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Language Model 
Applications

• Spelling correction, text input 


• Search Query Completion

• Optical character recognition


•  e.g. scanning old books 

• Statistical machine translation 

• Information retrieval


• Question Answering 

• Automatic speech recognition

• …
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Recap: N-gram Language 
Models

• We wanted to calculate
p(W ) = p(w1, w2, . . . , wn)
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p(wi|wi�1, wi�2, . . . , wn�1) ⇡ p(wi|wi�1, wi�2, wi�3, wi�4)
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Representing Words
• Words are represented with one-hot vector, e.g.,


• dog = (0, 0, 0, 1, 0, 0, …)


• cat = (0, 0, 0, 0, 0, 1, …)


• eat = (0, 1, 0, 0, 0, 0, …)
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Second Sketch
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Feedforward Neural 
Network LM (FFNN)

• Loop through the entire 
corpus 

• Calculate error or loss 
(cross-entropy loss)

• Propagate the error 
through network to 
update the weight 
matrices 

• Back Propagation

7

Hidden (t)

WORD3

WORD4

C2

W

WORD2WORD1

C3C1

FFNN



SNLP 2021 Silo AI

Why NNs for LMs

8



SNLP 2021 Silo AI

Why NNs for LMs

8

The cat is walking in the bedroom


A dog was running in a room



SNLP 2021 Silo AI

Why NNs for LMs

8

The cat is walking in the bedroom


A dog was running in a room

The cat is running in a room 


A dog is walking in a bedroom 


The dog was walking in the room

=>



SNLP 2021 Silo AI

Why NNs for LMs

• NNLM generalizes in such a way that similar words have 
similar vectors 

8

The cat is walking in the bedroom


A dog was running in a room

The cat is running in a room 


A dog is walking in a bedroom 


The dog was walking in the room

=>



SNLP 2021 Silo AI

Why NNs for LMs

• NNLM generalizes in such a way that similar words have 
similar vectors 

• Presence of only one such sentence in the training set 
helps improve the probability of its combinations
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Types of NNLM
• Feedforward Neural Network Language Model


• Recurrent Neural Network Language Model


• Long-Short Term Memory LM


• Transformer-based LM


• ..
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NNLM: Questions
• What might be some challenges that you might face while 

training or applying NNLMs?
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Feedforward: Long-term 
information

• “I grew up in France… I speak fluent ________.”

• Feedforward Neural Network (FFNN) has limited context 
size

12
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Recurrent Neural Networks 
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RNN: Timestep 1
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RNN: Timestep 2
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RNN: Timestep 3
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RNN
• “I grew up in France… I speak fluent ________.”French
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RNN
• “I grew up in France… I speak fluent ________.”

• As the gap grows, RNNs become unable to learn to 
connect information

French
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RNN

• Error (red arrow) is passed through a chain of hidden 
states


• Error passing through multiple of these functions can 
vanish
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Problems with RNN
• The main problem with RNNs is that gradients less than 1 

become exponentially small over time 

• Known as the vanishing gradient problem

• Gradients greater than 1 become exponentially large over 
time (the exploding gradient problem)∗

• This leads to training instability, and bad results

• Sequence Modeling: https://www.deeplearningbook.org/
contents/rnn.html

* The exploding gradient problem can be alleviated by clipping large gradient values to some maximum number
21
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Long-Short Term Memory 

• Lets add another neural network help the first network 
learn long-distance relationships


• That’s basically what we do when we add more weight 
matrices to a neural network

23
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• Global State c captures global information at the 
document/ sentence level
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LSTM: States

• Global State c captures global information at the 
document/ sentence level

• LSTM hidden state ht interacts with this global state to 
predict the next word
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<latexit sha1_base64="U9TdtNQiyfQrt7WYor0CJxrh2Iw=">AAACC3icbVC7TsMwFHV4lvAKMLJErZBYqBIEgrGChbFI9CE1UeS4bmvVTiL7BlpF3Vn4FRYGEGLlB9j4G9w0A7QcyVdH59yr63vChDMFjvNtLC2vrK6tlzbMza3tnV1rb7+p4lQS2iAxj2U7xIpyFtEGMOC0nUiKRchpKxxeT/3WPZWKxdEdjBPqC9yPWI8RDFoKrLKnWF9gzzMfgpGuYV4HQQYn7kSzUQCBVXGqTg57kbgFqaAC9cD68roxSQWNgHCsVMd1EvAzLIERTiemlyqaYDLEfdrRNMKCKj/Lb5nYR1rp2r1Y6heBnau/JzIslBqLUHcKDAM1703F/7xOCr1LP2NRkgKNyGxRL+U2xPY0GLvLJCXAx5pgIpn+q00GWGICOj5Th+DOn7xImqdV97zq3J5ValdFHCV0iMroGLnoAtXQDaqjBiLoET2jV/RmPBkvxrvxMWtdMoqZA/QHxucPLUKZ2w==</latexit> �

wx

bx

ht�1

xt

sigmoid function

weight of the respective gate(x)

bias of the respective gate(x)

output of the previous LSTM

input at current timestamp

<latexit sha1_base64="OJqltrXzDTbSpBd0/DrgLJTzAvE=">AAAB+XicbVDJSgNBEK2JW4zbqEcvjUEUwTAjil6EoBePEcwCyTD0dHqSJj0L3TWBMORPvHhQxKt/4s2/sbMcNPqg4PFeFVX1glQKjY7zZRWWlldW14rrpY3Nre0de3evoZNMMV5niUxUK6CaSxHzOgqUvJUqTqNA8mYwuJv4zSFXWiTxI45S7kW0F4tQMIpG8m2b+Xh8w/wcz9zxaeijb5edijMF+UvcOSnDHDXf/ux0E5ZFPEYmqdZt10nRy6lCwSQflzqZ5illA9rjbUNjGnHt5dPLx+TIKF0SJspUjGSq/pzIaaT1KApMZ0Sxrxe9ifif184wvPZyEacZ8pjNFoWZJJiQSQykKxRnKEeGUKaEuZWwPlWUoQmrZEJwF1/+SxrnFfey4jxclKu38ziKcACHcAIuXEEV7qEGdWAwhCd4gVcrt56tN+t91lqw5jP78AvWxzdhJZLY</latexit>

c0t = ct�1 ⇤ ft

<latexit sha1_base64="C2tuooVDo9XJPmDM/4deXTp21js=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbRU0lE0WPRi8cK1hbaUDbbTbt0Nwm7E6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCajhUkS8hQIl7ySaUxVI3g7Gt7nffuLaiDh6wEnCfUWHkQgFo5hLrI+n/WrNrbszkGXiFaQGBZr96ldvELNU8QiZpMZ0PTdBP6MaBZN8WumlhieUjemQdy2NqOLGz2a3TsmJVQYkjLWtCMlM/T2RUWXMRAW2U1EcmUUvF//zuimG134moiRFHrH5ojCVBGOSP04GQnOGcmIJZVrYWwkbUU0Z2ngqNgRv8eVl8nhe9y7r7v1FrXFTxFGGIziGM/DgChpwB01oAYMRPMMrvDnKeXHenY95a8kpZg7hD5zPH7PKjgM=</latexit>

c0t
<latexit sha1_base64="neRPIgD3pvnaBo/Ec0LtdZ/ifWo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRih6LXjxWsB/QhrLZbtqlm03YnQgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38389hPXRsTqEScJ9yM6VCIUjKKV2qyf4YU37ZcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/d0rOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4Y2fCZWkyBVbLApTSTAms9/JQGjOUE4soUwLeythI6opQ5tQyYbgLb+8SlqXVe+q6j7UKvXbPI4inMApnIMH11CHe2hAExiM4Rle4c1JnBfn3flYtBacfOYY/sD5/AHzjY9Q</latexit>ct�1

<latexit sha1_base64="O0Z/D2gtJYWtfntdRjCykgkYO4g=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRih6LXjxWsB/QhrLZbtqlm03YnQgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38389hPXRsTqEScJ9yM6VCIUjKKV2qN+hhfetF+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn83Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophjd+JlSSIldssShMJcGYzH4nA6E5QzmxhDIt7K2EjaimDG1CJRuCt/zyKmldVr2rqvtQq9Rv8ziKcAKncA4eXEMd7qEBTWAwhmd4hTcncV6cd+dj0Vpw8plj+APn8wf7P49V</latexit>

ht�1

<latexit sha1_base64="Nue+48Xs3pc60oRXcEGiniv8Ues=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJj/o5TvvVmlt35yCrxCtIDQo0+9Wv3iBhWcwVMkmN6XpuikFONQom+bTSywxPKRvTIe9aqmjMTZDPj52SM6sMSJRoWwrJXP09kdPYmEkc2s6Y4sgsezPxP6+bYXQT5EKlGXLFFouiTBJMyOxzMhCaM5QTSyjTwt5K2IhqytDmU7EheMsvr5LWRd27qrsPl7XGbRFHGU7gFM7Bg2towD00wQcGAp7hFd4c5bw4787HorXkFDPH8AfO5w8b5o7h</latexit>

ft
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<latexit sha1_base64="NFaaIoP36GtQoHipAgMREvO9G04=">AAACDXicbVDJSgNBEO2JW4zbqEcvjVGIqGFGFL0IQS8eI5gFJsPQ0+lJmvQsdNeoYcgPePFXvHhQxKt3b/6NneWgxgcFj/eqqKrnJ4IrsKwvIzczOze/kF8sLC2vrK6Z6xt1FaeSshqNRSybPlFM8IjVgINgzUQyEvqCNfze5dBv3DKpeBzdQD9hbkg6EQ84JaAlz9wJPMDnuKV4JySlOy9wul4Gh/bg4N4DF+9j3wv2PLNola0R8DSxJ6SIJqh65merHdM0ZBFQQZRybCsBNyMSOBVsUGiliiWE9kiHOZpGJGTKzUbfDPCuVto4iKWuCPBI/TmRkVCpfujrzpBAV/31huJ/npNCcOZmPEpSYBEdLwpSgSHGw2hwm0tGQfQ1IVRyfSumXSIJBR1gQYdg/315mtSPyvZJ2bo+LlYuJnHk0RbaRiVko1NUQVeoimqIogf0hF7Qq/FoPBtvxvu4NWdMZjbRLxgf38jRmhk=</latexit>

ft = �(wf [ht�1, xt] + bf )

<latexit sha1_base64="trHJED0qWF/KHE4HjPjYEvjSuOM=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOSJcxOZpMhM7PLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZIZxhsskYlpR9RyKTRvoEDJ26nhVEWSt6LR3cxvPXFjRaIfcZzyUNGBFrFgFJ3U6loxUJT0yhW/6s9BVkmQkwrkqPfKX91+wjLFNTJJre0EforhhBoUTPJpqZtZnlI2ogPecVRTxW04mZ87JWdO6ZM4Ma40krn6e2JClbVjFblORXFol72Z+J/XyTC+CSdCpxlyzRaL4kwSTMjsd9IXhjOUY0coM8LdStiQGsrQJVRyIQTLL6+S5kU1uKr6D5eV2m0eRxFO4BTOIYBrqME91KEBDEbwDK/w5qXei/fufSxaC14+cwx/4H3+APWMj1E=</latexit>�

<latexit sha1_base64="O0Z/D2gtJYWtfntdRjCykgkYO4g=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRih6LXjxWsB/QhrLZbtqlm03YnQgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38389hPXRsTqEScJ9yM6VCIUjKKV2qN+hhfetF+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn83Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophjd+JlSSIldssShMJcGYzH4nA6E5QzmxhDIt7K2EjaimDG1CJRuCt/zyKmldVr2rqvtQq9Rv8ziKcAKncA4eXEMd7qEBTWAwhmd4hTcncV6cd+dj0Vpw8plj+APn8wf7P49V</latexit>

ht�1
<latexit sha1_base64="6xTc3/RxLGXrpJ1zalcsAJerLqA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKphbaUDbbTbt0swm7E7GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h+0TJJpxn2WyES3Q2q4FIr7KFDydqo5jUPJH8LRzdR/eOTaiETd4zjlQUwHSkSCUbSS/9TLcdKr1ty6OwNZJl5BalCg2at+dfsJy2KukElqTMdzUwxyqlEwySeVbmZ4StmIDnjHUkVjboJ8duyEnFilT6JE21JIZurviZzGxozj0HbGFIdm0ZuK/3mdDKOrIBcqzZArNl8UZZJgQqafk77QnKEcW0KZFvZWwoZUU4Y2n4oNwVt8eZm0zureRd29O681ros4ynAEx3AKHlxCA26hCT4wEPAMr/DmKOfFeXc+5q0lp5g5hD9wPn8AN3aO8w==</latexit>xt

