64="G6vDyYAGjQKIG18jOKg0BSVdk0w=">AAACDXicbZDLSgMxFIYz9VbrbdSlm2AVKmKZKYJuhKIblxXsBdpaMumZNjRzIckI7TAv4MZXceNCEbfu3fk2pu0I2vpD4OM/53ByfifkTCrL+jIyC4tLyyvZ1dza+sbmlrm9U5NBJChUacAD0XCIBM58qCqmODRCAcRzONSdwdW4Xr8HIVng36phCG2P9HzmMkqUtjrmgVsYHeEL3HIFoTHcxaVRgk+wnfzwseaOmbeK1kR4HuwU8ihVpWN+troBjTzwFeVEyqZthaodE6EY5ZDkWpGEkNAB6UFTo088kO14ck2CD7XTxW4g9PMVnri/J2LiSTn0HN3pEdWXs7Wx+V+tGSn3vB0zP4wU+HS6yI04VgEeR4O7TABVfKiBUMH0XzHtE52L0gHmdAj27MnzUCsVbato35zmy5dpHFm0h/ZRAdnoDJXRNaqgKqLoAT2hF/RqPBrPxpvxPm3NGOnMLvoj4+MbIhKZsQ==</latexit>

f(z) = max(0, z)
<latexit sha1_base64="kxOkDi9OteK9stnv3AMxRIaEm4s=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSxCC1ISEfQiFL14rGA/oA1ls920SzebsLtR29qf4sWDIl79Jd78N27bHLT1wcDjvRlm5vkxZ0o7zreVWVldW9/Ibua2tnd29+z8fl1FiSS0RiIeyaaPFeVM0JpmmtNmLCkOfU4b/uB66jfuqVQsEnd6GFMvxD3BAkawNlLHzgfFUQldonaIH4vOCRqVOnbBKTszoGXipqQAKaod+6vdjUgSUqEJx0q1XCfW3hhLzQink1w7UTTGZIB7tGWowCFV3nh2+gQdG6WLgkiaEhrN1N8TYxwqNQx90xli3VeL3lT8z2slOrjwxkzEiaaCzBcFCUc6QtMcUJdJSjQfGoKJZOZWRPpYYqJNWjkTgrv48jKpn5Zdp+zenhUqV2kcWTiEIyiCC+dQgRuoQg0IPMAzvMKb9WS9WO/Wx7w1Y6UzB/AH1ucPEqeR7A==</latexit><latexit sha1_base64="kxOkDi9OteK9stnv3AMxRIaEm4s=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSxCC1ISEfQiFL14rGA/oA1ls920SzebsLtR29qf4sWDIl79Jd78N27bHLT1wcDjvRlm5vkxZ0o7zreVWVldW9/Ibua2tnd29+z8fl1FiSS0RiIeyaaPFeVM0JpmmtNmLCkOfU4b/uB66jfuqVQsEnd6GFMvxD3BAkawNlLHzgfFUQldonaIH4vOCRqVOnbBKTszoGXipqQAKaod+6vdjUgSUqEJx0q1XCfW3hhLzQink1w7UTTGZIB7tGWowCFV3nh2+gQdG6WLgkiaEhrN1N8TYxwqNQx90xli3VeL3lT8z2slOrjwxkzEiaaCzBcFCUc6QtMcUJdJSjQfGoKJZOZWRPpYYqJNWjkTgrv48jKpn5Zdp+zenhUqV2kcWTiEIyiCC+dQgRuoQg0IPMAzvMKb9WS9WO/Wx7w1Y6UzB/AH1ucPEqeR7A==</latexit><latexit sha1_base64="kxOkDi9OteK9stnv3AMxRIaEm4s=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSxCC1ISEfQiFL14rGA/oA1ls920SzebsLtR29qf4sWDIl79Jd78N27bHLT1wcDjvRlm5vkxZ0o7zreVWVldW9/Ibua2tnd29+z8fl1FiSS0RiIeyaaPFeVM0JpmmtNmLCkOfU4b/uB66jfuqVQsEnd6GFMvxD3BAkawNlLHzgfFUQldonaIH4vOCRqVOnbBKTszoGXipqQAKaod+6vdjUgSUqEJx0q1XCfW3hhLzQink1w7UTTGZIB7tGWowCFV3nh2+gQdG6WLgkiaEhrN1N8TYxwqNQx90xli3VeL3lT8z2slOrjwxkzEiaaCzBcFCUc6QtMcUJdJSjQfGoKJZOZWRPpYYqJNWjkTgrv48jKpn5Zdp+zenhUqV2kcWTiEIyiCC+dQgRuoQg0IPMAzvMKb9WS9WO/Wx7w1Y6UzB/AH1ucPEqeR7A==</latexit><latexit sha1_base64="kxOkDi9OteK9stnv3AMxRIaEm4s=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSxCC1ISEfQiFL14rGA/oA1ls920SzebsLtR29qf4sWDIl79Jd78N27bHLT1wcDjvRlm5vkxZ0o7zreVWVldW9/Ibua2tnd29+z8fl1FiSS0RiIeyaaPFeVM0JpmmtNmLCkOfU4b/uB66jfuqVQsEnd6GFMvxD3BAkawNlLHzgfFUQldonaIH4vOCRqVOnbBKTszoGXipqQAKaod+6vdjUgSUqEJx0q1XCfW3hhLzQink1w7UTTGZIB7tGWowCFV3nh2+gQdG6WLgkiaEhrN1N8TYxwqNQx90xli3VeL3lT8z2slOrjwxkzEiaaCzBcFCUc6QtMcUJdJSjQfGoKJZOZWRPpYYqJNWjkTgrv48jKpn5Zdp+zenhUqV2kcWTiEIyiCC+dQgRuoQg0IPMAzvMKb9WS9WO/Wx7w1Y6UzB/AH1ucPEqeR7A==</latexit>

