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Lecture 10: 
Recurrent, Recursive, and 

Convolutional Neural Networks in NLP
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Assignment 2 due Monday
• questions?

2



Project Proposal
• project proposal details have been posted (see 

main course page or assignments page)
• due May 9
• groups of 2-3 are ok (but think about how you 

will divide up the work, especially with 3)
• let me know if you’re still looking for a partner
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Project
• final report due Wednesday, June 6
• for graduating students, due May 30
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Roadmap
• words, morphology, lexical semantics
• text classification
• language modeling
• word embeddings
• recurrent/recursive/convolutional networks in NLP
• sequence labeling, HMMs, dynamic programming
• syntax and syntactic parsing
• semantics, compositionality, semantic parsing
• machine translation and other NLP tasks
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word2vec Score Functions
• skip-gram:

• CBOW:
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<latexit sha1_base64="ch0GgJpiIqR4y8jS3u3Es6uGc0k="></latexit>

<latexit sha1_base64="RgfX7Gbt8r0xmeyfq54m9DYqEx0="></latexit>

inputs (x) outputs (y)
{<s>, is, the, traditional} agriculture

{<s>, agriculture, the, traditional} is
{agriculture, is, traditional, mainstay} the

inputs (x) outputs (y)
agriculture <s>
agriculture is
agriculture the



A Simple Neural Text Classification Model
• represent x by averaging its word embeddings
• output is a score vector over all possible labels:
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…

<latexit sha1_base64="D6Q4cpVujvrzo2MdMyEZmMYzqR8="></latexit>

<latexit sha1_base64="rr9v4fRmgA4cH2A65I2jOy5+gTU="></latexit> <latexit sha1_base64="Hlyn+92J+nO7B3qFPzrdEuOlIg8="></latexit>

…

<latexit sha1_base64="smxvxhj1jdJ8cybzKS4VAxd+LD0="></latexit>

<latexit sha1_base64="mSZYiStrWYZEvk0f2huo8LBm2BI="></latexit>

<latexit sha1_base64="2Xm7DbIHZclmYk1jneEuK9yNsUY="></latexit>

<latexit sha1_base64="ptcnxnQe3fwHw91yP0K+bbXasbA="></latexit>



Encoders
• encoder: a function to represent a word 

sequence as a vector
• simplest: average word embeddings:

• many other functions possible!
• lots of recent work on developing better ways 

to encode word sequences

8

<latexit sha1_base64="mSZYiStrWYZEvk0f2huo8LBm2BI="></latexit>



Recurrent Neural Networks
Input is a sequence:

9

“hidden vector”

<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>

<latexit sha1_base64="1LZdzgVsJOjrZRCz4KamxYx/x9w="></latexit>

<latexit sha1_base64="ps4EpowZgv2kzmX//5Rji+iGhXI="></latexit>

<latexit sha1_base64="jv9GkaQJoSw0TUSdZVq6XUSVICI="></latexit>



Recurrent Neural Networks

10

“hidden vector”

<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>

<latexit sha1_base64="1LZdzgVsJOjrZRCz4KamxYx/x9w="></latexit>

<latexit sha1_base64="ps4EpowZgv2kzmX//5Rji+iGhXI="></latexit>

<latexit sha1_base64="jv9GkaQJoSw0TUSdZVq6XUSVICI="></latexit>

<latexit sha1_base64="zQEwqC6HaWAxt8xb/rVLFHJdoR8="></latexit>



Long Short-Term Memory Networks (gateless)
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“memory cell”

<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>

<latexit sha1_base64="1LZdzgVsJOjrZRCz4KamxYx/x9w="></latexit>

<latexit sha1_base64="ps4EpowZgv2kzmX//5Rji+iGhXI="></latexit>

<latexit sha1_base64="jv9GkaQJoSw0TUSdZVq6XUSVICI="></latexit>

<latexit sha1_base64="iUbTt9wgZnabam4AeAsfB1jNj4I="></latexit>

<latexit sha1_base64="X4LndC7ozRRq9QT3TzI9/MMM/AU="></latexit>

<latexit sha1_base64="5JSxNhe12r2j/F4qWTxxJX3GnJo="></latexit>



Long Short-Term Memory Networks (gateless)
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<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>

<latexit sha1_base64="1LZdzgVsJOjrZRCz4KamxYx/x9w="></latexit>

<latexit sha1_base64="ps4EpowZgv2kzmX//5Rji+iGhXI="></latexit>

<latexit sha1_base64="jv9GkaQJoSw0TUSdZVq6XUSVICI="></latexit>

<latexit sha1_base64="iUbTt9wgZnabam4AeAsfB1jNj4I="></latexit>

<latexit sha1_base64="X4LndC7ozRRq9QT3TzI9/MMM/AU="></latexit>

<latexit sha1_base64="5JSxNhe12r2j/F4qWTxxJX3GnJo="></latexit>

<latexit sha1_base64="360kzq1GTTUdFE+lyPA5Yv84qbA="></latexit>



Long Short-Term Memory Networks (gateless)
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<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>

<latexit sha1_base64="1LZdzgVsJOjrZRCz4KamxYx/x9w="></latexit>

<latexit sha1_base64="ps4EpowZgv2kzmX//5Rji+iGhXI="></latexit>

<latexit sha1_base64="jv9GkaQJoSw0TUSdZVq6XUSVICI="></latexit>

<latexit sha1_base64="iUbTt9wgZnabam4AeAsfB1jNj4I="></latexit>

<latexit sha1_base64="X4LndC7ozRRq9QT3TzI9/MMM/AU="></latexit>

<latexit sha1_base64="5JSxNhe12r2j/F4qWTxxJX3GnJo="></latexit>

<latexit sha1_base64="360kzq1GTTUdFE+lyPA5Yv84qbA="></latexit>

<latexit sha1_base64="HsoFGhXaYxAaL7ZDx161u+ShCUI="></latexit>



Long Short-Term Memory Networks (gateless)
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<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>