<latexit sha1_base64="OJqltrXzDTbSpBd0/DrgLJTzAvE=">AAAB+XicbVDJSgNBEK2JW4zbqEcvjUEUwTAjil6EoBePEcwCyTD0dHqSJj0L3TWBMORPvHhQxKt/4s2/sbMcNPqg4PFeFVX1glQKjY7zZRWWlldW14rrpY3Nre0de3evoZNMMV5niUxUK6CaSxHzOgqUvJUqTqNA8mYwuJv4zSFXWiTxI45S7kW0F4tQMIpG8m2b+Xh8w/wcz9zxaeijb5edijMF+UvcOSnDHDXf/ux0E5ZFPEYmqdZt10nRy6lCwSQflzqZ5illA9rjbUNjGnHt5dPLx+TIKF0SJspUjGSq/pzIaaT1KApMZ0Sxrxe9ifif184wvPZyEacZ8pjNFoWZJJiQSQykKxRnKEeGUKaEuZWwPlWUoQmrZEJwF1/+SxrnFfey4jxclKu38ziKcACHcAIuXEEV7qEGdWAwhCd4gVcrt56tN+t91lqw5jP78AvWxzdhJZLY</latexit>

c0t = ct�1 ⇤ ft

<latexit sha1_base64="dz4tvYTR4tBgj9oHFY/3eTPlIPI=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbRU0lE0WPRi8cK9gPaUDbbTbt2swm7E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94DjhfkQHSoSCUbRSk/UynJz2yhW36s5AlomXkwrkqPfKX91+zNKIK2SSGtPx3AT9jGoUTPJJqZsanlA2ogPesVTRiBs/m107ISdW6ZMw1rYUkpn6eyKjkTHjKLCdEcWhWfSm4n9eJ8Xw2s+ESlLkis0XhakkGJPp66QvNGcox5ZQpoW9lbAh1ZShDahkQ/AWX14mzfOqd1l17y8qtZs8jiIcwTGcgQdXUIM7qEMDGDzCM7zCmxM7L8678zFvLTj5zCH8gfP5A3mEjw8=</latexit>

c0t

<latexit sha1_base64="lwkSPh6fabMhXorxzm3KYBA0KH4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoheh6MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8d3Mbz9xbUSsHnGScD+iQyVCwShaqR30Q3JD3H654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzc6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvudDITmDOXEEsq0sLcSNqKaMrQJlWwI3vLLq6R1UfVqVffhslK/zeMowgmcwjl4cAV1uIcGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx/bV46Y</latexit>

bf = 0

<latexit sha1_base64="neRPIgD3pvnaBo/Ec0LtdZ/ifWo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRih6LXjxWsB/QhrLZbtqlm03YnQgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38389hPXRsTqEScJ9yM6VCIUjKKV2qyf4YU37ZcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/d0rOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4Y2fCZWkyBVbLApTSTAms9/JQGjOUE4soUwLeythI6opQ5tQyYbgLb+8SlqXVe+q6j7UKvXbPI4inMApnIMH11CHe2hAExiM4Rle4c1JnBfn3flYtBacfOYY/sD5/AHzjY9Q</latexit>ct�1

<latexit sha1_base64="YPujogv59p78YpZ9CJ3ooj7fPdk=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSK4KokouhGKblxW6AvSGCaTSTt08nBmooRQf8WNC0Xc+iHu/Bunj4W2HrhwOOde7r3HTzmTyrK+jaXlldW19dJGeXNre2fX3NtvyyQThLZIwhPR9bGknMW0pZjitJsKiiOf044/vB77nQcqJEvipspT6ka4H7OQEay05JmVRy9El8ixUe8+wwGy3bumZ1atmjUBWiT2jFRhhoZnfvWChGQRjRXhWErHtlLlFlgoRjgdlXuZpCkmQ9ynjqYxjqh0i8nxI3SklQCFidAVKzRRf08UOJIyj3zdGWE1kPPeWPzPczIVXrgFi9NM0ZhMF4UZRypB4yRQwAQliueaYCKYvhWRARaYKJ1XWYdgz7+8SNonNfusZt2eVutXszhKcACHcAw2nEMdbqABLSCQwzO8wpvxZLwY78bHtHXJmM1U4A+Mzx9A2JM5</latexit>

wf = [1 1]T

https://keisan.casio.com/exec/system/15157249643325
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<latexit sha1_base64="NFaaIoP36GtQoHipAgMREvO9G04=">AAACDXicbVDJSgNBEO2JW4zbqEcvjVGIqGFGFL0IQS8eI5gFJsPQ0+lJmvQsdNeoYcgPePFXvHhQxKt3b/6NneWgxgcFj/eqqKrnJ4IrsKwvIzczOze/kF8sLC2vrK6Z6xt1FaeSshqNRSybPlFM8IjVgINgzUQyEvqCNfze5dBv3DKpeBzdQD9hbkg6EQ84JaAlz9wJPMDnuKV4JySlOy9wul4Gh/bg4N4DF+9j3wv2PLNola0R8DSxJ6SIJqh65merHdM0ZBFQQZRybCsBNyMSOBVsUGiliiWE9kiHOZpGJGTKzUbfDPCuVto4iKWuCPBI/TmRkVCpfujrzpBAV/31huJ/npNCcOZmPEpSYBEdLwpSgSHGw2hwm0tGQfQ1IVRyfSumXSIJBR1gQYdg/315mtSPyvZJ2bo+LlYuJnHk0RbaRiVko1NUQVeoimqIogf0hF7Qq/FoPBtvxvu4NWdMZjbRLxgf38jRmhk=</latexit>

ft = �(wf [ht�1, xt] + bf )

<latexit sha1_base64="trHJED0qWF/KHE4HjPjYEvjSuOM=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOSJcxOZpMhM7PLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZIZxhsskYlpR9RyKTRvoEDJ26nhVEWSt6LR3cxvPXFjRaIfcZzyUNGBFrFgFJ3U6loxUJT0yhW/6s9BVkmQkwrkqPfKX91+wjLFNTJJre0EforhhBoUTPJpqZtZnlI2ogPecVRTxW04mZ87JWdO6ZM4Ma40krn6e2JClbVjFblORXFol72Z+J/XyTC+CSdCpxlyzRaL4kwSTMjsd9IXhjOUY0coM8LdStiQGsrQJVRyIQTLL6+S5kU1uKr6D5eV2m0eRxFO4BTOIYBrqME91KEBDEbwDK/w5qXei/fufSxaC14+cwx/4H3+APWMj1E=</latexit>�

<latexit sha1_base64="O0Z/D2gtJYWtfntdRjCykgkYO4g=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRih6LXjxWsB/QhrLZbtqlm03YnQgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38389hPXRsTqEScJ9yM6VCIUjKKV2qN+hhfetF+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn83Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophjd+JlSSIldssShMJcGYzH4nA6E5QzmxhDIt7K2EjaimDG1CJRuCt/zyKmldVr2rqvtQq9Rv8ziKcAKncA4eXEMd7qEBTWAwhmd4hTcncV6cd+dj0Vpw8plj+APn8wf7P49V</latexit>

ht�1
<latexit sha1_base64="6xTc3/RxLGXrpJ1zalcsAJerLqA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKphbaUDbbTbt0swm7E7GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h+0TJJpxn2WyES3Q2q4FIr7KFDydqo5jUPJH8LRzdR/eOTaiETd4zjlQUwHSkSCUbSS/9TLcdKr1ty6OwNZJl5BalCg2at+dfsJy2KukElqTMdzUwxyqlEwySeVbmZ4StmIDnjHUkVjboJ8duyEnFilT6JE21JIZurviZzGxozj0HbGFIdm0ZuK/3mdDKOrIBcqzZArNl8UZZJgQqafk77QnKEcW0KZFvZWwoZUU4Y2n4oNwVt8eZm0zureRd29O681ros4ynAEx3AKHlxCA26hCT4wEPAMr/DmKOfFeXc+5q0lp5g5hD9wPn8AN3aO8w==</latexit>xt

<latexit sha1_base64="OJqltrXzDTbSpBd0/DrgLJTzAvE=">AAAB+XicbVDJSgNBEK2JW4zbqEcvjUEUwTAjil6EoBePEcwCyTD0dHqSJj0L3TWBMORPvHhQxKt/4s2/sbMcNPqg4PFeFVX1glQKjY7zZRWWlldW14rrpY3Nre0de3evoZNMMV5niUxUK6CaSxHzOgqUvJUqTqNA8mYwuJv4zSFXWiTxI45S7kW0F4tQMIpG8m2b+Xh8w/wcz9zxaeijb5edijMF+UvcOSnDHDXf/ux0E5ZFPEYmqdZt10nRy6lCwSQflzqZ5illA9rjbUNjGnHt5dPLx+TIKF0SJspUjGSq/pzIaaT1KApMZ0Sxrxe9ifif184wvPZyEacZ8pjNFoWZJJiQSQykKxRnKEeGUKaEuZWwPlWUoQmrZEJwF1/+SxrnFfey4jxclKu38ziKcACHcAIuXEEV7qEGdWAwhCd4gVcrt56tN+t91lqw5jP78AvWxzdhJZLY</latexit>

c0t = ct�1 ⇤ ft

<latexit sha1_base64="dz4tvYTR4tBgj9oHFY/3eTPlIPI=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbRU0lE0WPRi8cK9gPaUDbbTbt2swm7E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94DjhfkQHSoSCUbRSk/UynJz2yhW36s5AlomXkwrkqPfKX91+zNKIK2SSGtPx3AT9jGoUTPJJqZsanlA2ogPesVTRiBs/m107ISdW6ZMw1rYUkpn6eyKjkTHjKLCdEcWhWfSm4n9eJ8Xw2s+ESlLkis0XhakkGJPp66QvNGcox5ZQpoW9lbAh1ZShDahkQ/AWX14mzfOqd1l17y8qtZs8jiIcwTGcgQdXUIM7qEMDGDzCM7zCmxM7L8678zFvLTj5zCH8gfP5A3mEjw8=</latexit>

c0t

<latexit sha1_base64="YPujogv59p78YpZ9CJ3ooj7fPdk=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSK4KokouhGKblxW6AvSGCaTSTt08nBmooRQf8WNC0Xc+iHu/Bunj4W2HrhwOOde7r3HTzmTyrK+jaXlldW19dJGeXNre2fX3NtvyyQThLZIwhPR9bGknMW0pZjitJsKiiOf044/vB77nQcqJEvipspT6ka4H7OQEay05JmVRy9El8ixUe8+wwGy3bumZ1atmjUBWiT2jFRhhoZnfvWChGQRjRXhWErHtlLlFlgoRjgdlXuZpCkmQ9ynjqYxjqh0i8nxI3SklQCFidAVKzRRf08UOJIyj3zdGWE1kPPeWPzPczIVXrgFi9NM0ZhMF4UZRypB4yRQwAQliueaYCKYvhWRARaYKJ1XWYdgz7+8SNonNfusZt2eVutXszhKcACHcAw2nEMdbqABLSCQwzO8wpvxZLwY78bHtHXJmM1U4A+Mzx9A2JM5</latexit>