ReLU  
(rectified linear unit)

f 0(z) =

(
1 z > 0

0 z < 0
<latexit sha1_base64="9/X76zUp6jklbnfvYpAmK6D/r4Q=">AAACH3icbZDLSgMxFIYzXmu9VV26CRa1bsqMiLpQKbpxWcFeoFNKJj3ThmYyQ5IR2qFv4sZXceNCEXHXtzFtZ6GtBwIf/39OkvN7EWdK2/bIWlhcWl5Zzaxl1zc2t7ZzO7tVFcaSQoWGPJR1jyjgTEBFM82hHkkggceh5vXuxn7tCaRioXjU/QiaAekI5jNKtJFauXP/uDA4wdfY9aDDRELNXWqIHXyEB/gG266L7QlfGQbRThtaubxdtCeF58FJIY/SKrdy3247pHEAQlNOlGo4dqSbCZGaUQ7DrBsriAjtkQ40DAoSgGomk/2G+NAobeyH0hyh8UT9PZGQQKl+4JnOgOiumvXG4n9eI9b+ZTNhIoo1CDp9yI851iEeh4XbTALVvG+AUMnMXzHtEkmoNpFmTQjO7MrzUD0tOnbReTjLl27TODJoHx2gAnLQBSqhe1RGFUTRM3pF7+jDerHerE/ra9q6YKUze+hPWaMfrzyfEQ==</latexit><latexit sha1_base64="9/X76zUp6jklbnfvYpAmK6D/r4Q=">AAACH3icbZDLSgMxFIYzXmu9VV26CRa1bsqMiLpQKbpxWcFeoFNKJj3ThmYyQ5IR2qFv4sZXceNCEXHXtzFtZ6GtBwIf/39OkvN7EWdK2/bIWlhcWl5Zzaxl1zc2t7ZzO7tVFcaSQoWGPJR1jyjgTEBFM82hHkkggceh5vXuxn7tCaRioXjU/QiaAekI5jNKtJFauXP/uDA4wdfY9aDDRELNXWqIHXyEB/gG266L7QlfGQbRThtaubxdtCeF58FJIY/SKrdy3247pHEAQlNOlGo4dqSbCZGaUQ7DrBsriAjtkQ40DAoSgGomk/2G+NAobeyH0hyh8UT9PZGQQKl+4JnOgOiumvXG4n9eI9b+ZTNhIoo1CDp9yI851iEeh4XbTALVvG+AUMnMXzHtEkmoNpFmTQjO7MrzUD0tOnbReTjLl27TODJoHx2gAnLQBSqhe1RGFUTRM3pF7+jDerHerE/ra9q6YKUze+hPWaMfrzyfEQ==</latexit><latexit sha1_base64="9/X76zUp6jklbnfvYpAmK6D/r4Q=">AAACH3icbZDLSgMxFIYzXmu9VV26CRa1bsqMiLpQKbpxWcFeoFNKJj3ThmYyQ5IR2qFv4sZXceNCEXHXtzFtZ6GtBwIf/39OkvN7EWdK2/bIWlhcWl5Zzaxl1zc2t7ZzO7tVFcaSQoWGPJR1jyjgTEBFM82hHkkggceh5vXuxn7tCaRioXjU/QiaAekI5jNKtJFauXP/uDA4wdfY9aDDRELNXWqIHXyEB/gG266L7QlfGQbRThtaubxdtCeF58FJIY/SKrdy3247pHEAQlNOlGo4dqSbCZGaUQ7DrBsriAjtkQ40DAoSgGomk/2G+NAobeyH0hyh8UT9PZGQQKl+4JnOgOiumvXG4n9eI9b+ZTNhIoo1CDp9yI851iEeh4XbTALVvG+AUMnMXzHtEkmoNpFmTQjO7MrzUD0tOnbReTjLl27TODJoHx2gAnLQBSqhe1RGFUTRM3pF7+jDerHerE/ra9q6YKUze+hPWaMfrzyfEQ==</latexit><latexit sha1_base64="9/X76zUp6jklbnfvYpAmK6D/r4Q=">AAACH3icbZDLSgMxFIYzXmu9VV26CRa1bsqMiLpQKbpxWcFeoFNKJj3ThmYyQ5IR2qFv4sZXceNCEXHXtzFtZ6GtBwIf/39OkvN7EWdK2/bIWlhcWl5Zzaxl1zc2t7ZzO7tVFcaSQoWGPJR1jyjgTEBFM82hHkkggceh5vXuxn7tCaRioXjU/QiaAekI5jNKtJFauXP/uDA4wdfY9aDDRELNXWqIHXyEB/gG266L7QlfGQbRThtaubxdtCeF58FJIY/SKrdy3247pHEAQlNOlGo4dqSbCZGaUQ7DrBsriAjtkQ40DAoSgGomk/2G+NAobeyH0hyh8UT9PZGQQKl+4JnOgOiumvXG4n9eI9b+ZTNhIoo1CDp9yI851iEeh4XbTALVvG+AUMnMXzHtEkmoNpFmTQjO7MrzUD0tOnbReTjLl27TODJoHx2gAnLQBSqhe1RGFUTRM3pF7+jDerHerE/ra9q6YKUze+hPWaMfrzyfEQ==</latexit>

Q: Advantages of ReLU?



How to train neural networks?

LCE = −
n

∑
i=1

[y* log ̂y + (1 − y*)log(1 − y)]