<latexit sha1_base64="1LZdzgVsJOjrZRCz4KamxYx/x9w="></latexit>

<latexit sha1_base64="ps4EpowZgv2kzmX//5Rji+iGhXI="></latexit>

<latexit sha1_base64="jv9GkaQJoSw0TUSdZVq6XUSVICI="></latexit>

<latexit sha1_base64="iUbTt9wgZnabam4AeAsfB1jNj4I="></latexit>

<latexit sha1_base64="X4LndC7ozRRq9QT3TzI9/MMM/AU="></latexit>

<latexit sha1_base64="5JSxNhe12r2j/F4qWTxxJX3GnJo="></latexit>

<latexit sha1_base64="360kzq1GTTUdFE+lyPA5Yv84qbA="></latexit>

<latexit sha1_base64="HsoFGhXaYxAaL7ZDx161u+ShCUI="></latexit>

Experiment: text classification
• Stanford Sentiment Treebank

• binary classification (positive/negative)
• 25-dim word vectors
• 50-dim cell/hidden vectors
• classification layer on final hidden vector
• AdaGrad, 10 epochs, mini-batch size 10
• early stopping on dev set

accuracy

80.6



Adding Output Gates

15

<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>

<latexit sha1_base64="1LZdzgVsJOjrZRCz4KamxYx/x9w="></latexit>

<latexit sha1_base64="ps4EpowZgv2kzmX//5Rji+iGhXI="></latexit>

<latexit sha1_base64="jv9GkaQJoSw0TUSdZVq6XUSVICI="></latexit>

<latexit sha1_base64="iUbTt9wgZnabam4AeAsfB1jNj4I="></latexit>

<latexit sha1_base64="X4LndC7ozRRq9QT3TzI9/MMM/AU="></latexit>

<latexit sha1_base64="5JSxNhe12r2j/F4qWTxxJX3GnJo="></latexit>



Adding Output Gates
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<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>

<latexit sha1_base64="1LZdzgVsJOjrZRCz4KamxYx/x9w="></latexit>

<latexit sha1_base64="ps4EpowZgv2kzmX//5Rji+iGhXI="></latexit>

<latexit sha1_base64="jv9GkaQJoSw0TUSdZVq6XUSVICI="></latexit>

<latexit sha1_base64="iUbTt9wgZnabam4AeAsfB1jNj4I="></latexit>

<latexit sha1_base64="X4LndC7ozRRq9QT3TzI9/MMM/AU="></latexit>

<latexit sha1_base64="5JSxNhe12r2j/F4qWTxxJX3GnJo="></latexit>

<latexit sha1_base64="Lm5LGHT+AifkklCJ83S/uanwYKM="></latexit>

<latexit sha1_base64="edgHkbhetT268TQhpbgmNX/cceU="></latexit>

<latexit sha1_base64="RP/Spqe8nERc5wvjh5oZGhhu9x4="></latexit>



Adding Output Gates
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<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>

<latexit sha1_base64="1LZdzgVsJOjrZRCz4KamxYx/x9w="></latexit>

<latexit sha1_base64="ps4EpowZgv2kzmX//5Rji+iGhXI="></latexit>

<latexit sha1_base64="jv9GkaQJoSw0TUSdZVq6XUSVICI="></latexit>

<latexit sha1_base64="iUbTt9wgZnabam4AeAsfB1jNj4I="></latexit>

<latexit sha1_base64="X4LndC7ozRRq9QT3TzI9/MMM/AU="></latexit>

<latexit sha1_base64="5JSxNhe12r2j/F4qWTxxJX3GnJo="></latexit>

<latexit sha1_base64="360kzq1GTTUdFE+lyPA5Yv84qbA="></latexit>

<latexit sha1_base64="Lm5LGHT+AifkklCJ83S/uanwYKM="></latexit>

<latexit sha1_base64="edgHkbhetT268TQhpbgmNX/cceU="></latexit>

<latexit sha1_base64="RP/Spqe8nERc5wvjh5oZGhhu9x4="></latexit>



Adding Output Gates
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<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>

<latexit sha1_base64="1LZdzgVsJOjrZRCz4KamxYx/x9w="></latexit>

<latexit sha1_base64="ps4EpowZgv2kzmX//5Rji+iGhXI="></latexit>

<latexit sha1_base64="jv9GkaQJoSw0TUSdZVq6XUSVICI="></latexit>

<latexit sha1_base64="iUbTt9wgZnabam4AeAsfB1jNj4I="></latexit>

<latexit sha1_base64="X4LndC7ozRRq9QT3TzI9/MMM/AU="></latexit>

<latexit sha1_base64="5JSxNhe12r2j/F4qWTxxJX3GnJo="></latexit>

<latexit sha1_base64="360kzq1GTTUdFE+lyPA5Yv84qbA="></latexit>

<latexit sha1_base64="HNJtq6Y7YbhCiP92e6s4OwmBFXU="></latexit>

<latexit sha1_base64="Lm5LGHT+AifkklCJ83S/uanwYKM="></latexit>

<latexit sha1_base64="edgHkbhetT268TQhpbgmNX/cceU="></latexit>

<latexit sha1_base64="RP/Spqe8nERc5wvjh5oZGhhu9x4="></latexit>



Adding Output Gates
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<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>

<latexit sha1_base64="1LZdzgVsJOjrZRCz4KamxYx/x9w="></latexit>

<latexit sha1_base64="ps4EpowZgv2kzmX//5Rji+iGhXI="></latexit>

<latexit sha1_base64="jv9GkaQJoSw0TUSdZVq6XUSVICI="></latexit>

<latexit sha1_base64="iUbTt9wgZnabam4AeAsfB1jNj4I="></latexit>

<latexit sha1_base64="X4LndC7ozRRq9QT3TzI9/MMM/AU="></latexit>

<latexit sha1_base64="5JSxNhe12r2j/F4qWTxxJX3GnJo="></latexit>

<latexit sha1_base64="360kzq1GTTUdFE+lyPA5Yv84qbA="></latexit>

<latexit sha1_base64="HNJtq6Y7YbhCiP92e6s4OwmBFXU="></latexit>

this is pointwise
multiplication!    

is a vector
<latexit sha1_base64="IJMI/FEyJiJrDEcd3HHFo+sLi8U="></latexit>

<latexit sha1_base64="Lm5LGHT+AifkklCJ83S/uanwYKM="></latexit>

<latexit sha1_base64="edgHkbhetT268TQhpbgmNX/cceU="></latexit>

<latexit sha1_base64="RP/Spqe8nERc5wvjh5oZGhhu9x4="></latexit>



Adding Output Gates
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<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>