wf = [1 1]T

<latexit sha1_base64="lwkSPh6fabMhXorxzm3KYBA0KH4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoheh6MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8d3Mbz9xbUSsHnGScD+iQyVCwShaqR30Q3JD3H654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzc6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvudDITmDOXEEsq0sLcSNqKaMrQJlWwI3vLLq6R1UfVqVffhslK/zeMowgmcwjl4cAV1uIcGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx/bV46Y</latexit>

bf = 0

<latexit sha1_base64="neRPIgD3pvnaBo/Ec0LtdZ/ifWo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRih6LXjxWsB/QhrLZbtqlm03YnQgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38389hPXRsTqEScJ9yM6VCIUjKKV2qyf4YU37ZcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/d0rOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4Y2fCZWkyBVbLApTSTAms9/JQGjOUE4soUwLeythI6opQ5tQyYbgLb+8SlqXVe+q6j7UKvXbPI4inMApnIMH11CHe2hAExiM4Rle4c1JnBfn3flYtBacfOYY/sD5/AHzjY9Q</latexit>ct�1

https://keisan.casio.com/exec/system/15157249643325
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<latexit sha1_base64="NFaaIoP36GtQoHipAgMREvO9G04=">AAACDXicbVDJSgNBEO2JW4zbqEcvjVGIqGFGFL0IQS8eI5gFJsPQ0+lJmvQsdNeoYcgPePFXvHhQxKt3b/6NneWgxgcFj/eqqKrnJ4IrsKwvIzczOze/kF8sLC2vrK6Z6xt1FaeSshqNRSybPlFM8IjVgINgzUQyEvqCNfze5dBv3DKpeBzdQD9hbkg6EQ84JaAlz9wJPMDnuKV4JySlOy9wul4Gh/bg4N4DF+9j3wv2PLNola0R8DSxJ6SIJqh65merHdM0ZBFQQZRybCsBNyMSOBVsUGiliiWE9kiHOZpGJGTKzUbfDPCuVto4iKWuCPBI/TmRkVCpfujrzpBAV/31huJ/npNCcOZmPEpSYBEdLwpSgSHGw2hwm0tGQfQ1IVRyfSumXSIJBR1gQYdg/315mtSPyvZJ2bo+LlYuJnHk0RbaRiVko1NUQVeoimqIogf0hF7Qq/FoPBtvxvu4NWdMZjbRLxgf38jRmhk=</latexit>

ft = �(wf [ht�1, xt] + bf )

<latexit sha1_base64="trHJED0qWF/KHE4HjPjYEvjSuOM=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOSJcxOZpMhM7PLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZIZxhsskYlpR9RyKTRvoEDJ26nhVEWSt6LR3cxvPXFjRaIfcZzyUNGBFrFgFJ3U6loxUJT0yhW/6s9BVkmQkwrkqPfKX91+wjLFNTJJre0EforhhBoUTPJpqZtZnlI2ogPecVRTxW04mZ87JWdO6ZM4Ma40krn6e2JClbVjFblORXFol72Z+J/XyTC+CSdCpxlyzRaL4kwSTMjsd9IXhjOUY0coM8LdStiQGsrQJVRyIQTLL6+S5kU1uKr6D5eV2m0eRxFO4BTOIYBrqME91KEBDEbwDK/w5qXei/fufSxaC14+cwx/4H3+APWMj1E=</latexit>�

<latexit sha1_base64="O0Z/D2gtJYWtfntdRjCykgkYO4g=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRih6LXjxWsB/QhrLZbtqlm03YnQgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38389hPXRsTqEScJ9yM6VCIUjKKV2qN+hhfetF+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn83Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophjd+JlSSIldssShMJcGYzH4nA6E5QzmxhDIt7K2EjaimDG1CJRuCt/zyKmldVr2rqvtQq9Rv8ziKcAKncA4eXEMd7qEBTWAwhmd4hTcncV6cd+dj0Vpw8plj+APn8wf7P49V</latexit>

ht�1
<latexit sha1_base64="6xTc3/RxLGXrpJ1zalcsAJerLqA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKphbaUDbbTbt0swm7E7GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h+0TJJpxn2WyES3Q2q4FIr7KFDydqo5jUPJH8LRzdR/eOTaiETd4zjlQUwHSkSCUbSS/9TLcdKr1ty6OwNZJl5BalCg2at+dfsJy2KukElqTMdzUwxyqlEwySeVbmZ4StmIDnjHUkVjboJ8duyEnFilT6JE21JIZurviZzGxozj0HbGFIdm0ZuK/3mdDKOrIBcqzZArNl8UZZJgQqafk77QnKEcW0KZFvZWwoZUU4Y2n4oNwVt8eZm0zureRd29O681ros4ynAEx3AKHlxCA26hCT4wEPAMr/DmKOfFeXc+5q0lp5g5hD9wPn8AN3aO8w==</latexit>xt

<latexit sha1_base64="OJqltrXzDTbSpBd0/DrgLJTzAvE=">AAAB+XicbVDJSgNBEK2JW4zbqEcvjUEUwTAjil6EoBePEcwCyTD0dHqSJj0L3TWBMORPvHhQxKt/4s2/sbMcNPqg4PFeFVX1glQKjY7zZRWWlldW14rrpY3Nre0de3evoZNMMV5niUxUK6CaSxHzOgqUvJUqTqNA8mYwuJv4zSFXWiTxI45S7kW0F4tQMIpG8m2b+Xh8w/wcz9zxaeijb5edijMF+UvcOSnDHDXf/ux0E5ZFPEYmqdZt10nRy6lCwSQflzqZ5illA9rjbUNjGnHt5dPLx+TIKF0SJspUjGSq/pzIaaT1KApMZ0Sxrxe9ifif184wvPZyEacZ8pjNFoWZJJiQSQykKxRnKEeGUKaEuZWwPlWUoQmrZEJwF1/+SxrnFfey4jxclKu38ziKcACHcAIuXEEV7qEGdWAwhCd4gVcrt56tN+t91lqw5jP78AvWxzdhJZLY</latexit>

c0t = ct�1 ⇤ ft

<latexit sha1_base64="dz4tvYTR4tBgj9oHFY/3eTPlIPI=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbRU0lE0WPRi8cK9gPaUDbbTbt2swm7E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94DjhfkQHSoSCUbRSk/UynJz2yhW36s5AlomXkwrkqPfKX91+zNKIK2SSGtPx3AT9jGoUTPJJqZsanlA2ogPesVTRiBs/m107ISdW6ZMw1rYUkpn6eyKjkTHjKLCdEcWhWfSm4n9eJ8Xw2s+ESlLkis0XhakkGJPp66QvNGcox5ZQpoW9lbAh1ZShDahkQ/AWX14mzfOqd1l17y8qtZs8jiIcwTGcgQdXUIM7qEMDGDzCM7zCmxM7L8678zFvLTj5zCH8gfP5A3mEjw8=</latexit>

c0t

<latexit sha1_base64="YPujogv59p78YpZ9CJ3ooj7fPdk=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSK4KokouhGKblxW6AvSGCaTSTt08nBmooRQf8WNC0Xc+iHu/Bunj4W2HrhwOOde7r3HTzmTyrK+jaXlldW19dJGeXNre2fX3NtvyyQThLZIwhPR9bGknMW0pZjitJsKiiOf044/vB77nQcqJEvipspT6ka4H7OQEay05JmVRy9El8ixUe8+wwGy3bumZ1atmjUBWiT2jFRhhoZnfvWChGQRjRXhWErHtlLlFlgoRjgdlXuZpCkmQ9ynjqYxjqh0i8nxI3SklQCFidAVKzRRf08UOJIyj3zdGWE1kPPeWPzPczIVXrgFi9NM0ZhMF4UZRypB4yRQwAQliueaYCKYvhWRARaYKJ1XWYdgz7+8SNonNfusZt2eVutXszhKcACHcAw2nEMdbqABLSCQwzO8wpvxZLwY78bHtHXJmM1U4A+Mzx9A2JM5</latexit>

wf = [1 1]T

<latexit sha1_base64="lwkSPh6fabMhXorxzm3KYBA0KH4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoheh6MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8d3Mbz9xbUSsHnGScD+iQyVCwShaqR30Q3JD3H654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzc6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvudDITmDOXEEsq0sLcSNqKaMrQJlWwI3vLLq6R1UfVqVffhslK/zeMowgmcwjl4cAV1uIcGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx/bV46Y</latexit>

bf = 0

<latexit sha1_base64="neRPIgD3pvnaBo/Ec0LtdZ/ifWo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRih6LXjxWsB/QhrLZbtqlm03YnQgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38389hPXRsTqEScJ9yM6VCIUjKKV2qyf4YU37ZcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/d0rOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4Y2fCZWkyBVbLApTSTAms9/JQGjOUE4soUwLeythI6opQ5tQyYbgLb+8SlqXVe+q6j7UKvXbPI4inMApnIMH11CHe2hAExiM4Rle4c1JnBfn3flYtBacfOYY/sD5/AHzjY9Q</latexit>ct�1

<latexit sha1_base64="dd9E2Tj+CITdvkfQ47tcwbMhh64="></latexit>

wf [ht�1, xt] + bf = [1 1]⇥

1
0.2

�
= 1.2

<latexit sha1_base64="AGsVd78CNSa8aJL6FJfISci4wAw=">AAAB7HicbVBNS8NAEJ31s9avqkcvi0XwFJKi6LHoxWMF0xbSUDbbTbt0swm7G6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvygTXxnW/0dr6xubWdmWnuru3f3BYOzpu6zRXlPk0FanqRkQzwSXzDTeCdTPFSBIJ1onGdzO/88SU5ql8NJOMhQkZSh5zSoyV/MBzGmG/Vncddw68SryS1KFEq1/76g1SmidMGiqI1oHnZiYsiDKcCjat9nLNMkLHZMgCSyVJmA6L+bFTfG6VAY5TZUsaPFd/TxQk0XqSRLYzIWakl72Z+J8X5Ca+CQsus9wwSReL4lxgk+LZ53jAFaNGTCwhVHF7K6Yjogg1Np+qDcFbfnmVtBuOd+W4D5f15m0ZRwVO4QwuwINraMI9tMAHChye4RXekEQv6B19LFrXUDlzAn+APn8AupaN+Q==</latexit>

[1.2]
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<latexit sha1_base64="NFaaIoP36GtQoHipAgMREvO9G04=">AAACDXicbVDJSgNBEO2JW4zbqEcvjVGIqGFGFL0IQS8eI5gFJsPQ0+lJmvQsdNeoYcgPePFXvHhQxKt3b/6NneWgxgcFj/eqqKrnJ4IrsKwvIzczOze/kF8sLC2vrK6Z6xt1FaeSshqNRSybPlFM8IjVgINgzUQyEvqCNfze5dBv3DKpeBzdQD9hbkg6EQ84JaAlz9wJPMDnuKV4JySlOy9wul4Gh/bg4N4DF+9j3wv2PLNola0R8DSxJ6SIJqh65merHdM0ZBFQQZRybCsBNyMSOBVsUGiliiWE9kiHOZpGJGTKzUbfDPCuVto4iKWuCPBI/TmRkVCpfujrzpBAV/31huJ/npNCcOZmPEpSYBEdLwpSgSHGw2hwm0tGQfQ1IVRyfSumXSIJBR1gQYdg/315mtSPyvZJ2bo+LlYuJnHk0RbaRiVko1NUQVeoimqIogf0hF7Qq/FoPBtvxvu4NWdMZjbRLxgf38jRmhk=</latexit>

ft = �(wf [ht�1, xt] + bf )

<latexit sha1_base64="trHJED0qWF/KHE4HjPjYEvjSuOM=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOSJcxOZpMhM7PLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZIZxhsskYlpR9RyKTRvoEDJ26nhVEWSt6LR3cxvPXFjRaIfcZzyUNGBFrFgFJ3U6loxUJT0yhW/6s9BVkmQkwrkqPfKX91+wjLFNTJJre0EforhhBoUTPJpqZtZnlI2ogPecVRTxW04mZ87JWdO6ZM4Ma40krn6e2JClbVjFblORXFol72Z+J/XyTC+CSdCpxlyzRaL4kwSTMjsd9IXhjOUY0coM8LdStiQGsrQJVRyIQTLL6+S5kU1uKr6D5eV2m0eRxFO4BTOIYBrqME91KEBDEbwDK/w5qXei/fufSxaC14+cwx/4H3+APWMj1E=</latexit>�

<latexit sha1_base64="O0Z/D2gtJYWtfntdRjCykgkYO4g=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRih6LXjxWsB/QhrLZbtqlm03YnQgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38389hPXRsTqEScJ9yM6VCIUjKKV2qN+hhfetF+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn83Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophjd+JlSSIldssShMJcGYzH4nA6E5QzmxhDIt7K2EjaimDG1CJRuCt/zyKmldVr2rqvtQq9Rv8ziKcAKncA4eXEMd7qEBTWAwhmd4hTcncV6cd+dj0Vpw8plj+APn8wf7P49V</latexit>

ht�1
<latexit sha1_base64="6xTc3/RxLGXrpJ1zalcsAJerLqA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKphbaUDbbTbt0swm7E7GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h+0TJJpxn2WyES3Q2q4FIr7KFDydqo5jUPJH8LRzdR/eOTaiETd4zjlQUwHSkSCUbSS/9TLcdKr1ty6OwNZJl5BalCg2at+dfsJy2KukElqTMdzUwxyqlEwySeVbmZ4StmIDnjHUkVjboJ8duyEnFilT6JE21JIZurviZzGxozj0HbGFIdm0ZuK/3mdDKOrIBcqzZArNl8UZZJgQqafk77QnKEcW0KZFvZWwoZUU4Y2n4oNwVt8eZm0zureRd29O681ros4ynAEx3AKHlxCA26hCT4wEPAMr/DmKOfFeXc+5q0lp5g5hD9wPn8AN3aO8w==</latexit>xt

<latexit sha1_base64="OJqltrXzDTbSpBd0/DrgLJTzAvE=">AAAB+XicbVDJSgNBEK2JW4zbqEcvjUEUwTAjil6EoBePEcwCyTD0dHqSJj0L3TWBMORPvHhQxKt/4s2/sbMcNPqg4PFeFVX1glQKjY7zZRWWlldW14rrpY3Nre0de3evoZNMMV5niUxUK6CaSxHzOgqUvJUqTqNA8mYwuJv4zSFXWiTxI45S7kW0F4tQMIpG8m2b+Xh8w/wcz9zxaeijb5edijMF+UvcOSnDHDXf/ux0E5ZFPEYmqdZt10nRy6lCwSQflzqZ5illA9rjbUNjGnHt5dPLx+TIKF0SJspUjGSq/pzIaaT1KApMZ0Sxrxe9ifif184wvPZyEacZ8pjNFoWZJJiQSQykKxRnKEeGUKaEuZWwPlWUoQmrZEJwF1/+SxrnFfey4jxclKu38ziKcACHcAIuXEEV7qEGdWAwhCd4gVcrt56tN+t91lqw5jP78AvWxzdhJZLY</latexit>

c0t = ct�1 ⇤ ft

<latexit sha1_base64="dz4tvYTR4tBgj9oHFY/3eTPlIPI=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbRU0lE0WPRi8cK9gPaUDbbTbt2swm7E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94DjhfkQHSoSCUbRSk/UynJz2yhW36s5AlomXkwrkqPfKX91+zNKIK2SSGtPx3AT9jGoUTPJJqZsanlA2ogPesVTRiBs/m107ISdW6ZMw1rYUkpn6eyKjkTHjKLCdEcWhWfSm4n9eJ8Xw2s+ESlLkis0XhakkGJPp66QvNGcox5ZQpoW9lbAh1ZShDahkQ/AWX14mzfOqd1l17y8qtZs8jiIcwTGcgQdXUIM7qEMDGDzCM7zCmxM7L8678zFvLTj5zCH8gfP5A3mEjw8=</latexit>

c0t

<latexit sha1_base64="YPujogv59p78YpZ9CJ3ooj7fPdk=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSK4KokouhGKblxW6AvSGCaTSTt08nBmooRQf8WNC0Xc+iHu/Bunj4W2HrhwOOde7r3HTzmTyrK+jaXlldW19dJGeXNre2fX3NtvyyQThLZIwhPR9bGknMW0pZjitJsKiiOf044/vB77nQcqJEvipspT6ka4H7OQEay05JmVRy9El8ixUe8+wwGy3bumZ1atmjUBWiT2jFRhhoZnfvWChGQRjRXhWErHtlLlFlgoRjgdlXuZpCkmQ9ynjqYxjqh0i8nxI3SklQCFidAVKzRRf08UOJIyj3zdGWE1kPPeWPzPczIVXrgFi9NM0ZhMF4UZRypB4yRQwAQliueaYCKYvhWRARaYKJ1XWYdgz7+8SNonNfusZt2eVutXszhKcACHcAw2nEMdbqABLSCQwzO8wpvxZLwY78bHtHXJmM1U4A+Mzx9A2JM5</latexit>

wf = [1 1]T

<latexit sha1_base64="lwkSPh6fabMhXorxzm3KYBA0KH4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoheh6MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8d3Mbz9xbUSsHnGScD+iQyVCwShaqR30Q3JD3H654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzc6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvudDITmDOXEEsq0sLcSNqKaMrQJlWwI3vLLq6R1UfVqVffhslK/zeMowgmcwjl4cAV1uIcGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx/bV46Y</latexit>

bf = 0

<latexit sha1_base64="neRPIgD3pvnaBo/Ec0LtdZ/ifWo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRih6LXjxWsB/QhrLZbtqlm03YnQgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38389hPXRsTqEScJ9yM6VCIUjKKV2qyf4YU37ZcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/d0rOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4Y2fCZWkyBVbLApTSTAms9/JQGjOUE4soUwLeythI6opQ5tQyYbgLb+8SlqXVe+q6j7UKvXbPI4inMApnIMH11CHe2hAExiM4Rle4c1JnBfn3flYtBacfOYY/sD5/AHzjY9Q</latexit>ct�1

<latexit sha1_base64="dd9E2Tj+CITdvkfQ47tcwbMhh64="></latexit>

wf [ht�1, xt] + bf = [1 1]⇥

1
0.2

�
= 1.2

<latexit sha1_base64="AGsVd78CNSa8aJL6FJfISci4wAw=">AAAB7HicbVBNS8NAEJ31s9avqkcvi0XwFJKi6LHoxWMF0xbSUDbbTbt0swm7G6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvygTXxnW/0dr6xubWdmWnuru3f3BYOzpu6zRXlPk0FanqRkQzwSXzDTeCdTPFSBIJ1onGdzO/88SU5ql8NJOMhQkZSh5zSoyV/MBzGmG/Vncddw68SryS1KFEq1/76g1SmidMGiqI1oHnZiYsiDKcCjat9nLNMkLHZMgCSyVJmA6L+bFTfG6VAY5TZUsaPFd/TxQk0XqSRLYzIWakl72Z+J8X5Ca+CQsus9wwSReL4lxgk+LZ53jAFaNGTCwhVHF7K6Yjogg1Np+qDcFbfnmVtBuOd+W4D5f15m0ZRwVO4QwuwINraMI9tMAHChye4RXekEQv6B19LFrXUDlzAn+APn8AupaN+Q==</latexit>

[1.2]
<latexit sha1_base64="v66PnoXR/rlCVGWW2kW5COcXEo8=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahbkJSlLoRim5cVrAPSEOYTCft0JkkzEyEErpx46+4caGIW//BnX/jpM1CWw9cOHPOvcy9J0gYlcq2v43Syura+kZ5s7K1vbO7Z+4fdGScCkzaOGax6AVIEkYj0lZUMdJLBEE8YKQbjG9yv/tAhKRxdK8mCfE4GkY0pBgpLfnmcegreAXdvqRDjmqOVT/z8rdtNRqeb1Zty54BLhOnIFVQoOWbX/1BjFNOIoUZktJ17ER5GRKKYkamlX4qSYLwGA2Jq2mEOJFeNrtiCk+1MoBhLHRFCs7U3xMZ4lJOeKA7OVIjuejl4n+em6rw0stolKSKRHj+UZgyqGKYRwIHVBCs2EQThAXVu0I8QgJhpYOr6BCcxZOXSaduOReWfXdebV4XcZTBETgBNeCABmiCW9ACbYDBI3gGr+DNeDJejHfjY95aMoqZQ/AHxucPwH+VhQ==</latexit>

ft = [�(1.2)] = [0.77]

https://keisan.casio.com/exec/system/15157249643325


SNLP 2021 Silo AI

• weights and bias


•   : sigmoid fn  * : pointwise multiplication


• h(t-1) = [1], C(t-1) = [2], x(t) = [0.2]


• calculate:  

27

<latexit sha1_base64="NFaaIoP36GtQoHipAgMREvO9G04=">AAACDXicbVDJSgNBEO2JW4zbqEcvjVGIqGFGFL0IQS8eI5gFJsPQ0+lJmvQsdNeoYcgPePFXvHhQxKt3b/6NneWgxgcFj/eqqKrnJ4IrsKwvIzczOze/kF8sLC2vrK6Z6xt1FaeSshqNRSybPlFM8IjVgINgzUQyEvqCNfze5dBv3DKpeBzdQD9hbkg6EQ84JaAlz9wJPMDnuKV4JySlOy9wul4Gh/bg4N4DF+9j3wv2PLNola0R8DSxJ6SIJqh65merHdM0ZBFQQZRybCsBNyMSOBVsUGiliiWE9kiHOZpGJGTKzUbfDPCuVto4iKWuCPBI/TmRkVCpfujrzpBAV/31huJ/npNCcOZmPEpSYBEdLwpSgSHGw2hwm0tGQfQ1IVRyfSumXSIJBR1gQYdg/315mtSPyvZJ2bo+LlYuJnHk0RbaRiVko1NUQVeoimqIogf0hF7Qq/FoPBtvxvu4NWdMZjbRLxgf38jRmhk=</latexit>

ft = �(wf [ht�1, xt] + bf )

<latexit sha1_base64="trHJED0qWF/KHE4HjPjYEvjSuOM=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOSJcxOZpMhM7PLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZIZxhsskYlpR9RyKTRvoEDJ26nhVEWSt6LR3cxvPXFjRaIfcZzyUNGBFrFgFJ3U6loxUJT0yhW/6s9BVkmQkwrkqPfKX91+wjLFNTJJre0EforhhBoUTPJpqZtZnlI2ogPecVRTxW04mZ87JWdO6ZM4Ma40krn6e2JClbVjFblORXFol72Z+J/XyTC+CSdCpxlyzRaL4kwSTMjsd9IXhjOUY0coM8LdStiQGsrQJVRyIQTLL6+S5kU1uKr6D5eV2m0eRxFO4BTOIYBrqME91KEBDEbwDK/w5qXei/fufSxaC14+cwx/4H3+APWMj1E=</latexit>�

<latexit sha1_base64="O0Z/D2gtJYWtfntdRjCykgkYO4g=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRih6LXjxWsB/QhrLZbtqlm03YnQgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38389hPXRsTqEScJ9yM6VCIUjKKV2qN+hhfetF+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn83Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophjd+JlSSIldssShMJcGYzH4nA6E5QzmxhDIt7K2EjaimDG1CJRuCt/zyKmldVr2rqvtQq9Rv8ziKcAKncA4eXEMd7qEBTWAwhmd4hTcncV6cd+dj0Vpw8plj+APn8wf7P49V</latexit>

ht�1
<latexit sha1_base64="6xTc3/RxLGXrpJ1zalcsAJerLqA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKphbaUDbbTbt0swm7E7GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h+0TJJpxn2WyES3Q2q4FIr7KFDydqo5jUPJH8LRzdR/eOTaiETd4zjlQUwHSkSCUbSS/9TLcdKr1ty6OwNZJl5BalCg2at+dfsJy2KukElqTMdzUwxyqlEwySeVbmZ4StmIDnjHUkVjboJ8duyEnFilT6JE21JIZurviZzGxozj0HbGFIdm0ZuK/3mdDKOrIBcqzZArNl8UZZJgQqafk77QnKEcW0KZFvZWwoZUU4Y2n4oNwVt8eZm0zureRd29O681ros4ynAEx3AKHlxCA26hCT4wEPAMr/DmKOfFeXc+5q0lp5g5hD9wPn8AN3aO8w==</latexit>xt