y = �(w(o) · h2 + b(o))
<latexit sha1_base64="xwf5NTK8Os9frFEQg9QWL1GKg9Q=">AAACInicbVDLSsNAFJ34rPUVdelmsAgtQkmKoC6EohuXFewDmlgm00k7dJIJMxOlhHyLG3/FjQtFXQl+jJM2grYeuHA4517uvceLGJXKsj6NhcWl5ZXVwlpxfWNza9vc2W1JHgtMmpgzLjoekoTRkDQVVYx0IkFQ4DHS9kaXmd++I0JSHt6ocUTcAA1C6lOMlJZ65tkYnkNH0kGAyk6A1NDzk/v0NinzSgod3OcK/sjDtFeDR9CbmpWeWbKq1gRwntg5KYEcjZ757vQ5jgMSKsyQlF3bipSbIKEoZiQtOrEkEcIjNCBdTUMUEOkmkxdTeKiVPvS50BUqOFF/TyQokHIceLozO1fOepn4n9eNlX/qJjSMYkVCPF3kxwwqDrO8YJ8KghUba4KwoPpWiIdIIKx0qkUdgj378jxp1aq2VbWvj0v1izyOAtgHB6AMbHAC6uAKNEATYPAAnsALeDUejWfjzfiYti4Y+cwe+APj6xs+HKLU</latexit><latexit sha1_base64="xwf5NTK8Os9frFEQg9QWL1GKg9Q=">AAACInicbVDLSsNAFJ34rPUVdelmsAgtQkmKoC6EohuXFewDmlgm00k7dJIJMxOlhHyLG3/FjQtFXQl+jJM2grYeuHA4517uvceLGJXKsj6NhcWl5ZXVwlpxfWNza9vc2W1JHgtMmpgzLjoekoTRkDQVVYx0IkFQ4DHS9kaXmd++I0JSHt6ocUTcAA1C6lOMlJZ65tkYnkNH0kGAyk6A1NDzk/v0NinzSgod3OcK/sjDtFeDR9CbmpWeWbKq1gRwntg5KYEcjZ757vQ5jgMSKsyQlF3bipSbIKEoZiQtOrEkEcIjNCBdTUMUEOkmkxdTeKiVPvS50BUqOFF/TyQokHIceLozO1fOepn4n9eNlX/qJjSMYkVCPF3kxwwqDrO8YJ8KghUba4KwoPpWiIdIIKx0qkUdgj378jxp1aq2VbWvj0v1izyOAtgHB6AMbHAC6uAKNEATYPAAnsALeDUejWfjzfiYti4Y+cwe+APj6xs+HKLU</latexit><latexit sha1_base64="xwf5NTK8Os9frFEQg9QWL1GKg9Q=">AAACInicbVDLSsNAFJ34rPUVdelmsAgtQkmKoC6EohuXFewDmlgm00k7dJIJMxOlhHyLG3/FjQtFXQl+jJM2grYeuHA4517uvceLGJXKsj6NhcWl5ZXVwlpxfWNza9vc2W1JHgtMmpgzLjoekoTRkDQVVYx0IkFQ4DHS9kaXmd++I0JSHt6ocUTcAA1C6lOMlJZ65tkYnkNH0kGAyk6A1NDzk/v0NinzSgod3OcK/sjDtFeDR9CbmpWeWbKq1gRwntg5KYEcjZ757vQ5jgMSKsyQlF3bipSbIKEoZiQtOrEkEcIjNCBdTUMUEOkmkxdTeKiVPvS50BUqOFF/TyQokHIceLozO1fOepn4n9eNlX/qJjSMYkVCPF3kxwwqDrO8YJ8KghUba4KwoPpWiIdIIKx0qkUdgj378jxp1aq2VbWvj0v1izyOAtgHB6AMbHAC6uAKNEATYPAAnsALeDUejWfjzfiYti4Y+cwe+APj6xs+HKLU</latexit><latexit sha1_base64="xwf5NTK8Os9frFEQg9QWL1GKg9Q=">AAACInicbVDLSsNAFJ34rPUVdelmsAgtQkmKoC6EohuXFewDmlgm00k7dJIJMxOlhHyLG3/FjQtFXQl+jJM2grYeuHA4517uvceLGJXKsj6NhcWl5ZXVwlpxfWNza9vc2W1JHgtMmpgzLjoekoTRkDQVVYx0IkFQ4DHS9kaXmd++I0JSHt6ocUTcAA1C6lOMlJZ65tkYnkNH0kGAyk6A1NDzk/v0NinzSgod3OcK/sjDtFeDR9CbmpWeWbKq1gRwntg5KYEcjZ757vQ5jgMSKsyQlF3bipSbIKEoZiQtOrEkEcIjNCBdTUMUEOkmkxdTeKiVPvS50BUqOFF/TyQokHIceLozO1fOepn4n9eNlX/qJjSMYkVCPF3kxwwqDrO8YJ8KghUba4KwoPpWiIdIIKx0qkUdgj378jxp1aq2VbWvj0v1izyOAtgHB6AMbHAC6uAKNEATYPAAnsALeDUejWfjzfiYti4Y+cwe+APj6xs+HKLU</latexit>

Binary classification:  y* = {0,1}

Multi-class classification: y* = {1,2,…, C}

LCE(y, y*) = −
C

∑
c=1

1{y* = c}log
ewc⋅x+bc

∑k
j=1 ewj⋅x+bj

<latexit sha1_base64="h/YqeooZ8kbRku+mJvGnvMnlygQ=">AAACL3icbVDLSgMxFM34rPVVdekmWIQWocwUUTdCURCXFewD2loyaaYNTSZDkhHLMH/kxl/pRkQRt/6F6XQUbT0QODnnXu69xw0YVdq2X6yFxaXlldXMWnZ9Y3NrO7ezW1cilJjUsGBCNl2kCKM+qWmqGWkGkiDuMtJwh5cTv3FPpKLCv9WjgHQ46vvUoxhpI3VzVyN4Dtsc6YHkkRKe5ughLiSC60WN+C4qiGIMv4VB3C3Do5+vm/rFbi5vl+wEcJ44KcmDFNVubtzuCRxy4mvMkFItxw50J0JSU8xInG2HigQID1GftAz1ESeqEyX3xvDQKD3oCWmer2Gi/u6IEFdqxF1TOVlUzXoT8T+vFWrvrBNRPwg18fF0kBcyqAWchAd7VBKs2cgQhCU1u0I8QBJhbSLOmhCc2ZPnSb1cck5K9s1xvnKRxpEB++AAFIADTkEFXIMqqAEMHsEYvII368l6tt6tj2npgpX27IE/sD6/AHucqU0=</latexit>

y = softmax(W(o)h2 + b(o))
<latexit sha1_base64="UxLaALCbwBYcWv4mW7wmMZU1mbc=">AAACOnicdVDLSsNAFJ34rPUVdelmsAgVpCQi6rLYjctW7AOaWCbTSTt0MgkzE6GEfJcbv8KdCzcuFHHrBzhpI2irBwYO55zL3Hu8iFGpLOvJWFhcWl5ZLawV1zc2t7bNnd2WDGOBSROHLBQdD0nCKCdNRRUjnUgQFHiMtL1RLfPbd0RIGvIbNY6IG6ABpz7FSGmpZzacAKmh5yft9DYph0cpdCiHU9FLrrVYg46iAZFwmB7D77T3bzrtmSWrYk0A54mdkxLIUe+Zj04/xHFAuMIMSdm1rUi5CRKKYkbSohNLEiE8QgPS1ZQjvYybTE5P4aFW+tAPhX5cwYn6cyJBgZTjwNPJbEs562XiX143Vv6Fm1AexYpwPP3IjxlUIcx6hH0qCFZsrAnCgupdIR4igbDSbRd1CfbsyfOkdVKxzypW47RUvczrKIB9cADKwAbnoAquQB00AQb34Bm8gjfjwXgx3o2PaXTByGf2wC8Yn1+1ca39</latexit>

W(o) 2 RC⇥h,b(o) 2 RC  in this examplex = h2



Backpropagation

Slide credit: Greg Durrett

[advanced]



Backpropagation

Slide credit: Greg DurrettGood news is that modern automatic differentiation tools did all for you!