<latexit sha1_base64="1LZdzgVsJOjrZRCz4KamxYx/x9w="></latexit>

<latexit sha1_base64="ps4EpowZgv2kzmX//5Rji+iGhXI="></latexit>

<latexit sha1_base64="jv9GkaQJoSw0TUSdZVq6XUSVICI="></latexit>

<latexit sha1_base64="iUbTt9wgZnabam4AeAsfB1jNj4I="></latexit>

<latexit sha1_base64="X4LndC7ozRRq9QT3TzI9/MMM/AU="></latexit>

<latexit sha1_base64="5JSxNhe12r2j/F4qWTxxJX3GnJo="></latexit>

<latexit sha1_base64="360kzq1GTTUdFE+lyPA5Yv84qbA="></latexit>

<latexit sha1_base64="HNJtq6Y7YbhCiP92e6s4OwmBFXU="></latexit>

output gate affects how 
much “information” is 
transmitted from cell 

vector to hidden vector

<latexit sha1_base64="Lm5LGHT+AifkklCJ83S/uanwYKM="></latexit>

<latexit sha1_base64="edgHkbhetT268TQhpbgmNX/cceU="></latexit>

<latexit sha1_base64="RP/Spqe8nERc5wvjh5oZGhhu9x4="></latexit>



Adding Output Gates
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<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>

<latexit sha1_base64="1LZdzgVsJOjrZRCz4KamxYx/x9w="></latexit>

<latexit sha1_base64="ps4EpowZgv2kzmX//5Rji+iGhXI="></latexit>

<latexit sha1_base64="jv9GkaQJoSw0TUSdZVq6XUSVICI="></latexit>

<latexit sha1_base64="iUbTt9wgZnabam4AeAsfB1jNj4I="></latexit>

<latexit sha1_base64="X4LndC7ozRRq9QT3TzI9/MMM/AU="></latexit>

<latexit sha1_base64="5JSxNhe12r2j/F4qWTxxJX3GnJo="></latexit>

<latexit sha1_base64="r8laQyfzgF+e8MLr0UHTu/7azv0="></latexit>

<latexit sha1_base64="HNJtq6Y7YbhCiP92e6s4OwmBFXU="></latexit>

<latexit sha1_base64="Lm5LGHT+AifkklCJ83S/uanwYKM="></latexit>

<latexit sha1_base64="edgHkbhetT268TQhpbgmNX/cceU="></latexit>

<latexit sha1_base64="RP/Spqe8nERc5wvjh5oZGhhu9x4="></latexit>



Adding Output Gates
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<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>

<latexit sha1_base64="1LZdzgVsJOjrZRCz4KamxYx/x9w="></latexit>

<latexit sha1_base64="ps4EpowZgv2kzmX//5Rji+iGhXI="></latexit>

<latexit sha1_base64="jv9GkaQJoSw0TUSdZVq6XUSVICI="></latexit>

<latexit sha1_base64="iUbTt9wgZnabam4AeAsfB1jNj4I="></latexit>

<latexit sha1_base64="X4LndC7ozRRq9QT3TzI9/MMM/AU="></latexit>

<latexit sha1_base64="5JSxNhe12r2j/F4qWTxxJX3GnJo="></latexit>

<latexit sha1_base64="HNJtq6Y7YbhCiP92e6s4OwmBFXU="></latexit>

<latexit sha1_base64="r8laQyfzgF+e8MLr0UHTu/7azv0="></latexit>

diagonal 
matrix

logistic sigmoid, so 
output ranges from 

0 to 1

<latexit sha1_base64="Lm5LGHT+AifkklCJ83S/uanwYKM="></latexit>

<latexit sha1_base64="edgHkbhetT268TQhpbgmNX/cceU="></latexit>

<latexit sha1_base64="RP/Spqe8nERc5wvjh5oZGhhu9x4="></latexit>



Adding Output Gates
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<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>

<latexit sha1_base64="1LZdzgVsJOjrZRCz4KamxYx/x9w="></latexit>

<latexit sha1_base64="ps4EpowZgv2kzmX//5Rji+iGhXI="></latexit>

<latexit sha1_base64="jv9GkaQJoSw0TUSdZVq6XUSVICI="></latexit>

<latexit sha1_base64="iUbTt9wgZnabam4AeAsfB1jNj4I="></latexit>

<latexit sha1_base64="X4LndC7ozRRq9QT3TzI9/MMM/AU="></latexit>

<latexit sha1_base64="5JSxNhe12r2j/F4qWTxxJX3GnJo="></latexit>

<latexit sha1_base64="HNJtq6Y7YbhCiP92e6s4OwmBFXU="></latexit>

<latexit sha1_base64="r8laQyfzgF+e8MLr0UHTu/7azv0="></latexit>

output gate is a function 
of current observation, 
previous hidden vector, 
and current cell vector

<latexit sha1_base64="Lm5LGHT+AifkklCJ83S/uanwYKM="></latexit>

<latexit sha1_base64="edgHkbhetT268TQhpbgmNX/cceU="></latexit>

<latexit sha1_base64="RP/Spqe8nERc5wvjh5oZGhhu9x4="></latexit>



Adding Output Gates
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<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>

<latexit sha1_base64="1LZdzgVsJOjrZRCz4KamxYx/x9w="></latexit>

<latexit sha1_base64="ps4EpowZgv2kzmX//5Rji+iGhXI="></latexit>

<latexit sha1_base64="jv9GkaQJoSw0TUSdZVq6XUSVICI="></latexit>

<latexit sha1_base64="iUbTt9wgZnabam4AeAsfB1jNj4I="></latexit>

<latexit sha1_base64="X4LndC7ozRRq9QT3TzI9/MMM/AU="></latexit>

<latexit sha1_base64="5JSxNhe12r2j/F4qWTxxJX3GnJo="></latexit>

<latexit sha1_base64="HNJtq6Y7YbhCiP92e6s4OwmBFXU="></latexit>

<latexit sha1_base64="r8laQyfzgF+e8MLr0UHTu/7azv0="></latexit>

<latexit sha1_base64="Lm5LGHT+AifkklCJ83S/uanwYKM="></latexit>

<latexit sha1_base64="edgHkbhetT268TQhpbgmNX/cceU="></latexit>

<latexit sha1_base64="RP/Spqe8nERc5wvjh5oZGhhu9x4="></latexit>

What’s being learned?
(demo)

acc.

gateless 80.6

output gates 81.9



Adding Input Gates
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<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>

<latexit sha1_base64="1LZdzgVsJOjrZRCz4KamxYx/x9w="></latexit>

<latexit sha1_base64="ps4EpowZgv2kzmX//5Rji+iGhXI="></latexit>

<latexit sha1_base64="jv9GkaQJoSw0TUSdZVq6XUSVICI="></latexit>

<latexit sha1_base64="iUbTt9wgZnabam4AeAsfB1jNj4I="></latexit>

<latexit sha1_base64="X4LndC7ozRRq9QT3TzI9/MMM/AU="></latexit>

<latexit sha1_base64="5JSxNhe12r2j/F4qWTxxJX3GnJo="></latexit>
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<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>