<latexit sha1_base64="OJqltrXzDTbSpBd0/DrgLJTzAvE=">AAAB+XicbVDJSgNBEK2JW4zbqEcvjUEUwTAjil6EoBePEcwCyTD0dHqSJj0L3TWBMORPvHhQxKt/4s2/sbMcNPqg4PFeFVX1glQKjY7zZRWWlldW14rrpY3Nre0de3evoZNMMV5niUxUK6CaSxHzOgqUvJUqTqNA8mYwuJv4zSFXWiTxI45S7kW0F4tQMIpG8m2b+Xh8w/wcz9zxaeijb5edijMF+UvcOSnDHDXf/ux0E5ZFPEYmqdZt10nRy6lCwSQflzqZ5illA9rjbUNjGnHt5dPLx+TIKF0SJspUjGSq/pzIaaT1KApMZ0Sxrxe9ifif184wvPZyEacZ8pjNFoWZJJiQSQykKxRnKEeGUKaEuZWwPlWUoQmrZEJwF1/+SxrnFfey4jxclKu38ziKcACHcAIuXEEV7qEGdWAwhCd4gVcrt56tN+t91lqw5jP78AvWxzdhJZLY</latexit>

c0t = ct�1 ⇤ ft

<latexit sha1_base64="dz4tvYTR4tBgj9oHFY/3eTPlIPI=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbRU0lE0WPRi8cK9gPaUDbbTbt2swm7E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94DjhfkQHSoSCUbRSk/UynJz2yhW36s5AlomXkwrkqPfKX91+zNKIK2SSGtPx3AT9jGoUTPJJqZsanlA2ogPesVTRiBs/m107ISdW6ZMw1rYUkpn6eyKjkTHjKLCdEcWhWfSm4n9eJ8Xw2s+ESlLkis0XhakkGJPp66QvNGcox5ZQpoW9lbAh1ZShDahkQ/AWX14mzfOqd1l17y8qtZs8jiIcwTGcgQdXUIM7qEMDGDzCM7zCmxM7L8678zFvLTj5zCH8gfP5A3mEjw8=</latexit>

c0t

<latexit sha1_base64="YPujogv59p78YpZ9CJ3ooj7fPdk=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSK4KokouhGKblxW6AvSGCaTSTt08nBmooRQf8WNC0Xc+iHu/Bunj4W2HrhwOOde7r3HTzmTyrK+jaXlldW19dJGeXNre2fX3NtvyyQThLZIwhPR9bGknMW0pZjitJsKiiOf044/vB77nQcqJEvipspT6ka4H7OQEay05JmVRy9El8ixUe8+wwGy3bumZ1atmjUBWiT2jFRhhoZnfvWChGQRjRXhWErHtlLlFlgoRjgdlXuZpCkmQ9ynjqYxjqh0i8nxI3SklQCFidAVKzRRf08UOJIyj3zdGWE1kPPeWPzPczIVXrgFi9NM0ZhMF4UZRypB4yRQwAQliueaYCKYvhWRARaYKJ1XWYdgz7+8SNonNfusZt2eVutXszhKcACHcAw2nEMdbqABLSCQwzO8wpvxZLwY78bHtHXJmM1U4A+Mzx9A2JM5</latexit>

wf = [1 1]T

<latexit sha1_base64="lwkSPh6fabMhXorxzm3KYBA0KH4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoheh6MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8d3Mbz9xbUSsHnGScD+iQyVCwShaqR30Q3JD3H654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzc6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvudDITmDOXEEsq0sLcSNqKaMrQJlWwI3vLLq6R1UfVqVffhslK/zeMowgmcwjl4cAV1uIcGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx/bV46Y</latexit>

bf = 0

<latexit sha1_base64="neRPIgD3pvnaBo/Ec0LtdZ/ifWo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRih6LXjxWsB/QhrLZbtqlm03YnQgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38389hPXRsTqEScJ9yM6VCIUjKKV2qyf4YU37ZcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/d0rOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4Y2fCZWkyBVbLApTSTAms9/JQGjOUE4soUwLeythI6opQ5tQyYbgLb+8SlqXVe+q6j7UKvXbPI4inMApnIMH11CHe2hAExiM4Rle4c1JnBfn3flYtBacfOYY/sD5/AHzjY9Q</latexit>ct�1

<latexit sha1_base64="dd9E2Tj+CITdvkfQ47tcwbMhh64="></latexit>

wf [ht�1, xt] + bf = [1 1]⇥

1
0.2

�
= 1.2

<latexit sha1_base64="AGsVd78CNSa8aJL6FJfISci4wAw=">AAAB7HicbVBNS8NAEJ31s9avqkcvi0XwFJKi6LHoxWMF0xbSUDbbTbt0swm7G6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvygTXxnW/0dr6xubWdmWnuru3f3BYOzpu6zRXlPk0FanqRkQzwSXzDTeCdTPFSBIJ1onGdzO/88SU5ql8NJOMhQkZSh5zSoyV/MBzGmG/Vncddw68SryS1KFEq1/76g1SmidMGiqI1oHnZiYsiDKcCjat9nLNMkLHZMgCSyVJmA6L+bFTfG6VAY5TZUsaPFd/TxQk0XqSRLYzIWakl72Z+J8X5Ca+CQsus9wwSReL4lxgk+LZ53jAFaNGTCwhVHF7K6Yjogg1Np+qDcFbfnmVtBuOd+W4D5f15m0ZRwVO4QwuwINraMI9tMAHChye4RXekEQv6B19LFrXUDlzAn+APn8AupaN+Q==</latexit>

[1.2]

<latexit sha1_base64="hVNfTWweUnmgHB/FoCUnGkz6Y90=">AAACFXicbVDLSgMxFM3UV62vqks3wSKK6DBTWupGKLpxWcE+YDoMmTRTQzMPkjtCGfoTbvwVNy4UcSu4829MHwttPRA495x7ubnHTwRXYFnfRm5peWV1Lb9e2Njc2t4p7u61VJxKypo0FrHs+EQxwSPWBA6CdRLJSOgL1vYH12O//cCk4nF0B8OEuSHpRzzglICWvOIZ9eAYX2LqZXBuj/ApDjzQtVN2NXcss1Zzx6VtViuuVyxZpjUBXiT2jJTQDA2v+NXtxTQNWQRUEKUc20rAzYgETgUbFbqpYgmhA9JnjqYRCZlys8lVI3yklR4OYqlfBHii/p7ISKjUMPR1Z0jgXs17Y/E/z0khuHAzHiUpsIhOFwWpwBDjcUS4xyWjIIaaECq5/ium90QSCjrIgg7Bnj95kbTKpl01rdtKqX41iyOPDtAhOkE2qqE6ukEN1EQUPaJn9IrejCfjxXg3PqatOWM2s4/+wPj8ASLGmcI=</latexit>

c0t = ct�1 ⇤ ft = [2] ⇤ [0.77] = [1.54]

<latexit sha1_base64="v66PnoXR/rlCVGWW2kW5COcXEo8=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahbkJSlLoRim5cVrAPSEOYTCft0JkkzEyEErpx46+4caGIW//BnX/jpM1CWw9cOHPOvcy9J0gYlcq2v43Syura+kZ5s7K1vbO7Z+4fdGScCkzaOGax6AVIEkYj0lZUMdJLBEE8YKQbjG9yv/tAhKRxdK8mCfE4GkY0pBgpLfnmcegreAXdvqRDjmqOVT/z8rdtNRqeb1Zty54BLhOnIFVQoOWbX/1BjFNOIoUZktJ17ER5GRKKYkamlX4qSYLwGA2Jq2mEOJFeNrtiCk+1MoBhLHRFCs7U3xMZ4lJOeKA7OVIjuejl4n+em6rw0stolKSKRHj+UZgyqGKYRwIHVBCs2EQThAXVu0I8QgJhpYOr6BCcxZOXSaduOReWfXdebV4XcZTBETgBNeCABmiCW9ACbYDBI3gGr+DNeDJejHfjY95aMoqZQ/AHxucPwH+VhQ==</latexit>

ft = [�(1.2)] = [0.77]

https://keisan.casio.com/exec/system/15157249643325


SNLP 2021 Silo AI

LSTM Problems
• Forget gate: removes information from the Global Cell state (C)


• this information might be be useful at a later stage


• Implicit representation of long-term information


• Cell state and previous hidden state summarise the prior 
information

28
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Transformers for Language Modelling

29



SNLP 2021 Silo AI

Transformers: Simplified

30
Credit: http://jalammar.github.io/illustrated-transformer/

Multiple (50-90) such layers in a Transformer LM

http://jalammar.github.io/illustrated-transformer/
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Transformers: Simplified

30
Credit: http://jalammar.github.io/illustrated-transformer/

Multiple (50-90) such layers in a Transformer LM
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SNLP 2021 Silo AI

Self-Attention
• E.g. “The animal didn't cross the street because it was 

too tired”


• What does “it” refer to? “The animal” or “the street”


• Self-attention is the mechanism that helps LM associate:


• “it” with “the animal”

31
Credit: http://jalammar.github.io/illustrated-transformer/

http://jalammar.github.io/illustrated-transformer/
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Self-Attention: Step 0

32
Credit: http://jalammar.github.io/illustrated-transformer/

http://jalammar.github.io/illustrated-transformer/
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Self-Attention: Step 0

32
Credit: http://jalammar.github.io/illustrated-transformer/

http://jalammar.github.io/illustrated-transformer/
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Transformers: Simplified

39
Credit: http://jalammar.github.io/illustrated-transformer/

http://jalammar.github.io/illustrated-transformer/
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Self-Attention
• Self-Attention seems to be asking an association question

40
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Self-Attention
• Self-Attention seems to be asking an association question

• Query ~ smaller word embedding

• Key & Value ~ Key is the hash key that maps to Value

• The names Query, Key and Value come from retrieval 
parlance

• you fire a query, you compare to a key vector and 
return the value

40
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• “Computers are thinking machines”


• Compute z for machines


• Q = K = V = 


• Computers = [ 1 0 0 0 ], are = [0 1 0 0], thinking = [0 0 1 0], 
machines = [0 0 0 1]


• Softmax
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• “Computers are thinking machines”


• Compute z for machines


• Q = K = V = 


• Computers = [ 1 0 0 0 ], are = [0 1 0 0], thinking = [0 0 1 0], 
machines = [0 0 0 1]


• Softmax

<latexit sha1_base64="Vnop2KZpJI9bw1RataqdHff4+Pw="></latexit>2

664

0.2 0.8
�0.2 0.5
�0.3 �0.4
0.7 0.7

3

775

Self-attention: exercise

z = [ 0.24   0.55 ]

https://keisan.casio.com/exec/system/15168444286206
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Transformers for Language 
Modelling

• RNNs: Process tokens one-by-one

• Chain of dependencies built using a single 
token

• Transformers LM: Process a segment of 
tokens

• Dependencies within the segment

• Within segment position is given by the 
positional encoding

44
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of Segments

• Limited context-dependency 

• the model can’t “use” a word that appeared 

several sentences ago. 

• Context fragmentation

• no relationships can be leveraged across 

segments
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• no relationships can be leveraged across segments
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BERT: Bidirectional Encoder 
Representations from Transformers
• For specialised tasks like named entity recognition, question 

answering there is a lack of training data

• Deep learning requires large amounts of annotated data

• Language models for general purpose representations

• Aim to pretrain general purpose representations 

• that can be fine-tuned using small task-specific dataset to 
obtain good performance on specialised tasks

• Welcome BERT!