[advanced]



Application: Feedforward neural language models

(Bengio et al., 2003): A Neural Probabilistic Language Model

• P(mat | the cat sat on the) = ?



Application: Feedforward Neural Language Models

• P(mat | the cat sat on the) = ?

• Input layer (n = 5):

x = [ethe; ecat; esat; eon; ethe] 2 Rdn
<latexit sha1_base64="aYKwScrslO2pOcQW2lnrXumNJ2I="></latexit><latexit sha1_base64="aYKwScrslO2pOcQW2lnrXumNJ2I="></latexit><latexit sha1_base64="aYKwScrslO2pOcQW2lnrXumNJ2I="></latexit><latexit sha1_base64="aYKwScrslO2pOcQW2lnrXumNJ2I="></latexit>

• Hidden layer

h = tanh(Wx+ b) 2 Rh
<latexit sha1_base64="m/ig9JANtchQHMKfk0FBlvyK3rE=">AAACMnicbVDLSsNAFJ3UV62vqks3g0WoCCURQTdC0Y3uqtgHNLFMppNm6GQSZiZiCfkmN36J4EIXirj1I5y2qWjrgYFzz72Hufe4EaNSmeaLkZubX1hcyi8XVlbX1jeKm1sNGcYCkzoOWShaLpKEUU7qiipGWpEgKHAZabr982G/eUeEpCG/UYOIOAHqcepRjJSWOsVLO0DKd73ET+EptBXifnkiNVM4ofcpPPgp3HQf2pRntZtcp7fa3imWzIo5ApwlVkZKIEOtU3yyuyGOA8IVZkjKtmVGykmQUBQzkhbsWJII4T7qkbamHAVEOsno5BTuaaULvVDoxxUcqb8dCQqkHASunhxuKad7Q/G/XjtW3omTUB7FinA8/siLGVQhHOYHu1QQrNhAE4QF1btC7COBsNIpF3QI1vTJs6RxWLHMinV1VKqeZXHkwQ7YBWVggWNQBRegBuoAgwfwDN7Au/FovBofxud4NGdknm3wB8bXN2O6qts=</latexit><latexit sha1_base64="m/ig9JANtchQHMKfk0FBlvyK3rE=">AAACMnicbVDLSsNAFJ3UV62vqks3g0WoCCURQTdC0Y3uqtgHNLFMppNm6GQSZiZiCfkmN36J4EIXirj1I5y2qWjrgYFzz72Hufe4EaNSmeaLkZubX1hcyi8XVlbX1jeKm1sNGcYCkzoOWShaLpKEUU7qiipGWpEgKHAZabr982G/eUeEpCG/UYOIOAHqcepRjJSWOsVLO0DKd73ET+EptBXifnkiNVM4ofcpPPgp3HQf2pRntZtcp7fa3imWzIo5ApwlVkZKIEOtU3yyuyGOA8IVZkjKtmVGykmQUBQzkhbsWJII4T7qkbamHAVEOsno5BTuaaULvVDoxxUcqb8dCQqkHASunhxuKad7Q/G/XjtW3omTUB7FinA8/siLGVQhHOYHu1QQrNhAE4QF1btC7COBsNIpF3QI1vTJs6RxWLHMinV1VKqeZXHkwQ7YBWVggWNQBRegBuoAgwfwDN7Au/FovBofxud4NGdknm3wB8bXN2O6qts=</latexit><latexit sha1_base64="m/ig9JANtchQHMKfk0FBlvyK3rE=">AAACMnicbVDLSsNAFJ3UV62vqks3g0WoCCURQTdC0Y3uqtgHNLFMppNm6GQSZiZiCfkmN36J4EIXirj1I5y2qWjrgYFzz72Hufe4EaNSmeaLkZubX1hcyi8XVlbX1jeKm1sNGcYCkzoOWShaLpKEUU7qiipGWpEgKHAZabr982G/eUeEpCG/UYOIOAHqcepRjJSWOsVLO0DKd73ET+EptBXifnkiNVM4ofcpPPgp3HQf2pRntZtcp7fa3imWzIo5ApwlVkZKIEOtU3yyuyGOA8IVZkjKtmVGykmQUBQzkhbsWJII4T7qkbamHAVEOsno5BTuaaULvVDoxxUcqb8dCQqkHASunhxuKad7Q/G/XjtW3omTUB7FinA8/siLGVQhHOYHu1QQrNhAE4QF1btC7COBsNIpF3QI1vTJs6RxWLHMinV1VKqeZXHkwQ7YBWVggWNQBRegBuoAgwfwDN7Au/FovBofxud4NGdknm3wB8bXN2O6qts=</latexit><latexit sha1_base64="m/ig9JANtchQHMKfk0FBlvyK3rE=">AAACMnicbVDLSsNAFJ3UV62vqks3g0WoCCURQTdC0Y3uqtgHNLFMppNm6GQSZiZiCfkmN36J4EIXirj1I5y2qWjrgYFzz72Hufe4EaNSmeaLkZubX1hcyi8XVlbX1jeKm1sNGcYCkzoOWShaLpKEUU7qiipGWpEgKHAZabr982G/eUeEpCG/UYOIOAHqcepRjJSWOsVLO0DKd73ET+EptBXifnkiNVM4ofcpPPgp3HQf2pRntZtcp7fa3imWzIo5ApwlVkZKIEOtU3yyuyGOA8IVZkjKtmVGykmQUBQzkhbsWJII4T7qkbamHAVEOsno5BTuaaULvVDoxxUcqb8dCQqkHASunhxuKad7Q/G/XjtW3omTUB7FinA8/siLGVQhHOYHu1QQrNhAE4QF1btC7COBsNIpF3QI1vTJs6RxWLHMinV1VKqeZXHkwQ7YBWVggWNQBRegBuoAgwfwDN7Au/FovBofxud4NGdknm3wB8bXN2O6qts=</latexit>