<latexit sha1_base64="1LZdzgVsJOjrZRCz4KamxYx/x9w="></latexit>

<latexit sha1_base64="ps4EpowZgv2kzmX//5Rji+iGhXI="></latexit>

<latexit sha1_base64="jv9GkaQJoSw0TUSdZVq6XUSVICI="></latexit>

<latexit sha1_base64="iUbTt9wgZnabam4AeAsfB1jNj4I="></latexit>

<latexit sha1_base64="X4LndC7ozRRq9QT3TzI9/MMM/AU="></latexit>

<latexit sha1_base64="5JSxNhe12r2j/F4qWTxxJX3GnJo="></latexit>

<latexit sha1_base64="TC6351byDKdDLHJy8GqRdfYXjbA="></latexit>

<latexit sha1_base64="TC6351byDKdDLHJy8GqRdfYXjbA="></latexit>

<latexit sha1_base64="ojDD4V0ufkx2zMJ+YfoN9XVppqE="></latexit>

<latexit sha1_base64="Y9FGjd1SO3tL/01IebIaoe7Atto="></latexit>

<latexit sha1_base64="Y9FGjd1SO3tL/01IebIaoe7Atto="></latexit>
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<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>

<latexit sha1_base64="1LZdzgVsJOjrZRCz4KamxYx/x9w="></latexit>

<latexit sha1_base64="ps4EpowZgv2kzmX//5Rji+iGhXI="></latexit>

<latexit sha1_base64="jv9GkaQJoSw0TUSdZVq6XUSVICI="></latexit>

<latexit sha1_base64="iUbTt9wgZnabam4AeAsfB1jNj4I="></latexit>

<latexit sha1_base64="X4LndC7ozRRq9QT3TzI9/MMM/AU="></latexit>

<latexit sha1_base64="5JSxNhe12r2j/F4qWTxxJX3GnJo="></latexit>

<latexit sha1_base64="TC6351byDKdDLHJy8GqRdfYXjbA="></latexit>

<latexit sha1_base64="TC6351byDKdDLHJy8GqRdfYXjbA="></latexit>

<latexit sha1_base64="ojDD4V0ufkx2zMJ+YfoN9XVppqE="></latexit>

<latexit sha1_base64="Y9FGjd1SO3tL/01IebIaoe7Atto="></latexit>

<latexit sha1_base64="Ro47gU3SZXgGb9JjfOvhebM/U7s="></latexit>

<latexit sha1_base64="Y9FGjd1SO3tL/01IebIaoe7Atto="></latexit>

<latexit sha1_base64="HsoFGhXaYxAaL7ZDx161u+ShCUI="></latexit>

input gate controls how 
much cell is affected by 
current observation and 
previous hidden vector
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<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>

<latexit sha1_base64="1LZdzgVsJOjrZRCz4KamxYx/x9w="></latexit>

<latexit sha1_base64="ps4EpowZgv2kzmX//5Rji+iGhXI="></latexit>

<latexit sha1_base64="jv9GkaQJoSw0TUSdZVq6XUSVICI="></latexit>

<latexit sha1_base64="iUbTt9wgZnabam4AeAsfB1jNj4I="></latexit>

<latexit sha1_base64="X4LndC7ozRRq9QT3TzI9/MMM/AU="></latexit>

<latexit sha1_base64="5JSxNhe12r2j/F4qWTxxJX3GnJo="></latexit>

<latexit sha1_base64="TC6351byDKdDLHJy8GqRdfYXjbA="></latexit>

<latexit sha1_base64="TC6351byDKdDLHJy8GqRdfYXjbA="></latexit>

<latexit sha1_base64="ojDD4V0ufkx2zMJ+YfoN9XVppqE="></latexit>

<latexit sha1_base64="Y9FGjd1SO3tL/01IebIaoe7Atto="></latexit>

<latexit sha1_base64="Y9FGjd1SO3tL/01IebIaoe7Atto="></latexit>

<latexit sha1_base64="rC7i/LFz6oJTkwJ70RlMeh37jKw="></latexit>

input gate is a function of 
current observation, 

previous hidden vector, 
and previous cell vector

diagonal 
matrix
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Input Gates

difference

<latexit sha1_base64="rC7i/LFz6oJTkwJ70RlMeh37jKw="></latexit>

<latexit sha1_base64="r8laQyfzgF+e8MLr0UHTu/7azv0="></latexit>
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<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>

<latexit sha1_base64="1LZdzgVsJOjrZRCz4KamxYx/x9w="></latexit>

<latexit sha1_base64="ps4EpowZgv2kzmX//5Rji+iGhXI="></latexit>

<latexit sha1_base64="jv9GkaQJoSw0TUSdZVq6XUSVICI="></latexit>

<latexit sha1_base64="iUbTt9wgZnabam4AeAsfB1jNj4I="></latexit>

<latexit sha1_base64="X4LndC7ozRRq9QT3TzI9/MMM/AU="></latexit>

<latexit sha1_base64="5JSxNhe12r2j/F4qWTxxJX3GnJo="></latexit>

<latexit sha1_base64="TC6351byDKdDLHJy8GqRdfYXjbA="></latexit>

<latexit sha1_base64="TC6351byDKdDLHJy8GqRdfYXjbA="></latexit>

<latexit sha1_base64="ojDD4V0ufkx2zMJ+YfoN9XVppqE="></latexit>

<latexit sha1_base64="Y9FGjd1SO3tL/01IebIaoe7Atto="></latexit>

<latexit sha1_base64="Y9FGjd1SO3tL/01IebIaoe7Atto="></latexit>

acc.

gateless 80.6

output gates 81.9

input gates 84.4
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<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>