47
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• Transformers LM
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Transformers for Language 
Modelling

• Transformers LM

• Unidirectional

• Segment of tokens
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Transformers for Language 
Modelling

• Transformers LM

• Unidirectional

• Segment of tokens

• Language Models predict the 
next word

48
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Encoder Representations
• Require only the representations


• Forego of the output layer and only keep the encoder

49
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Traditionally,
• Language Models predict the next word

• Or loosely, they “fill in the blank” based on the context

• The man went to the store and bought a _____ of shoes

• Language models are mostly used as unidirectional tools 

• Bidirectionality in this above example can help make a better 
judgement

• In BERT, this bidirectionality is important to obtain good 
general purpose representations

50
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• Takes lots and lots of sentences

• Masked LM

• Next Sentence Prediction

• Finetune
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Next Sentence Prediction

Use the CLS output embedding to predict is sentence B is 
the next sentence or not.

53

Output

MASK MASK

isNext?

Emask Emask
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Fine-tuning

54
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Glue Test Results

55

[Jacob Devlin et al 2018]

https://arxiv.org/pdf/1810.04805.pdf
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Reading Task
• Read this article: https://medium.com/@samia.khalid/

bert-explained-a-complete-guide-with-theory-and-
tutorial-3ac9ebc8fa7c


• Prepare questions to discuss!


• Time: 10 mins

56

https://medium.com/@samia.khalid/bert-explained-a-complete-guide-with-theory-and-tutorial-3ac9ebc8fa7c
https://medium.com/@samia.khalid/bert-explained-a-complete-guide-with-theory-and-tutorial-3ac9ebc8fa7c
https://medium.com/@samia.khalid/bert-explained-a-complete-guide-with-theory-and-tutorial-3ac9ebc8fa7c
https://medium.com/@samia.khalid/bert-explained-a-complete-guide-with-theory-and-tutorial-3ac9ebc8fa7c
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Summary
• NNLM:


• LSTMs


• Transformers


• Self Attention


• BERT


• Challenges


• Long-Term Dependencies


• Class-based output layer


• Rare Words

57
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Further Reading
• Neural Networks and Neural Language Models: https://

web.stanford.edu/~jurafsky/slp3/7.pdf
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Neural Network Training
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Softmax Normalization
• Slowest part of training an NNLM 

is softmax normalization

• Why? 

• Before the softmax layer (final 
layer) we just have a real number, 
not a probability

• So we need to know the sum of 
scores for all possible words 
being predicted (ie. the 
normalization constant)

p(wi|h) =
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i ·h
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T
k ·h
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Z =

|V |X

k=1

ew
T
k ·h
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• This involves |V| steps, where |V| is the size of the vocabulary

• Typical values of |V| are between 10K to 10M

• We must do this for every word in our training set (eg. 1M-1B), every epoch (> 10)
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Class-based Output Layer
• Class-based output is calculated as:

61

p(w) = p(w|C(w))⇥ p(C(w))
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

class probabilitymembership probability



SNLP 2021 Silo AI

Class-based Output Layer
• Class-based output is calculated as:
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p(w) = p(w|C(w))⇥ p(C(w))
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Hidden

Input

Word Output Layer

Hidden

Input

Class Output Layer
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SNLP 2021 Silo AI

Class-based Output Layer
• Class-based output is calculated as:

• Softmax: N × 4M (Vocabulary)
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Input
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…

p(w) : |V |
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SNLP 2021 Silo AI

Class-based Output Layer
• Class-based output is calculated as:

• Softmax: N × 4M (Vocabulary)

• Class-based Output:  N × 2K (Classes) 
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p(w) = p(w|C(w))⇥ p(C(w))
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Speeding up Normalization
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Speeding up Normalization
• Class-based Decomposition O(

p
|V |)
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Speeding up Normalization
• Class-based Decomposition

• Noise Contrastive Estimation (NCE)

O(
p

|V |)
<latexit sha1_base64="+wO8lvOZf7kbIpaCsaO1rnEzspY=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBHqpSQi6LHoxZsV7Ae0oWy2m3bpZpPuTgol7e/w4kERr/4Yb/4bt20O2vpg4PHeDDPz/FhwjY7zba2tb2xubed28rt7+weHhaPjuo4SRVmNRiJSTZ9oJrhkNeQoWDNWjIS+YA1/cDfzGyOmNI/kE45j5oWkJ3nAKUEjeQ+lth4qTCf1yfSiUyg6ZWcOe5W4GSlChmqn8NXuRjQJmUQqiNYt14nRS4lCTgWb5tuJZjGhA9JjLUMlCZn20vnRU/vcKF07iJQpifZc/T2RklDrceibzpBgXy97M/E/r5VgcOOlXMYJMkkXi4JE2BjZswTsLleMohgbQqji5lab9okiFE1OeROCu/zyKqlfll2n7D5eFSu3WRw5OIUzKIEL11CBe6hCDSgM4Rle4c0aWS/Wu/WxaF2zspkT+APr8wevf5II</latexit><latexit sha1_base64="+wO8lvOZf7kbIpaCsaO1rnEzspY=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBHqpSQi6LHoxZsV7Ae0oWy2m3bpZpPuTgol7e/w4kERr/4Yb/4bt20O2vpg4PHeDDPz/FhwjY7zba2tb2xubed28rt7+weHhaPjuo4SRVmNRiJSTZ9oJrhkNeQoWDNWjIS+YA1/cDfzGyOmNI/kE45j5oWkJ3nAKUEjeQ+lth4qTCf1yfSiUyg6ZWcOe5W4GSlChmqn8NXuRjQJmUQqiNYt14nRS4lCTgWb5tuJZjGhA9JjLUMlCZn20vnRU/vcKF07iJQpifZc/T2RklDrceibzpBgXy97M/E/r5VgcOOlXMYJMkkXi4JE2BjZswTsLleMohgbQqji5lab9okiFE1OeROCu/zyKqlfll2n7D5eFSu3WRw5OIUzKIEL11CBe6hCDSgM4Rle4c0aWS/Wu/WxaF2zspkT+APr8wevf5II</latexit><latexit sha1_base64="+wO8lvOZf7kbIpaCsaO1rnEzspY=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBHqpSQi6LHoxZsV7Ae0oWy2m3bpZpPuTgol7e/w4kERr/4Yb/4bt20O2vpg4PHeDDPz/FhwjY7zba2tb2xubed28rt7+weHhaPjuo4SRVmNRiJSTZ9oJrhkNeQoWDNWjIS+YA1/cDfzGyOmNI/kE45j5oWkJ3nAKUEjeQ+lth4qTCf1yfSiUyg6ZWcOe5W4GSlChmqn8NXuRjQJmUQqiNYt14nRS4lCTgWb5tuJZjGhA9JjLUMlCZn20vnRU/vcKF07iJQpifZc/T2RklDrceibzpBgXy97M/E/r5VgcOOlXMYJMkkXi4JE2BjZswTsLleMohgbQqji5lab9okiFE1OeROCu/zyKqlfll2n7D5eFSu3WRw5OIUzKIEL11CBe6hCDSgM4Rle4c0aWS/Wu/WxaF2zspkT+APr8wevf5II</latexit><latexit sha1_base64="+wO8lvOZf7kbIpaCsaO1rnEzspY=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBHqpSQi6LHoxZsV7Ae0oWy2m3bpZpPuTgol7e/w4kERr/4Yb/4bt20O2vpg4PHeDDPz/FhwjY7zba2tb2xubed28rt7+weHhaPjuo4SRVmNRiJSTZ9oJrhkNeQoWDNWjIS+YA1/cDfzGyOmNI/kE45j5oWkJ3nAKUEjeQ+lth4qTCf1yfSiUyg6ZWcOe5W4GSlChmqn8NXuRjQJmUQqiNYt14nRS4lCTgWb5tuJZjGhA9JjLUMlCZn20vnRU/vcKF07iJQpifZc/T2RklDrceibzpBgXy97M/E/r5VgcOOlXMYJMkkXi4JE2BjZswTsLleMohgbQqji5lab9okiFE1OeROCu/zyKqlfll2n7D5eFSu3WRw5OIUzKIEL11CBe6hCDSgM4Rle4c0aWS/Wu/WxaF2zspkT+APr8wevf5II</latexit>
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Speeding up Normalization
• Class-based Decomposition

• Noise Contrastive Estimation (NCE)