the

cat

sat

on

the

<latexit sha1_base64="+Q08gB7+H9GhEuiXWo5dVrQSwEk=">AAAB9XicbVDLSsNAFL2pr1pfUZduBovgqiQi6rLoxmUV+4A2LZPppB06mYSZiVJC/sONC0Xc+i/u/BsnbRbaemDgcM693DPHjzlT2nG+rdLK6tr6RnmzsrW9s7tn7x+0VJRIQpsk4pHs+FhRzgRtaqY57cSS4tDntO1PbnK//UilYpF40NOYeiEeCRYwgrWR+r0Q67Hvp/dZPx1nA7vq1JwZ0DJxC1KFAo2B/dUbRiQJqdCEY6W6rhNrL8VSM8JpVuklisaYTPCIdg0VOKTKS2epM3RilCEKImme0Gim/t5IcajUNPTNZJ5SLXq5+J/XTXRw5aVMxImmgswPBQlHOkJ5BWjIJCWaTw3BRDKTFZExlphoU1TFlOAufnmZtM5q7kXNuTuv1q+LOspwBMdwCi5cQh1uoQFNICDhGV7hzXqyXqx362M+WrKKnUP4A+vzBwnlkt0=</latexit>

Rh

<latexit sha1_base64="VJUQDAlNt4XNdCFeA3sFXLbyaac=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsquiHoRi148VrAf0i4lm2bb0CS7JFmlLP0VXjwo4tWf481/Y9ruQVsfDDzem2FmXhBzpo3rfju5peWV1bX8emFjc2t7p7i719BRogitk4hHqhVgTTmTtG6Y4bQVK4pFwGkzGN5M/OYjVZpF8t6MYuoL3JcsZAQbKz3Uyk/oErHjq26x5FbcKdAi8TJSggy1bvGr04tIIqg0hGOt254bGz/FyjDC6bjQSTSNMRniPm1bKrGg2k+nB4/RkVV6KIyULWnQVP09kWKh9UgEtlNgM9Dz3kT8z2snJrzwUybjxFBJZovChCMTocn3qMcUJYaPLMFEMXsrIgOsMDE2o4INwZt/eZE0TireWcW9Oy1Vr7M48nAAh1AGD86hCrdQgzoQEPAMr/DmKOfFeXc+Zq05J5vZhz9wPn8Ax1iPFg==</latexit>

P (w = i)?

<latexit sha1_base64="mlP5ySVMxJApVraY1qnezZyQ0IE=">AAAB+HicbVC7TsMwFL0pr1IeDTCyWFRITFWCeI0VLIwF0YfUhspxnNaq40S2g1SifAkLAwix8ils/A1O2wEKR7J0dM69usfHTzhT2nG+rNLS8srqWnm9srG5tV21d3bbKk4loS0S81h2fawoZ4K2NNOcdhNJceRz2vHHV4XfeaBSsVjc6UlCvQgPBQsZwdpIA7vaj7Ae+X52m99np0E+sGtO3ZkC/SXunNRgjubA/uwHMUkjKjThWKme6yTay7DUjHCaV/qpogkmYzykPUMFjqjysmnwHB0aJUBhLM0TGk3VnxsZjpSaRL6ZLGKqRa8Q//N6qQ4vvIyJJNVUkNmhMOVIx6hoAQVMUqL5xBBMJDNZERlhiYk2XVVMCe7il/+S9nHdPas7Nye1xuW8jjLswwEcgQvn0IBraEILCKTwBC/waj1az9ab9T4bLVnznT34BevjG/Yvk0k=</latexit>

R5d

<latexit sha1_base64="866D2JHbJpEee16nOk8qrjSfeSQ=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUV+4Amlslk0g6dTMLMRCghv+HGhSJu/Rl3/o2TNgttPTBwOOde7pnjJ5wpbdvfVmVldW19o7pZ29re2d2r7x90VZxKQjsk5rHs+1hRzgTtaKY57SeS4sjntOdPbgq/90SlYrF40NOEehEeCRYygrWRXDfCeuz72X3+GAzrDbtpz4CWiVOSBpRoD+tfbhCTNKJCE46VGjh2or0MS80Ip3nNTRVNMJngER0YKnBElZfNMufoxCgBCmNpntBopv7eyHCk1DTyzWSRUS16hfifN0h1eOVlTCSppoLMD4UpRzpGRQEoYJISzaeGYCKZyYrIGEtMtKmpZkpwFr+8TLpnTeeiad+dN1rXZR1VOIJjOAUHLqEFt9CGDhBI4Ble4c1KrRfr3fqYj1ascucQ/sD6/AE3n5HN</latexit>

Rd

• Output layer (softmax)