<latexit sha1_base64="1LZdzgVsJOjrZRCz4KamxYx/x9w="></latexit>

<latexit sha1_base64="ps4EpowZgv2kzmX//5Rji+iGhXI="></latexit>

<latexit sha1_base64="jv9GkaQJoSw0TUSdZVq6XUSVICI="></latexit>

<latexit sha1_base64="iUbTt9wgZnabam4AeAsfB1jNj4I="></latexit>

<latexit sha1_base64="X4LndC7ozRRq9QT3TzI9/MMM/AU="></latexit>

<latexit sha1_base64="5JSxNhe12r2j/F4qWTxxJX3GnJo="></latexit>

<latexit sha1_base64="TC6351byDKdDLHJy8GqRdfYXjbA="></latexit>

<latexit sha1_base64="TC6351byDKdDLHJy8GqRdfYXjbA="></latexit>

<latexit sha1_base64="ojDD4V0ufkx2zMJ+YfoN9XVppqE="></latexit>

<latexit sha1_base64="Y9FGjd1SO3tL/01IebIaoe7Atto="></latexit>

<latexit sha1_base64="Y9FGjd1SO3tL/01IebIaoe7Atto="></latexit>

<latexit sha1_base64="Lm5LGHT+AifkklCJ83S/uanwYKM="></latexit>

<latexit sha1_base64="edgHkbhetT268TQhpbgmNX/cceU="></latexit>

<latexit sha1_base64="RP/Spqe8nERc5wvjh5oZGhhu9x4="></latexit>

acc.

gateless 80.6

output gates 81.9

input gates 84.4

input & output gates 84.6
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<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>

<latexit sha1_base64="1LZdzgVsJOjrZRCz4KamxYx/x9w="></latexit>

<latexit sha1_base64="ps4EpowZgv2kzmX//5Rji+iGhXI="></latexit>

<latexit sha1_base64="jv9GkaQJoSw0TUSdZVq6XUSVICI="></latexit>

<latexit sha1_base64="iUbTt9wgZnabam4AeAsfB1jNj4I="></latexit>

<latexit sha1_base64="X4LndC7ozRRq9QT3TzI9/MMM/AU="></latexit>

<latexit sha1_base64="5JSxNhe12r2j/F4qWTxxJX3GnJo="></latexit>
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<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>

<latexit sha1_base64="1LZdzgVsJOjrZRCz4KamxYx/x9w="></latexit>

<latexit sha1_base64="ps4EpowZgv2kzmX//5Rji+iGhXI="></latexit>

<latexit sha1_base64="jv9GkaQJoSw0TUSdZVq6XUSVICI="></latexit>

<latexit sha1_base64="iUbTt9wgZnabam4AeAsfB1jNj4I="></latexit>

<latexit sha1_base64="X4LndC7ozRRq9QT3TzI9/MMM/AU="></latexit>

<latexit sha1_base64="5JSxNhe12r2j/F4qWTxxJX3GnJo="></latexit>

<latexit sha1_base64="k6alMvQ1NxatAHZb2N9oymKUdL4="></latexit>

<latexit sha1_base64="JltCjpa5sigJyD2rlD6djzIi0Rg="></latexit>
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<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>

<latexit sha1_base64="1LZdzgVsJOjrZRCz4KamxYx/x9w="></latexit>

<latexit sha1_base64="ps4EpowZgv2kzmX//5Rji+iGhXI="></latexit>

<latexit sha1_base64="jv9GkaQJoSw0TUSdZVq6XUSVICI="></latexit>

<latexit sha1_base64="iUbTt9wgZnabam4AeAsfB1jNj4I="></latexit>

<latexit sha1_base64="X4LndC7ozRRq9QT3TzI9/MMM/AU="></latexit>

<latexit sha1_base64="5JSxNhe12r2j/F4qWTxxJX3GnJo="></latexit>

<latexit sha1_base64="k6alMvQ1NxatAHZb2N9oymKUdL4="></latexit>

<latexit sha1_base64="JltCjpa5sigJyD2rlD6djzIi0Rg="></latexit>

<latexit sha1_base64="8rbUn+7GHda1FKiyZv/XwAu6PEc="></latexit>

forget gate controls how 
much “information” is 
kept from the previous 

cell vector
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<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>

<latexit sha1_base64="1LZdzgVsJOjrZRCz4KamxYx/x9w="></latexit>

<latexit sha1_base64="ps4EpowZgv2kzmX//5Rji+iGhXI="></latexit>

<latexit sha1_base64="jv9GkaQJoSw0TUSdZVq6XUSVICI="></latexit>

<latexit sha1_base64="iUbTt9wgZnabam4AeAsfB1jNj4I="></latexit>

<latexit sha1_base64="X4LndC7ozRRq9QT3TzI9/MMM/AU="></latexit>

<latexit sha1_base64="5JSxNhe12r2j/F4qWTxxJX3GnJo="></latexit>

<latexit sha1_base64="k6alMvQ1NxatAHZb2N9oymKUdL4="></latexit>

<latexit sha1_base64="JltCjpa5sigJyD2rlD6djzIi0Rg="></latexit>

<latexit sha1_base64="wP3hyVfOgJcwbaegsQBvhcfDp7Q="></latexit>

forget gate depends on 
current observation, 

previous hidden vector, 
and previous cell vector
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<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>

<latexit sha1_base64="1LZdzgVsJOjrZRCz4KamxYx/x9w="></latexit>

<latexit sha1_base64="ps4EpowZgv2kzmX//5Rji+iGhXI="></latexit>

<latexit sha1_base64="jv9GkaQJoSw0TUSdZVq6XUSVICI="></latexit>

<latexit sha1_base64="iUbTt9wgZnabam4AeAsfB1jNj4I="></latexit>

<latexit sha1_base64="X4LndC7ozRRq9QT3TzI9/MMM/AU="></latexit>

<latexit sha1_base64="5JSxNhe12r2j/F4qWTxxJX3GnJo="></latexit>

<latexit sha1_base64="k6alMvQ1NxatAHZb2N9oymKUdL4="></latexit>

<latexit sha1_base64="JltCjpa5sigJyD2rlD6djzIi0Rg="></latexit>

<latexit sha1_base64="wP3hyVfOgJcwbaegsQBvhcfDp7Q="></latexit>

acc.

gateless 80.6

output gates 81.9

input gates 84.4

forget gates 82.1
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<latexit sha1_base64="lxpKOMikDiPNmLE5XrxhUCqZjRo="></latexit>

<latexit sha1_base64="cxAdcy4ItXknoDxy936VD7y7fdk="></latexit>

<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>

<latexit sha1_base64="1LZdzgVsJOjrZRCz4KamxYx/x9w="></latexit>

<latexit sha1_base64="ps4EpowZgv2kzmX//5Rji+iGhXI="></latexit>

<latexit sha1_base64="jv9GkaQJoSw0TUSdZVq6XUSVICI="></latexit>

<latexit sha1_base64="iUbTt9wgZnabam4AeAsfB1jNj4I="></latexit>

<latexit sha1_base64="X4LndC7ozRRq9QT3TzI9/MMM/AU="></latexit>

<latexit sha1_base64="5JSxNhe12r2j/F4qWTxxJX3GnJo="></latexit>
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<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>