• Hierarchical Softmax 

O(
p

|V |)
<latexit sha1_base64="+wO8lvOZf7kbIpaCsaO1rnEzspY=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBHqpSQi6LHoxZsV7Ae0oWy2m3bpZpPuTgol7e/w4kERr/4Yb/4bt20O2vpg4PHeDDPz/FhwjY7zba2tb2xubed28rt7+weHhaPjuo4SRVmNRiJSTZ9oJrhkNeQoWDNWjIS+YA1/cDfzGyOmNI/kE45j5oWkJ3nAKUEjeQ+lth4qTCf1yfSiUyg6ZWcOe5W4GSlChmqn8NXuRjQJmUQqiNYt14nRS4lCTgWb5tuJZjGhA9JjLUMlCZn20vnRU/vcKF07iJQpifZc/T2RklDrceibzpBgXy97M/E/r5VgcOOlXMYJMkkXi4JE2BjZswTsLleMohgbQqji5lab9okiFE1OeROCu/zyKqlfll2n7D5eFSu3WRw5OIUzKIEL11CBe6hCDSgM4Rle4c0aWS/Wu/WxaF2zspkT+APr8wevf5II</latexit><latexit sha1_base64="+wO8lvOZf7kbIpaCsaO1rnEzspY=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBHqpSQi6LHoxZsV7Ae0oWy2m3bpZpPuTgol7e/w4kERr/4Yb/4bt20O2vpg4PHeDDPz/FhwjY7zba2tb2xubed28rt7+weHhaPjuo4SRVmNRiJSTZ9oJrhkNeQoWDNWjIS+YA1/cDfzGyOmNI/kE45j5oWkJ3nAKUEjeQ+lth4qTCf1yfSiUyg6ZWcOe5W4GSlChmqn8NXuRjQJmUQqiNYt14nRS4lCTgWb5tuJZjGhA9JjLUMlCZn20vnRU/vcKF07iJQpifZc/T2RklDrceibzpBgXy97M/E/r5VgcOOlXMYJMkkXi4JE2BjZswTsLleMohgbQqji5lab9okiFE1OeROCu/zyKqlfll2n7D5eFSu3WRw5OIUzKIEL11CBe6hCDSgM4Rle4c0aWS/Wu/WxaF2zspkT+APr8wevf5II</latexit><latexit sha1_base64="+wO8lvOZf7kbIpaCsaO1rnEzspY=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBHqpSQi6LHoxZsV7Ae0oWy2m3bpZpPuTgol7e/w4kERr/4Yb/4bt20O2vpg4PHeDDPz/FhwjY7zba2tb2xubed28rt7+weHhaPjuo4SRVmNRiJSTZ9oJrhkNeQoWDNWjIS+YA1/cDfzGyOmNI/kE45j5oWkJ3nAKUEjeQ+lth4qTCf1yfSiUyg6ZWcOe5W4GSlChmqn8NXuRjQJmUQqiNYt14nRS4lCTgWb5tuJZjGhA9JjLUMlCZn20vnRU/vcKF07iJQpifZc/T2RklDrceibzpBgXy97M/E/r5VgcOOlXMYJMkkXi4JE2BjZswTsLleMohgbQqji5lab9okiFE1OeROCu/zyKqlfll2n7D5eFSu3WRw5OIUzKIEL11CBe6hCDSgM4Rle4c0aWS/Wu/WxaF2zspkT+APr8wevf5II</latexit><latexit sha1_base64="+wO8lvOZf7kbIpaCsaO1rnEzspY=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBHqpSQi6LHoxZsV7Ae0oWy2m3bpZpPuTgol7e/w4kERr/4Yb/4bt20O2vpg4PHeDDPz/FhwjY7zba2tb2xubed28rt7+weHhaPjuo4SRVmNRiJSTZ9oJrhkNeQoWDNWjIS+YA1/cDfzGyOmNI/kE45j5oWkJ3nAKUEjeQ+lth4qTCf1yfSiUyg6ZWcOe5W4GSlChmqn8NXuRjQJmUQqiNYt14nRS4lCTgWb5tuJZjGhA9JjLUMlCZn20vnRU/vcKF07iJQpifZc/T2RklDrceibzpBgXy97M/E/r5VgcOOlXMYJMkkXi4JE2BjZswTsLleMohgbQqji5lab9okiFE1OeROCu/zyKqlfll2n7D5eFSu3WRw5OIUzKIEL11CBe6hCDSgM4Rle4c0aWS/Wu/WxaF2zspkT+APr8wevf5II</latexit>
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<latexit sha1_base64="gaTOrbXmc5G0o0tfKXuAc9Aajnk=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahXspuEfRY9OLNCrYWukvJptk2NJssSVYo2/4NLx4U8eqf8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48amuZKkJbRHKpOiHWlDNBW4YZTjuJojgOOX0MRzcz//GJKs2keDDjhAYxHggWMYKNlfy7qs/loFeftCfnvXLFrblzoFXi5aQCOZq98pfflySNqTCEY627npuYIMPKMMLptOSnmiaYjPCAdi0VOKY6yOY3T9GZVfooksqWMGiu/p7IcKz1OA5tZ4zNUC97M/E/r5ua6CrImEhSQwVZLIpSjoxEswBQnylKDB9bgoli9lZEhlhhYmxMJRuCt/zyKmnXa55b8+4vKo3rPI4inMApVMGDS2jALTShBQQSeIZXeHNS58V5dz4WrQUnnzmGP3A+fwAZQpEP</latexit><latexit sha1_base64="gaTOrbXmc5G0o0tfKXuAc9Aajnk=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahXspuEfRY9OLNCrYWukvJptk2NJssSVYo2/4NLx4U8eqf8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48amuZKkJbRHKpOiHWlDNBW4YZTjuJojgOOX0MRzcz//GJKs2keDDjhAYxHggWMYKNlfy7qs/loFeftCfnvXLFrblzoFXi5aQCOZq98pfflySNqTCEY627npuYIMPKMMLptOSnmiaYjPCAdi0VOKY6yOY3T9GZVfooksqWMGiu/p7IcKz1OA5tZ4zNUC97M/E/r5ua6CrImEhSQwVZLIpSjoxEswBQnylKDB9bgoli9lZEhlhhYmxMJRuCt/zyKmnXa55b8+4vKo3rPI4inMApVMGDS2jALTShBQQSeIZXeHNS58V5dz4WrQUnnzmGP3A+fwAZQpEP</latexit><latexit sha1_base64="gaTOrbXmc5G0o0tfKXuAc9Aajnk=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahXspuEfRY9OLNCrYWukvJptk2NJssSVYo2/4NLx4U8eqf8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48amuZKkJbRHKpOiHWlDNBW4YZTjuJojgOOX0MRzcz//GJKs2keDDjhAYxHggWMYKNlfy7qs/loFeftCfnvXLFrblzoFXi5aQCOZq98pfflySNqTCEY627npuYIMPKMMLptOSnmiaYjPCAdi0VOKY6yOY3T9GZVfooksqWMGiu/p7IcKz1OA5tZ4zNUC97M/E/r5ua6CrImEhSQwVZLIpSjoxEswBQnylKDB9bgoli9lZEhlhhYmxMJRuCt/zyKmnXa55b8+4vKo3rPI4inMApVMGDS2jALTShBQQSeIZXeHNS58V5dz4WrQUnnzmGP3A+fwAZQpEP</latexit><latexit sha1_base64="gaTOrbXmc5G0o0tfKXuAc9Aajnk=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahXspuEfRY9OLNCrYWukvJptk2NJssSVYo2/4NLx4U8eqf8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48amuZKkJbRHKpOiHWlDNBW4YZTjuJojgOOX0MRzcz//GJKs2keDDjhAYxHggWMYKNlfy7qs/loFeftCfnvXLFrblzoFXi5aQCOZq98pfflySNqTCEY627npuYIMPKMMLptOSnmiaYjPCAdi0VOKY6yOY3T9GZVfooksqWMGiu/p7IcKz1OA5tZ4zNUC97M/E/r5ua6CrImEhSQwVZLIpSjoxEswBQnylKDB9bgoli9lZEhlhhYmxMJRuCt/zyKmnXa55b8+4vKo3rPI4inMApVMGDS2jALTShBQQSeIZXeHNS58V5dz4WrQUnnzmGP3A+fwAZQpEP</latexit>

O(1)
<latexit sha1_base64="izlCX/PAtRScCfBmk3ZumBZaej4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXrxZwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3KQ5aOuDgcd7M8zMC2LOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5RpVkkH80spr7AY8lCRrDJpPu6dz6s1tyGmwOtEq8gNSjQGla/BqOIJIJKQzjWuu+5sfFTrAwjnM4rg0TTGJMpHtO+pRILqv00v3WOzqwyQmGkbEmDcvX3RIqF1jMR2E6BzUQve5n4n9dPTHjtp0zGiaGSLBaFCUcmQtnjaMQUJYbPLMFEMXsrIhOsMDE2nooNwVt+eZV0Lhqe2/AeLmvNmyKOMpzAKdTBgytowh20oA0EJvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8A3UyNcw==</latexit><latexit sha1_base64="izlCX/PAtRScCfBmk3ZumBZaej4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXrxZwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3KQ5aOuDgcd7M8zMC2LOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5RpVkkH80spr7AY8lCRrDJpPu6dz6s1tyGmwOtEq8gNSjQGla/BqOIJIJKQzjWuu+5sfFTrAwjnM4rg0TTGJMpHtO+pRILqv00v3WOzqwyQmGkbEmDcvX3RIqF1jMR2E6BzUQve5n4n9dPTHjtp0zGiaGSLBaFCUcmQtnjaMQUJYbPLMFEMXsrIhOsMDE2nooNwVt+eZV0Lhqe2/AeLmvNmyKOMpzAKdTBgytowh20oA0EJvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8A3UyNcw==</latexit><latexit sha1_base64="izlCX/PAtRScCfBmk3ZumBZaej4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXrxZwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3KQ5aOuDgcd7M8zMC2LOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5RpVkkH80spr7AY8lCRrDJpPu6dz6s1tyGmwOtEq8gNSjQGla/BqOIJIJKQzjWuu+5sfFTrAwjnM4rg0TTGJMpHtO+pRILqv00v3WOzqwyQmGkbEmDcvX3RIqF1jMR2E6BzUQve5n4n9dPTHjtp0zGiaGSLBaFCUcmQtnjaMQUJYbPLMFEMXsrIhOsMDE2nooNwVt+eZV0Lhqe2/AeLmvNmyKOMpzAKdTBgytowh20oA0EJvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8A3UyNcw==</latexit><latexit sha1_base64="izlCX/PAtRScCfBmk3ZumBZaej4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXrxZwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3KQ5aOuDgcd7M8zMC2LOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5RpVkkH80spr7AY8lCRrDJpPu6dz6s1tyGmwOtEq8gNSjQGla/BqOIJIJKQzjWuu+5sfFTrAwjnM4rg0TTGJMpHtO+pRILqv00v3WOzqwyQmGkbEmDcvX3RIqF1jMR2E6BzUQve5n4n9dPTHjtp0zGiaGSLBaFCUcmQtnjaMQUJYbPLMFEMXsrIhOsMDE2nooNwVt+eZV0Lhqe2/AeLmvNmyKOMpzAKdTBgytowh20oA0EJvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8A3UyNcw==</latexit>
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SNLP 2021 Silo AI

Speeding up Normalization
• Class-based Decomposition

• Noise Contrastive Estimation (NCE)

• Hierarchical Softmax 

• Self Normalization ensures that the normalization 
constant Z is close to one. Slow for training, fast for test-
time queries

O(
p

|V |)
<latexit sha1_base64="+wO8lvOZf7kbIpaCsaO1rnEzspY=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBHqpSQi6LHoxZsV7Ae0oWy2m3bpZpPuTgol7e/w4kERr/4Yb/4bt20O2vpg4PHeDDPz/FhwjY7zba2tb2xubed28rt7+weHhaPjuo4SRVmNRiJSTZ9oJrhkNeQoWDNWjIS+YA1/cDfzGyOmNI/kE45j5oWkJ3nAKUEjeQ+lth4qTCf1yfSiUyg6ZWcOe5W4GSlChmqn8NXuRjQJmUQqiNYt14nRS4lCTgWb5tuJZjGhA9JjLUMlCZn20vnRU/vcKF07iJQpifZc/T2RklDrceibzpBgXy97M/E/r5VgcOOlXMYJMkkXi4JE2BjZswTsLleMohgbQqji5lab9okiFE1OeROCu/zyKqlfll2n7D5eFSu3WRw5OIUzKIEL11CBe6hCDSgM4Rle4c0aWS/Wu/WxaF2zspkT+APr8wevf5II</latexit><latexit sha1_base64="+wO8lvOZf7kbIpaCsaO1rnEzspY=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBHqpSQi6LHoxZsV7Ae0oWy2m3bpZpPuTgol7e/w4kERr/4Yb/4bt20O2vpg4PHeDDPz/FhwjY7zba2tb2xubed28rt7+weHhaPjuo4SRVmNRiJSTZ9oJrhkNeQoWDNWjIS+YA1/cDfzGyOmNI/kE45j5oWkJ3nAKUEjeQ+lth4qTCf1yfSiUyg6ZWcOe5W4GSlChmqn8NXuRjQJmUQqiNYt14nRS4lCTgWb5tuJZjGhA9JjLUMlCZn20vnRU/vcKF07iJQpifZc/T2RklDrceibzpBgXy97M/E/r5VgcOOlXMYJMkkXi4JE2BjZswTsLleMohgbQqji5lab9okiFE1OeROCu/zyKqlfll2n7D5eFSu3WRw5OIUzKIEL11CBe6hCDSgM4Rle4c0aWS/Wu/WxaF2zspkT+APr8wevf5II</latexit><latexit sha1_base64="+wO8lvOZf7kbIpaCsaO1rnEzspY=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBHqpSQi6LHoxZsV7Ae0oWy2m3bpZpPuTgol7e/w4kERr/4Yb/4bt20O2vpg4PHeDDPz/FhwjY7zba2tb2xubed28rt7+weHhaPjuo4SRVmNRiJSTZ9oJrhkNeQoWDNWjIS+YA1/cDfzGyOmNI/kE45j5oWkJ3nAKUEjeQ+lth4qTCf1yfSiUyg6ZWcOe5W4GSlChmqn8NXuRjQJmUQqiNYt14nRS4lCTgWb5tuJZjGhA9JjLUMlCZn20vnRU/vcKF07iJQpifZc/T2RklDrceibzpBgXy97M/E/r5VgcOOlXMYJMkkXi4JE2BjZswTsLleMohgbQqji5lab9okiFE1OeROCu/zyKqlfll2n7D5eFSu3WRw5OIUzKIEL11CBe6hCDSgM4Rle4c0aWS/Wu/WxaF2zspkT+APr8wevf5II</latexit><latexit sha1_base64="+wO8lvOZf7kbIpaCsaO1rnEzspY=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBHqpSQi6LHoxZsV7Ae0oWy2m3bpZpPuTgol7e/w4kERr/4Yb/4bt20O2vpg4PHeDDPz/FhwjY7zba2tb2xubed28rt7+weHhaPjuo4SRVmNRiJSTZ9oJrhkNeQoWDNWjIS+YA1/cDfzGyOmNI/kE45j5oWkJ3nAKUEjeQ+lth4qTCf1yfSiUyg6ZWcOe5W4GSlChmqn8NXuRjQJmUQqiNYt14nRS4lCTgWb5tuJZjGhA9JjLUMlCZn20vnRU/vcKF07iJQpifZc/T2RklDrceibzpBgXy97M/E/r5VgcOOlXMYJMkkXi4JE2BjZswTsLleMohgbQqji5lab9okiFE1OeROCu/zyKqlfll2n7D5eFSu3WRw5OIUzKIEL11CBe6hCDSgM4Rle4c0aWS/Wu/WxaF2zspkT+APr8wevf5II</latexit>