z = Uh 2 R|V |
<latexit sha1_base64="NbkraP766q6P/C18JJkvOTVHd/w=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0VwVRIRdSMU3bisYtpCE8tkOmmHTiZhZiLUNH/ixl9x40IRcde/cdqmoK0HBs6ccy/33uPHjEplWSOjsLS8srpWXC9tbG5t75i7e3UZJQITB0csEk0fScIoJ46iipFmLAgKfUYafv967DceiZA04vdqEBMvRF1OA4qR0lLbPHNDpHp+kD5l8BLOPk42Y70MupTnhp/eZQ/psD7M2mbZqlgTwEVi56QMctTa5rfbiXASEq4wQ1K2bCtWXoqEopiRrOQmksQI91GXtDTlKCTSSyf3ZfBIKx0YREI/ruBE/d2RolDKQejryvGect4bi/95rUQFF15KeZwowvF0UJAwqCI4Dgt2qCBYsYEmCAuqd4W4hwTCSkda0iHY8ycvkvpJxbYq9u1puXqVx1EEB+AQHAMbnIMquAE14AAMnsEreAcfxovxZnwaX9PSgpH37IM/MEY/o0mj+A==</latexit><latexit sha1_base64="NbkraP766q6P/C18JJkvOTVHd/w=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0VwVRIRdSMU3bisYtpCE8tkOmmHTiZhZiLUNH/ixl9x40IRcde/cdqmoK0HBs6ccy/33uPHjEplWSOjsLS8srpWXC9tbG5t75i7e3UZJQITB0csEk0fScIoJ46iipFmLAgKfUYafv967DceiZA04vdqEBMvRF1OA4qR0lLbPHNDpHp+kD5l8BLOPk42Y70MupTnhp/eZQ/psD7M2mbZqlgTwEVi56QMctTa5rfbiXASEq4wQ1K2bCtWXoqEopiRrOQmksQI91GXtDTlKCTSSyf3ZfBIKx0YREI/ruBE/d2RolDKQejryvGect4bi/95rUQFF15KeZwowvF0UJAwqCI4Dgt2qCBYsYEmCAuqd4W4hwTCSkda0iHY8ycvkvpJxbYq9u1puXqVx1EEB+AQHAMbnIMquAE14AAMnsEreAcfxovxZnwaX9PSgpH37IM/MEY/o0mj+A==</latexit><latexit sha1_base64="NbkraP766q6P/C18JJkvOTVHd/w=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0VwVRIRdSMU3bisYtpCE8tkOmmHTiZhZiLUNH/ixl9x40IRcde/cdqmoK0HBs6ccy/33uPHjEplWSOjsLS8srpWXC9tbG5t75i7e3UZJQITB0csEk0fScIoJ46iipFmLAgKfUYafv967DceiZA04vdqEBMvRF1OA4qR0lLbPHNDpHp+kD5l8BLOPk42Y70MupTnhp/eZQ/psD7M2mbZqlgTwEVi56QMctTa5rfbiXASEq4wQ1K2bCtWXoqEopiRrOQmksQI91GXtDTlKCTSSyf3ZfBIKx0YREI/ruBE/d2RolDKQejryvGect4bi/95rUQFF15KeZwowvF0UJAwqCI4Dgt2qCBYsYEmCAuqd4W4hwTCSkda0iHY8ycvkvpJxbYq9u1puXqVx1EEB+AQHAMbnIMquAE14AAMnsEreAcfxovxZnwaX9PSgpH37IM/MEY/o0mj+A==</latexit><latexit sha1_base64="NbkraP766q6P/C18JJkvOTVHd/w=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0VwVRIRdSMU3bisYtpCE8tkOmmHTiZhZiLUNH/ixl9x40IRcde/cdqmoK0HBs6ccy/33uPHjEplWSOjsLS8srpWXC9tbG5t75i7e3UZJQITB0csEk0fScIoJ46iipFmLAgKfUYafv967DceiZA04vdqEBMvRF1OA4qR0lLbPHNDpHp+kD5l8BLOPk42Y70MupTnhp/eZQ/psD7M2mbZqlgTwEVi56QMctTa5rfbiXASEq4wQ1K2bCtWXoqEopiRrOQmksQI91GXtDTlKCTSSyf3ZfBIKx0YREI/ruBE/d2RolDKQejryvGect4bi/95rUQFF15KeZwowvF0UJAwqCI4Dgt2qCBYsYEmCAuqd4W4hwTCSkda0iHY8ycvkvpJxbYq9u1puXqVx1EEB+AQHAMbnIMquAE14AAMnsEreAcfxovxZnwaX9PSgpH37IM/MEY/o0mj+A==</latexit>

<latexit sha1_base64="X9FHzzFN0FCu+n0CERBHZWCnX7s="></latexit>

P (w = i | the cat sat on the)

= softmaxi(z) =
eziP
k e

zk

(Bengio et al., 2003): A Neural Probabilistic Language Model



Zoom poll

What are the dimensions of W and U in this model?

(a)  

(b)  

(c)  

(d) 

W ∈ ℝh×d, U ∈ ℝ|V|×h

W ∈ ℝh×5d, U ∈ ℝ|V|×h

W ∈ ℝh×5d, U ∈ ℝ|V|×d

W ∈ ℝh×d, U ∈ ℝd×h

• Input layer (n = 5):

x = [ethe; ecat; esat; eon; ethe] 2 Rdn
<latexit sha1_base64="aYKwScrslO2pOcQW2lnrXumNJ2I="></latexit><latexit sha1_base64="aYKwScrslO2pOcQW2lnrXumNJ2I="></latexit><latexit sha1_base64="aYKwScrslO2pOcQW2lnrXumNJ2I="></latexit><latexit sha1_base64="aYKwScrslO2pOcQW2lnrXumNJ2I="></latexit>