<latexit sha1_base64="1LZdzgVsJOjrZRCz4KamxYx/x9w="></latexit>

<latexit sha1_base64="ps4EpowZgv2kzmX//5Rji+iGhXI="></latexit>

<latexit sha1_base64="jv9GkaQJoSw0TUSdZVq6XUSVICI="></latexit>

<latexit sha1_base64="iUbTt9wgZnabam4AeAsfB1jNj4I="></latexit>

<latexit sha1_base64="X4LndC7ozRRq9QT3TzI9/MMM/AU="></latexit>

<latexit sha1_base64="5JSxNhe12r2j/F4qWTxxJX3GnJo="></latexit>

<latexit sha1_base64="TC6351byDKdDLHJy8GqRdfYXjbA="></latexit>

<latexit sha1_base64="edgHkbhetT268TQhpbgmNX/cceU="></latexit>

acc.

gateless 80.6

output gates 81.9

input gates 84.4

input & output gates 84.6

forget gates 82.1

input & forget gates 84.1

forget & output gates 82.6

input, forget, output gates 85.3
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<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>

<latexit sha1_base64="1LZdzgVsJOjrZRCz4KamxYx/x9w="></latexit>

<latexit sha1_base64="ps4EpowZgv2kzmX//5Rji+iGhXI="></latexit>

<latexit sha1_base64="jv9GkaQJoSw0TUSdZVq6XUSVICI="></latexit>

<latexit sha1_base64="iUbTt9wgZnabam4AeAsfB1jNj4I="></latexit>

<latexit sha1_base64="X4LndC7ozRRq9QT3TzI9/MMM/AU="></latexit>

<latexit sha1_base64="5JSxNhe12r2j/F4qWTxxJX3GnJo="></latexit>
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<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>

<latexit sha1_base64="1LZdzgVsJOjrZRCz4KamxYx/x9w="></latexit>

<latexit sha1_base64="ps4EpowZgv2kzmX//5Rji+iGhXI="></latexit>

<latexit sha1_base64="jv9GkaQJoSw0TUSdZVq6XUSVICI="></latexit>

<latexit sha1_base64="iUbTt9wgZnabam4AeAsfB1jNj4I="></latexit>

<latexit sha1_base64="X4LndC7ozRRq9QT3TzI9/MMM/AU="></latexit>

<latexit sha1_base64="5JSxNhe12r2j/F4qWTxxJX3GnJo="></latexit>

forward backward

gateless 80.6 80.3

output gates 81.9 83.7

input gates 84.4 82.9

forget gates 82.1 83.4

input, forget, output gates 85.3 85.9
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bidirectional: 
if shallow, just use forward and backward LSTMs in parallel, concatenate 
final two hidden vectors, feed to softmax

forward backward bidirectional

gateless 80.6 80.3 81.5

output gates 81.9 83.7 82.6

input gates 84.4 82.9 83.9

forget gates 82.1 83.4 83.1

input, forget, output gates 85.3 85.9 85.1
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<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>

<latexit sha1_base64="1LZdzgVsJOjrZRCz4KamxYx/x9w="></latexit>

<latexit sha1_base64="ps4EpowZgv2kzmX//5Rji+iGhXI="></latexit>

<latexit sha1_base64="jv9GkaQJoSw0TUSdZVq6XUSVICI="></latexit>

<latexit sha1_base64="iUbTt9wgZnabam4AeAsfB1jNj4I="></latexit>

<latexit sha1_base64="X4LndC7ozRRq9QT3TzI9/MMM/AU="></latexit>

<latexit sha1_base64="5JSxNhe12r2j/F4qWTxxJX3GnJo="></latexit>



Deep LSTM
(2-layer)

<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>
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layer 1

layer 2

<latexit sha1_base64="bOR0kfd8SKjOW+cW5OpnHMjlgyU="></latexit>

<latexit sha1_base64="GNYxr46sEPO4nrnnsKORvn+TEvE="></latexit><latexit sha1_base64="1eImPamRLQjaoVEvBI9S8pURp4w="></latexit>

<latexit sha1_base64="iRnUIlozQEqduuuoEc7ZILt51Gw="></latexit>

<latexit sha1_base64="KBQTvTPtSeKxvnaC3sgWu2hIrMI="></latexit>

<latexit sha1_base64="uzQhXSMWXEv5R5Nsi2aNLzuSmiI="></latexit>

<latexit sha1_base64="QbLPU9TO3YYUcZJQ1ukiNWvkVcI="></latexit>

<latexit sha1_base64="whn2UBzdX+6vMOU40bttXXLDLFE="></latexit>

<latexit sha1_base64="axg18IPk8FkW5HKq/JuNl1WuJ9M="></latexit>

<latexit sha1_base64="//poh2R51IeE/rWBJ/80Lq7iTKc="></latexit>

<latexit sha1_base64="KTYop7asJ5ciEaOZyPncFE5VD8c="></latexit>

<latexit sha1_base64="UnwLDC39uk93CBgPfluyNBXU5Ek="></latexit>

use hidden vectors 
from layer 1 as 

inputs to layer 2



Deep LSTM
(2-layer)

<latexit sha1_base64="Q8exSaeCCHaz2jGzmNY4oJsCoas="></latexit>

<latexit sha1_base64="fQkloei+B6t8DpP8bbTAKLxO17s="></latexit>

<latexit sha1_base64="j1q3WQwYb5zEm71eXQL8aV40w+g="></latexit>
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layer 1

layer 2

<latexit sha1_base64="bOR0kfd8SKjOW+cW5OpnHMjlgyU="></latexit>

<latexit sha1_base64="GNYxr46sEPO4nrnnsKORvn+TEvE="></latexit><latexit sha1_base64="1eImPamRLQjaoVEvBI9S8pURp4w="></latexit>

<latexit sha1_base64="iRnUIlozQEqduuuoEc7ZILt51Gw="></latexit>

<latexit sha1_base64="KBQTvTPtSeKxvnaC3sgWu2hIrMI="></latexit>

<latexit sha1_base64="uzQhXSMWXEv5R5Nsi2aNLzuSmiI="></latexit>

<latexit sha1_base64="QbLPU9TO3YYUcZJQ1ukiNWvkVcI="></latexit>

<latexit sha1_base64="whn2UBzdX+6vMOU40bttXXLDLFE="></latexit>

<latexit sha1_base64="axg18IPk8FkW5HKq/JuNl1WuJ9M="></latexit>

<latexit sha1_base64="//poh2R51IeE/rWBJ/80Lq7iTKc="></latexit>

<latexit sha1_base64="KTYop7asJ5ciEaOZyPncFE5VD8c="></latexit>

<latexit sha1_base64="UnwLDC39uk93CBgPfluyNBXU5Ek="></latexit>

acc.