O(log2 |V |)
<latexit sha1_base64="gaTOrbXmc5G0o0tfKXuAc9Aajnk=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahXspuEfRY9OLNCrYWukvJptk2NJssSVYo2/4NLx4U8eqf8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48amuZKkJbRHKpOiHWlDNBW4YZTjuJojgOOX0MRzcz//GJKs2keDDjhAYxHggWMYKNlfy7qs/loFeftCfnvXLFrblzoFXi5aQCOZq98pfflySNqTCEY627npuYIMPKMMLptOSnmiaYjPCAdi0VOKY6yOY3T9GZVfooksqWMGiu/p7IcKz1OA5tZ4zNUC97M/E/r5ua6CrImEhSQwVZLIpSjoxEswBQnylKDB9bgoli9lZEhlhhYmxMJRuCt/zyKmnXa55b8+4vKo3rPI4inMApVMGDS2jALTShBQQSeIZXeHNS58V5dz4WrQUnnzmGP3A+fwAZQpEP</latexit><latexit sha1_base64="gaTOrbXmc5G0o0tfKXuAc9Aajnk=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahXspuEfRY9OLNCrYWukvJptk2NJssSVYo2/4NLx4U8eqf8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48amuZKkJbRHKpOiHWlDNBW4YZTjuJojgOOX0MRzcz//GJKs2keDDjhAYxHggWMYKNlfy7qs/loFeftCfnvXLFrblzoFXi5aQCOZq98pfflySNqTCEY627npuYIMPKMMLptOSnmiaYjPCAdi0VOKY6yOY3T9GZVfooksqWMGiu/p7IcKz1OA5tZ4zNUC97M/E/r5ua6CrImEhSQwVZLIpSjoxEswBQnylKDB9bgoli9lZEhlhhYmxMJRuCt/zyKmnXa55b8+4vKo3rPI4inMApVMGDS2jALTShBQQSeIZXeHNS58V5dz4WrQUnnzmGP3A+fwAZQpEP</latexit><latexit sha1_base64="gaTOrbXmc5G0o0tfKXuAc9Aajnk=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahXspuEfRY9OLNCrYWukvJptk2NJssSVYo2/4NLx4U8eqf8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48amuZKkJbRHKpOiHWlDNBW4YZTjuJojgOOX0MRzcz//GJKs2keDDjhAYxHggWMYKNlfy7qs/loFeftCfnvXLFrblzoFXi5aQCOZq98pfflySNqTCEY627npuYIMPKMMLptOSnmiaYjPCAdi0VOKY6yOY3T9GZVfooksqWMGiu/p7IcKz1OA5tZ4zNUC97M/E/r5ua6CrImEhSQwVZLIpSjoxEswBQnylKDB9bgoli9lZEhlhhYmxMJRuCt/zyKmnXa55b8+4vKo3rPI4inMApVMGDS2jALTShBQQSeIZXeHNS58V5dz4WrQUnnzmGP3A+fwAZQpEP</latexit><latexit sha1_base64="gaTOrbXmc5G0o0tfKXuAc9Aajnk=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahXspuEfRY9OLNCrYWukvJptk2NJssSVYo2/4NLx4U8eqf8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48amuZKkJbRHKpOiHWlDNBW4YZTjuJojgOOX0MRzcz//GJKs2keDDjhAYxHggWMYKNlfy7qs/loFeftCfnvXLFrblzoFXi5aQCOZq98pfflySNqTCEY627npuYIMPKMMLptOSnmiaYjPCAdi0VOKY6yOY3T9GZVfooksqWMGiu/p7IcKz1OA5tZ4zNUC97M/E/r5ua6CrImEhSQwVZLIpSjoxEswBQnylKDB9bgoli9lZEhlhhYmxMJRuCt/zyKmnXa55b8+4vKo3rPI4inMApVMGDS2jALTShBQQSeIZXeHNS58V5dz4WrQUnnzmGP3A+fwAZQpEP</latexit>

O(1)
<latexit sha1_base64="izlCX/PAtRScCfBmk3ZumBZaej4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXrxZwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3KQ5aOuDgcd7M8zMC2LOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5RpVkkH80spr7AY8lCRrDJpPu6dz6s1tyGmwOtEq8gNSjQGla/BqOIJIJKQzjWuu+5sfFTrAwjnM4rg0TTGJMpHtO+pRILqv00v3WOzqwyQmGkbEmDcvX3RIqF1jMR2E6BzUQve5n4n9dPTHjtp0zGiaGSLBaFCUcmQtnjaMQUJYbPLMFEMXsrIhOsMDE2nooNwVt+eZV0Lhqe2/AeLmvNmyKOMpzAKdTBgytowh20oA0EJvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8A3UyNcw==</latexit><latexit sha1_base64="izlCX/PAtRScCfBmk3ZumBZaej4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXrxZwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3KQ5aOuDgcd7M8zMC2LOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5RpVkkH80spr7AY8lCRrDJpPu6dz6s1tyGmwOtEq8gNSjQGla/BqOIJIJKQzjWuu+5sfFTrAwjnM4rg0TTGJMpHtO+pRILqv00v3WOzqwyQmGkbEmDcvX3RIqF1jMR2E6BzUQve5n4n9dPTHjtp0zGiaGSLBaFCUcmQtnjaMQUJYbPLMFEMXsrIhOsMDE2nooNwVt+eZV0Lhqe2/AeLmvNmyKOMpzAKdTBgytowh20oA0EJvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8A3UyNcw==</latexit><latexit sha1_base64="izlCX/PAtRScCfBmk3ZumBZaej4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXrxZwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3KQ5aOuDgcd7M8zMC2LOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5RpVkkH80spr7AY8lCRrDJpPu6dz6s1tyGmwOtEq8gNSjQGla/BqOIJIJKQzjWuu+5sfFTrAwjnM4rg0TTGJMpHtO+pRILqv00v3WOzqwyQmGkbEmDcvX3RIqF1jMR2E6BzUQve5n4n9dPTHjtp0zGiaGSLBaFCUcmQtnjaMQUJYbPLMFEMXsrIhOsMDE2nooNwVt+eZV0Lhqe2/AeLmvNmyKOMpzAKdTBgytowh20oA0EJvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8A3UyNcw==</latexit><latexit sha1_base64="izlCX/PAtRScCfBmk3ZumBZaej4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXrxZwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3KQ5aOuDgcd7M8zMC2LOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5RpVkkH80spr7AY8lCRrDJpPu6dz6s1tyGmwOtEq8gNSjQGla/BqOIJIJKQzjWuu+5sfFTrAwjnM4rg0TTGJMpHtO+pRILqv00v3WOzqwyQmGkbEmDcvX3RIqF1jMR2E6BzUQve5n4n9dPTHjtp0zGiaGSLBaFCUcmQtnjaMQUJYbPLMFEMXsrIhOsMDE2nooNwVt+eZV0Lhqe2/AeLmvNmyKOMpzAKdTBgytowh20oA0EJvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8A3UyNcw==</latexit>
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O(1)
<latexit sha1_base64="izlCX/PAtRScCfBmk3ZumBZaej4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXrxZwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3KQ5aOuDgcd7M8zMC2LOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5RpVkkH80spr7AY8lCRrDJpPu6dz6s1tyGmwOtEq8gNSjQGla/BqOIJIJKQzjWuu+5sfFTrAwjnM4rg0TTGJMpHtO+pRILqv00v3WOzqwyQmGkbEmDcvX3RIqF1jMR2E6BzUQve5n4n9dPTHjtp0zGiaGSLBaFCUcmQtnjaMQUJYbPLMFEMXsrIhOsMDE2nooNwVt+eZV0Lhqe2/AeLmvNmyKOMpzAKdTBgytowh20oA0EJvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8A3UyNcw==</latexit><latexit sha1_base64="izlCX/PAtRScCfBmk3ZumBZaej4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXrxZwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3KQ5aOuDgcd7M8zMC2LOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5RpVkkH80spr7AY8lCRrDJpPu6dz6s1tyGmwOtEq8gNSjQGla/BqOIJIJKQzjWuu+5sfFTrAwjnM4rg0TTGJMpHtO+pRILqv00v3WOzqwyQmGkbEmDcvX3RIqF1jMR2E6BzUQve5n4n9dPTHjtp0zGiaGSLBaFCUcmQtnjaMQUJYbPLMFEMXsrIhOsMDE2nooNwVt+eZV0Lhqe2/AeLmvNmyKOMpzAKdTBgytowh20oA0EJvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8A3UyNcw==</latexit><latexit sha1_base64="izlCX/PAtRScCfBmk3ZumBZaej4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXrxZwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3KQ5aOuDgcd7M8zMC2LOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5RpVkkH80spr7AY8lCRrDJpPu6dz6s1tyGmwOtEq8gNSjQGla/BqOIJIJKQzjWuu+5sfFTrAwjnM4rg0TTGJMpHtO+pRILqv00v3WOzqwyQmGkbEmDcvX3RIqF1jMR2E6BzUQve5n4n9dPTHjtp0zGiaGSLBaFCUcmQtnjaMQUJYbPLMFEMXsrIhOsMDE2nooNwVt+eZV0Lhqe2/AeLmvNmyKOMpzAKdTBgytowh20oA0EJvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8A3UyNcw==</latexit><latexit sha1_base64="izlCX/PAtRScCfBmk3ZumBZaej4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXrxZwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3KQ5aOuDgcd7M8zMC2LOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5RpVkkH80spr7AY8lCRrDJpPu6dz6s1tyGmwOtEq8gNSjQGla/BqOIJIJKQzjWuu+5sfFTrAwjnM4rg0TTGJMpHtO+pRILqv00v3WOzqwyQmGkbEmDcvX3RIqF1jMR2E6BzUQve5n4n9dPTHjtp0zGiaGSLBaFCUcmQtnjaMQUJYbPLMFEMXsrIhOsMDE2nooNwVt+eZV0Lhqe2/AeLmvNmyKOMpzAKdTBgytowh20oA0EJvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8A3UyNcw==</latexit>
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Question
• What kind of words will be tough to predict by neural 

network language model? And what can help the NNLM 
to predict these?
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Rare Words
• Rare words: words which occur with low frequency


• Out-of-Vocabulary words (OOVs: Frequency 0 in training set)


• Frequency is 1


• Problem learning good feature vectors for such words


• Not enough data


• A predictive system is not able handle them well


• One would want automatic Video Subtitling Systems to predict 
these words as well
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Rare Words
Languages

Finnish

Swedish

Arabic

English
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Rare Words
Languages

Finnish

Swedish

Arabic

English

Training Set 
Size

170M

130M

460M

790M

Vocabulary

4.2M

3.5M

1.3M

760K

Rare Words 
(f≤1)

55 %

56 %

55 %

41 %

Rare Words 
(f≤5)

82 %

82 %

78 %

70 %

Rare words form a large portion of the vocabulary
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OOVs
• Morphologically-rich languages have a lot of OOVs
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• Morphologically-rich languages have a lot of OOVs

• Creating a large training corpus can still lead to OOV 
rate ~ 2%
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OOVs
• Morphologically-rich languages have a lot of OOVs

• Creating a large training corpus can still lead to OOV 
rate ~ 2%

• Some languages (low-resource) can  have OOV rates as 
high as 40%
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Subwords
• Segment words into subwords

• Words: This sentence simply has words
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Subwords
• Segment words into subwords

• Words: This sentence simply has words

• Morphemes: Th is sent ence in to morph eme s

• Characters: T h i s o n e i n t o c h a r a c t e r s
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Summary
• NNLM:


• LSTMs


• Transformers


• Self Attention


• BERT


• Challenges


• Long-Term Dependencies


• Class-based output layer


• Rare Words
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