• Hidden layer

h = tanh(Wx+ b) 2 Rh
<latexit sha1_base64="m/ig9JANtchQHMKfk0FBlvyK3rE=">AAACMnicbVDLSsNAFJ3UV62vqks3g0WoCCURQTdC0Y3uqtgHNLFMppNm6GQSZiZiCfkmN36J4EIXirj1I5y2qWjrgYFzz72Hufe4EaNSmeaLkZubX1hcyi8XVlbX1jeKm1sNGcYCkzoOWShaLpKEUU7qiipGWpEgKHAZabr982G/eUeEpCG/UYOIOAHqcepRjJSWOsVLO0DKd73ET+EptBXifnkiNVM4ofcpPPgp3HQf2pRntZtcp7fa3imWzIo5ApwlVkZKIEOtU3yyuyGOA8IVZkjKtmVGykmQUBQzkhbsWJII4T7qkbamHAVEOsno5BTuaaULvVDoxxUcqb8dCQqkHASunhxuKad7Q/G/XjtW3omTUB7FinA8/siLGVQhHOYHu1QQrNhAE4QF1btC7COBsNIpF3QI1vTJs6RxWLHMinV1VKqeZXHkwQ7YBWVggWNQBRegBuoAgwfwDN7Au/FovBofxud4NGdknm3wB8bXN2O6qts=</latexit><latexit sha1_base64="m/ig9JANtchQHMKfk0FBlvyK3rE=">AAACMnicbVDLSsNAFJ3UV62vqks3g0WoCCURQTdC0Y3uqtgHNLFMppNm6GQSZiZiCfkmN36J4EIXirj1I5y2qWjrgYFzz72Hufe4EaNSmeaLkZubX1hcyi8XVlbX1jeKm1sNGcYCkzoOWShaLpKEUU7qiipGWpEgKHAZabr982G/eUeEpCG/UYOIOAHqcepRjJSWOsVLO0DKd73ET+EptBXifnkiNVM4ofcpPPgp3HQf2pRntZtcp7fa3imWzIo5ApwlVkZKIEOtU3yyuyGOA8IVZkjKtmVGykmQUBQzkhbsWJII4T7qkbamHAVEOsno5BTuaaULvVDoxxUcqb8dCQqkHASunhxuKad7Q/G/XjtW3omTUB7FinA8/siLGVQhHOYHu1QQrNhAE4QF1btC7COBsNIpF3QI1vTJs6RxWLHMinV1VKqeZXHkwQ7YBWVggWNQBRegBuoAgwfwDN7Au/FovBofxud4NGdknm3wB8bXN2O6qts=</latexit><latexit sha1_base64="m/ig9JANtchQHMKfk0FBlvyK3rE=">AAACMnicbVDLSsNAFJ3UV62vqks3g0WoCCURQTdC0Y3uqtgHNLFMppNm6GQSZiZiCfkmN36J4EIXirj1I5y2qWjrgYFzz72Hufe4EaNSmeaLkZubX1hcyi8XVlbX1jeKm1sNGcYCkzoOWShaLpKEUU7qiipGWpEgKHAZabr982G/eUeEpCG/UYOIOAHqcepRjJSWOsVLO0DKd73ET+EptBXifnkiNVM4ofcpPPgp3HQf2pRntZtcp7fa3imWzIo5ApwlVkZKIEOtU3yyuyGOA8IVZkjKtmVGykmQUBQzkhbsWJII4T7qkbamHAVEOsno5BTuaaULvVDoxxUcqb8dCQqkHASunhxuKad7Q/G/XjtW3omTUB7FinA8/siLGVQhHOYHu1QQrNhAE4QF1btC7COBsNIpF3QI1vTJs6RxWLHMinV1VKqeZXHkwQ7YBWVggWNQBRegBuoAgwfwDN7Au/FovBofxud4NGdknm3wB8bXN2O6qts=</latexit><latexit sha1_base64="m/ig9JANtchQHMKfk0FBlvyK3rE=">AAACMnicbVDLSsNAFJ3UV62vqks3g0WoCCURQTdC0Y3uqtgHNLFMppNm6GQSZiZiCfkmN36J4EIXirj1I5y2qWjrgYFzz72Hufe4EaNSmeaLkZubX1hcyi8XVlbX1jeKm1sNGcYCkzoOWShaLpKEUU7qiipGWpEgKHAZabr982G/eUeEpCG/UYOIOAHqcepRjJSWOsVLO0DKd73ET+EptBXifnkiNVM4ofcpPPgp3HQf2pRntZtcp7fa3imWzIo5ApwlVkZKIEOtU3yyuyGOA8IVZkjKtmVGykmQUBQzkhbsWJII4T7qkbamHAVEOsno5BTuaaULvVDoxxUcqb8dCQqkHASunhxuKad7Q/G/XjtW3omTUB7FinA8/siLGVQhHOYHu1QQrNhAE4QF1btC7COBsNIpF3QI1vTJs6RxWLHMinV1VKqeZXHkwQ7YBWVggWNQBRegBuoAgwfwDN7Au/FovBofxud4NGdknm3wB8bXN2O6qts=</latexit>

• Output layer (softmax)

z = Uh 2 R|V |
<latexit sha1_base64="NbkraP766q6P/C18JJkvOTVHd/w=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0VwVRIRdSMU3bisYtpCE8tkOmmHTiZhZiLUNH/ixl9x40IRcde/cdqmoK0HBs6ccy/33uPHjEplWSOjsLS8srpWXC9tbG5t75i7e3UZJQITB0csEk0fScIoJ46iipFmLAgKfUYafv967DceiZA04vdqEBMvRF1OA4qR0lLbPHNDpHp+kD5l8BLOPk42Y70MupTnhp/eZQ/psD7M2mbZqlgTwEVi56QMctTa5rfbiXASEq4wQ1K2bCtWXoqEopiRrOQmksQI91GXtDTlKCTSSyf3ZfBIKx0YREI/ruBE/d2RolDKQejryvGect4bi/95rUQFF15KeZwowvF0UJAwqCI4Dgt2qCBYsYEmCAuqd4W4hwTCSkda0iHY8ycvkvpJxbYq9u1puXqVx1EEB+AQHAMbnIMquAE14AAMnsEreAcfxovxZnwaX9PSgpH37IM/MEY/o0mj+A==</latexit><latexit sha1_base64="NbkraP766q6P/C18JJkvOTVHd/w=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0VwVRIRdSMU3bisYtpCE8tkOmmHTiZhZiLUNH/ixl9x40IRcde/cdqmoK0HBs6ccy/33uPHjEplWSOjsLS8srpWXC9tbG5t75i7e3UZJQITB0csEk0fScIoJ46iipFmLAgKfUYafv967DceiZA04vdqEBMvRF1OA4qR0lLbPHNDpHp+kD5l8BLOPk42Y70MupTnhp/eZQ/psD7M2mbZqlgTwEVi56QMctTa5rfbiXASEq4wQ1K2bCtWXoqEopiRrOQmksQI91GXtDTlKCTSSyf3ZfBIKx0YREI/ruBE/d2RolDKQejryvGect4bi/95rUQFF15KeZwowvF0UJAwqCI4Dgt2qCBYsYEmCAuqd4W4hwTCSkda0iHY8ycvkvpJxbYq9u1puXqVx1EEB+AQHAMbnIMquAE14AAMnsEreAcfxovxZnwaX9PSgpH37IM/MEY/o0mj+A==</latexit><latexit sha1_base64="NbkraP766q6P/C18JJkvOTVHd/w=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0VwVRIRdSMU3bisYtpCE8tkOmmHTiZhZiLUNH/ixl9x40IRcde/cdqmoK0HBs6ccy/33uPHjEplWSOjsLS8srpWXC9tbG5t75i7e3UZJQITB0csEk0fScIoJ46iipFmLAgKfUYafv967DceiZA04vdqEBMvRF1OA4qR0lLbPHNDpHp+kD5l8BLOPk42Y70MupTnhp/eZQ/psD7M2mbZqlgTwEVi56QMctTa5rfbiXASEq4wQ1K2bCtWXoqEopiRrOQmksQI91GXtDTlKCTSSyf3ZfBIKx0YREI/ruBE/d2RolDKQejryvGect4bi/95rUQFF15KeZwowvF0UJAwqCI4Dgt2qCBYsYEmCAuqd4W4hwTCSkda0iHY8ycvkvpJxbYq9u1puXqVx1EEB+AQHAMbnIMquAE14AAMnsEreAcfxovxZnwaX9PSgpH37IM/MEY/o0mj+A==</latexit><latexit sha1_base64="NbkraP766q6P/C18JJkvOTVHd/w=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0VwVRIRdSMU3bisYtpCE8tkOmmHTiZhZiLUNH/ixl9x40IRcde/cdqmoK0HBs6ccy/33uPHjEplWSOjsLS8srpWXC9tbG5t75i7e3UZJQITB0csEk0fScIoJ46iipFmLAgKfUYafv967DceiZA04vdqEBMvRF1OA4qR0lLbPHNDpHp+kD5l8BLOPk42Y70MupTnhp/eZQ/psD7M2mbZqlgTwEVi56QMctTa5rfbiXASEq4wQ1K2bCtWXoqEopiRrOQmksQI91GXtDTlKCTSSyf3ZfBIKx0YREI/ruBE/d2RolDKQejryvGect4bi/95rUQFF15KeZwowvF0UJAwqCI4Dgt2qCBYsYEmCAuqd4W4hwTCSkda0iHY8ycvkvpJxbYq9u1puXqVx1EEB+AQHAMbnIMquAE14AAMnsEreAcfxovxZnwaX9PSgpH37IM/MEY/o0mj+A==</latexit>