gateless
shallow (50) 80.6

deep (30, 30) 80.8

input, forget, output
shallow (50) 85.3

deep (30, 30) ~85



Deep Bidirectional LSTMs

45

concatenate hidden vectors of forward & backward LSTMs, connect 
each entry to forward and backward hidden vectors in next layer



Gated Recurrent Units (GRU)
• alternative to LSTMs, fewer parameters, 

generally works pretty well

46



Gated Recurrent Units (GRU)
• alternative to LSTMs, fewer parameters, 

generally works pretty well
• uses “reset” and “update” gates instead of 

LSTM gates:

47

<latexit sha1_base64="yxA5H8hi1KPZdH9ivWaB3yqR/Qs="></latexit>

update gate reset gate



Recursive Neural Networks for NLP

• run a syntactic parser on the sentence
• construct vector recursively at each split point: 

48

<latexit sha1_base64="3UUxrzUi39JjC9wXmCUwumY6+pQ="></latexit>

it fell apart



Recursive Neural Networks for NLP

• run a syntactic parser on the sentence
• construct vector recursively at each split point: 

49

<latexit sha1_base64="3UUxrzUi39JjC9wXmCUwumY6+pQ="></latexit>

it fell apart

<latexit sha1_base64="WpZaOszi7MlnKxEA5VtYVaTKDUQ="></latexit>

<latexit sha1_base64="NZgwDickGfXJ6WS6L9ZJovFPImQ="></latexit>

<latexit sha1_base64="4HrH3WfhcTvnbP1YjkmqBkqRAuo="></latexit>

<latexit sha1_base64="ru024D6zIpXE5nMy71H+OqEXwRU="></latexit>

<latexit sha1_base64="SzcZz3aM3cHVGJXPHasgXdopTY8="></latexit>

<latexit sha1_base64="cMU/ov+J3IYMBKHf514phcMlkGw="></latexit>

<latexit sha1_base64="/sCFh52LD7jIzZGs+lAI5w+1M9c="></latexit>



Recursive Neural Networks for NLP

• run a syntactic parser on the sentence
• construct vector recursively at each split point: 

50

<latexit sha1_base64="3UUxrzUi39JjC9wXmCUwumY6+pQ="></latexit>

it fell apart

<latexit sha1_base64="WpZaOszi7MlnKxEA5VtYVaTKDUQ="></latexit>

<latexit sha1_base64="NZgwDickGfXJ6WS6L9ZJovFPImQ="></latexit>

<latexit sha1_base64="4HrH3WfhcTvnbP1YjkmqBkqRAuo="></latexit>

<latexit sha1_base64="ru024D6zIpXE5nMy71H+OqEXwRU="></latexit>

<latexit sha1_base64="SzcZz3aM3cHVGJXPHasgXdopTY8="></latexit>

<latexit sha1_base64="cMU/ov+J3IYMBKHf514phcMlkGw="></latexit>

<latexit sha1_base64="QrcI7rcE45QUDwPsY+b/bxPxplc="></latexit>

<latexit sha1_base64="BLLNIEUaBi2adPArutCu0vRhfq4="></latexit>



Recursive Neural Networks for NLP

• run a syntactic parser on the sentence
• construct vector recursively at each split point: 

51

<latexit sha1_base64="3UUxrzUi39JjC9wXmCUwumY6+pQ="></latexit>

it fell apart

<latexit sha1_base64="WpZaOszi7MlnKxEA5VtYVaTKDUQ="></latexit>

<latexit sha1_base64="NZgwDickGfXJ6WS6L9ZJovFPImQ="></latexit>

<latexit sha1_base64="4HrH3WfhcTvnbP1YjkmqBkqRAuo="></latexit>

<latexit sha1_base64="ru024D6zIpXE5nMy71H+OqEXwRU="></latexit>

<latexit sha1_base64="SzcZz3aM3cHVGJXPHasgXdopTY8="></latexit>

<latexit sha1_base64="cMU/ov+J3IYMBKHf514phcMlkGw="></latexit>

<latexit sha1_base64="QrcI7rcE45QUDwPsY+b/bxPxplc="></latexit>

<latexit sha1_base64="BLLNIEUaBi2adPArutCu0vRhfq4="></latexit>

<latexit sha1_base64="X3uSMlCZ8uomRoKDju1SVHPnkBI="></latexit>

<latexit sha1_base64="UD0ZxfuC/aZVSPW/2C9bCfayG9A="></latexit>



Recursive Neural Networks for NLP
• same parameters used at every split point
• order of children matters (different weights 

used for left and right child)

52

<latexit sha1_base64="WpZaOszi7MlnKxEA5VtYVaTKDUQ="></latexit>

<latexit sha1_base64="NZgwDickGfXJ6WS6L9ZJovFPImQ="></latexit>

<latexit sha1_base64="4HrH3WfhcTvnbP1YjkmqBkqRAuo="></latexit>

<latexit sha1_base64="ru024D6zIpXE5nMy71H+OqEXwRU="></latexit>

<latexit sha1_base64="SzcZz3aM3cHVGJXPHasgXdopTY8="></latexit>

<latexit sha1_base64="cMU/ov+J3IYMBKHf514phcMlkGw="></latexit>

<latexit sha1_base64="QrcI7rcE45QUDwPsY+b/bxPxplc="></latexit>

<latexit sha1_base64="BLLNIEUaBi2adPArutCu0vRhfq4="></latexit>

<latexit sha1_base64="X3uSMlCZ8uomRoKDju1SVHPnkBI="></latexit>

<latexit sha1_base64="UD0ZxfuC/aZVSPW/2C9bCfayG9A="></latexit>



Convolutional Neural Networks
• convolutional neural networks (convnets or 
CNNs) use filters that are “convolved with” 
(matched against all positions of) the input

• informally, think of convolution as “perform 
the same operation everywhere on the input 
in some systematic order”

• CNNs are often used in NLP to convert a 
sentence into a feature vector

53



Filters
• for now, think of a filter as a vector in the word 

vector space
• the filter matches a particular region of the space
• “match” = “has high dot product with”