P (w = i | context) = softmaxi(z)
<latexit sha1_base64="PfRVpY8ZLMPvgyPpDypIa8e+c9w=">AAACHXicbVC7SgNBFJ31GeMramkzGITYhF0JaCMEbSwjmETIhjA7mdXBeSwzdzVxyY/Y+Cs2FopY2Ih/42ySwteBYQ7n3Mu990SJ4BZ8/9ObmZ2bX1gsLBWXV1bX1ksbmy2rU0NZk2qhzUVELBNcsSZwEOwiMYzISLB2dH2S++0bZizX6hyGCetKcql4zCkBJ/VKtUblFh9hjkPJ+zgENoCMapX/oz1nWB2DJIMer4SSwFUUZ3ejvV6p7Ff9MfBfEkxJGU3R6JXew76mqWQKqCDWdgI/gW5GDHAq2KgYppYlhF6TS9ZxVBHJbDcbXzfCu07p41gb9xTgsfq9IyPS2qGMXGW+ov3t5eJ/XieF+LCbcZWkwBSdDIpTgUHjPCrc54ZREENHCDXc7YrpFTGEggu06EIIfp/8l7T2q4FfDc5q5frxNI4C2kY7qIICdIDq6BQ1UBNRdI8e0TN68R68J+/Ve5uUznjTni30A97HF1PioX0=</latexit><latexit sha1_base64="PfRVpY8ZLMPvgyPpDypIa8e+c9w=">AAACHXicbVC7SgNBFJ31GeMramkzGITYhF0JaCMEbSwjmETIhjA7mdXBeSwzdzVxyY/Y+Cs2FopY2Ih/42ySwteBYQ7n3Mu990SJ4BZ8/9ObmZ2bX1gsLBWXV1bX1ksbmy2rU0NZk2qhzUVELBNcsSZwEOwiMYzISLB2dH2S++0bZizX6hyGCetKcql4zCkBJ/VKtUblFh9hjkPJ+zgENoCMapX/oz1nWB2DJIMer4SSwFUUZ3ejvV6p7Ff9MfBfEkxJGU3R6JXew76mqWQKqCDWdgI/gW5GDHAq2KgYppYlhF6TS9ZxVBHJbDcbXzfCu07p41gb9xTgsfq9IyPS2qGMXGW+ov3t5eJ/XieF+LCbcZWkwBSdDIpTgUHjPCrc54ZREENHCDXc7YrpFTGEggu06EIIfp/8l7T2q4FfDc5q5frxNI4C2kY7qIICdIDq6BQ1UBNRdI8e0TN68R68J+/Ve5uUznjTni30A97HF1PioX0=</latexit><latexit sha1_base64="PfRVpY8ZLMPvgyPpDypIa8e+c9w=">AAACHXicbVC7SgNBFJ31GeMramkzGITYhF0JaCMEbSwjmETIhjA7mdXBeSwzdzVxyY/Y+Cs2FopY2Ih/42ySwteBYQ7n3Mu990SJ4BZ8/9ObmZ2bX1gsLBWXV1bX1ksbmy2rU0NZk2qhzUVELBNcsSZwEOwiMYzISLB2dH2S++0bZizX6hyGCetKcql4zCkBJ/VKtUblFh9hjkPJ+zgENoCMapX/oz1nWB2DJIMer4SSwFUUZ3ejvV6p7Ff9MfBfEkxJGU3R6JXew76mqWQKqCDWdgI/gW5GDHAq2KgYppYlhF6TS9ZxVBHJbDcbXzfCu07p41gb9xTgsfq9IyPS2qGMXGW+ov3t5eJ/XieF+LCbcZWkwBSdDIpTgUHjPCrc54ZREENHCDXc7YrpFTGEggu06EIIfp/8l7T2q4FfDc5q5frxNI4C2kY7qIICdIDq6BQ1UBNRdI8e0TN68R68J+/Ve5uUznjTni30A97HF1PioX0=</latexit><latexit sha1_base64="PfRVpY8ZLMPvgyPpDypIa8e+c9w=">AAACHXicbVC7SgNBFJ31GeMramkzGITYhF0JaCMEbSwjmETIhjA7mdXBeSwzdzVxyY/Y+Cs2FopY2Ih/42ySwteBYQ7n3Mu990SJ4BZ8/9ObmZ2bX1gsLBWXV1bX1ksbmy2rU0NZk2qhzUVELBNcsSZwEOwiMYzISLB2dH2S++0bZizX6hyGCetKcql4zCkBJ/VKtUblFh9hjkPJ+zgENoCMapX/oz1nWB2DJIMer4SSwFUUZ3ejvV6p7Ff9MfBfEkxJGU3R6JXew76mqWQKqCDWdgI/gW5GDHAq2KgYppYlhF6TS9ZxVBHJbDcbXzfCu07p41gb9xTgsfq9IyPS2qGMXGW+ov3t5eJ/XieF+LCbcZWkwBSdDIpTgUHjPCrc54ZREENHCDXc7YrpFTGEggu06EIIfp/8l7T2q4FfDc5q5frxNI4C2kY7qIICdIDq6BQ1UBNRdI8e0TN68R68J+/Ve5uUznjTni30A97HF1PioX0=</latexit>

d: word embedding size, h: hidden size 

The answer is (b).