54



Convolution

55

vector for thatvector for not vector for great

<latexit sha1_base64="oKepLP4VmBYKSPeSJ53k8ex8U9o="></latexit>

consider a single convolutional filter
<latexit sha1_base64="w0MvojMNy5Lk0SjXcCOmCceAXnc="></latexit>

<latexit sha1_base64="3UUxrzUi39JjC9wXmCUwumY6+pQ="></latexit>

not that great



Convolution

56

vector for thatvector for not vector for great

<latexit sha1_base64="3UUxrzUi39JjC9wXmCUwumY6+pQ="></latexit>

not that great

<latexit sha1_base64="oKepLP4VmBYKSPeSJ53k8ex8U9o="></latexit>

<latexit sha1_base64="CjLyebMb2uW05izC1kzjmg0jFXk="></latexit>

compute dot product of filter and each word vector:

<latexit sha1_base64="+5U4otV2+U0r2WBnlYLLqBsDfQ4="></latexit>



Convolution

57

vector for thatvector for not vector for great

<latexit sha1_base64="3UUxrzUi39JjC9wXmCUwumY6+pQ="></latexit>

not that great

<latexit sha1_base64="oKepLP4VmBYKSPeSJ53k8ex8U9o="></latexit>

<latexit sha1_base64="CjLyebMb2uW05izC1kzjmg0jFXk="></latexit>

compute dot product of filter and each word vector:

<latexit sha1_base64="zVAmiqmkVrGWNkxMLfsIbA7uyxQ="></latexit>

<latexit sha1_base64="+5U4otV2+U0r2WBnlYLLqBsDfQ4="></latexit>



Convolution

58

vector for thatvector for not vector for great

<latexit sha1_base64="3UUxrzUi39JjC9wXmCUwumY6+pQ="></latexit>

not that great

<latexit sha1_base64="oKepLP4VmBYKSPeSJ53k8ex8U9o="></latexit>

<latexit sha1_base64="CjLyebMb2uW05izC1kzjmg0jFXk="></latexit>

compute dot product of filter and each word vector:

<latexit sha1_base64="zVAmiqmkVrGWNkxMLfsIbA7uyxQ="></latexit>

<latexit sha1_base64="+5U4otV2+U0r2WBnlYLLqBsDfQ4="></latexit>

<latexit sha1_base64="psoODY6PvB6tMgY8meZpiDbXD5A="></latexit>



Convolution

59

vector for thatvector for not vector for great

<latexit sha1_base64="3UUxrzUi39JjC9wXmCUwumY6+pQ="></latexit>

not that great

<latexit sha1_base64="oKepLP4VmBYKSPeSJ53k8ex8U9o="></latexit>

<latexit sha1_base64="CjLyebMb2uW05izC1kzjmg0jFXk="></latexit>

<latexit sha1_base64="zVAmiqmkVrGWNkxMLfsIbA7uyxQ="></latexit>

<latexit sha1_base64="psoODY6PvB6tMgY8meZpiDbXD5A="></latexit>

Note: it’s common to add a bias b and use a nonlinearity g:

<latexit sha1_base64="pLrRZdBll10kqasNTgUsv/t7gGE="></latexit>



Convolution
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vector for thatvector for not vector for great

<latexit sha1_base64="3UUxrzUi39JjC9wXmCUwumY6+pQ="></latexit>

not that great

<latexit sha1_base64="oKepLP4VmBYKSPeSJ53k8ex8U9o="></latexit>

<latexit sha1_base64="CjLyebMb2uW05izC1kzjmg0jFXk="></latexit>

<latexit sha1_base64="zVAmiqmkVrGWNkxMLfsIbA7uyxQ="></latexit>

<latexit sha1_base64="psoODY6PvB6tMgY8meZpiDbXD5A="></latexit>

<latexit sha1_base64="8KPmSr0hMlGVyOSweL3hCD4kifs="></latexit> = “feature map” for this filter, 
has an entry for each position in input (in this case, 3 entries)



Pooling

61

vector for thatvector for not vector for great

<latexit sha1_base64="3UUxrzUi39JjC9wXmCUwumY6+pQ="></latexit>

not that great

<latexit sha1_base64="oKepLP4VmBYKSPeSJ53k8ex8U9o="></latexit>

<latexit sha1_base64="CjLyebMb2uW05izC1kzjmg0jFXk="></latexit>

<latexit sha1_base64="zVAmiqmkVrGWNkxMLfsIbA7uyxQ="></latexit>

<latexit sha1_base64="psoODY6PvB6tMgY8meZpiDbXD5A="></latexit>

how do we convert this into a fixed-length vector?
use pooling:

max-pooling: returns maximum value in 
average pooling: returns average of values in 

<latexit sha1_base64="8KPmSr0hMlGVyOSweL3hCD4kifs="></latexit>

<latexit sha1_base64="8KPmSr0hMlGVyOSweL3hCD4kifs="></latexit>



Pooling
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vector for thatvector for not vector for great

<latexit sha1_base64="3UUxrzUi39JjC9wXmCUwumY6+pQ="></latexit>

not that great

<latexit sha1_base64="oKepLP4VmBYKSPeSJ53k8ex8U9o="></latexit>

<latexit sha1_base64="CjLyebMb2uW05izC1kzjmg0jFXk="></latexit>

<latexit sha1_base64="zVAmiqmkVrGWNkxMLfsIbA7uyxQ="></latexit>

<latexit sha1_base64="psoODY6PvB6tMgY8meZpiDbXD5A="></latexit>

how do we convert this into a fixed-length vector?
use pooling:

max-pooling: returns maximum value in 
average pooling: returns average of values in 

<latexit sha1_base64="8KPmSr0hMlGVyOSweL3hCD4kifs="></latexit>

<latexit sha1_base64="8KPmSr0hMlGVyOSweL3hCD4kifs="></latexit>

then, this single filter      produces a single feature 
value (the output of some kind of pooling).
in practice, we use many filters of many different 
lengths (e.g., n-grams rather than words). 

<latexit sha1_base64="+5U4otV2+U0r2WBnlYLLqBsDfQ4="></latexit>



Convolutional Neural Networks
• “convolutional layer” = set of filters that are convolved 

with the input vector (whether x or hidden vector)

• could be followed by more convolutional layers, or by a 
type of pooling

• filters of varying n-gram lengths commonly used (1- to 
5-grams)

• CNNs commonly used for character-level processing; 
filters look at character n-grams

63



• see demo

64


