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CS 589 Fall 2020 

Language models 

RNN/word embedding

Instructor: Susan Liu 
TA: Huihui Liu

Stevens Institute of Technology

The majority of slides are adapted from Stanford CS224
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Today’s lecture
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• Language models 
• Word2vec 

• Recurrent neural network 
• Vanilla recurrent neural network 
• Long short-term memory (LSTM) 
• Gated recurrent unit (GRU)



Language models
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• Language modeling is the task of predicting what word comes next 

• Given a sequence of words x1, x2, …, xt, compute the probability distribution 
for the next word xt+1 

    where xt+1 can be any word in the vocabulary

mary has a little 
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<latexit sha1_base64="teuLz/pnsu/loP3r99752ZG1RpI=">AAACCXicbVDLSgMxFM34rPVVdekmWISKpcwURZdFNy4r2Ae0ZchkMm1oJjMkd6Rl7NaNv+LGhSJu/QN3/o3pY6GtBy6cnHMvufd4seAabPvbWlpeWV1bz2xkN7e2d3Zze/t1HSWKshqNRKSaHtFMcMlqwEGwZqwYCT3BGl7/euw37pnSPJJ3MIxZJyRdyQNOCRjJzeG4MHBTOHVGDwPXKeKBWy7iNvUj0OMHnLi5vF2yJ8CLxJmRPJqh6ua+2n5Ek5BJoIJo3XLsGDopUcCpYKNsO9EsJrRPuqxlqCQh0510cskIHxvFx0GkTEnAE/X3REpCrYehZzpDAj09743F/7xWAsFlJ+UyToBJOv0oSASGCI9jwT5XjIIYGkKo4mZXTHtEEQomvKwJwZk/eZHUyyXnvGTfnuUrV7M4MugQHaECctAFqqAbVEU1RNEjekav6M16sl6sd+tj2rpkzWYO0B9Ynz/ZsZiE</latexit>

p(xt+1|x1, x2, · · · , xt)
<latexit sha1_base64="Njcc7m6cvZGKicKsLbVpZNw6zPg=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBRSmJKLoRim5cVrBpoQlhMpm0QycPZiaWkgbc+CtuXCji1p9w5984bbPQ1gMXDufcy733eAmjQhrGt1ZaWl5ZXSuvVzY2t7Z39N09S8Qpx6SFYxbzjocEYTQiLUklI52EExR6jLS9wc3Ebz8QLmgc3ctRQpwQ9SIaUIykklz9wLqys6Fr1qCN/ViKGhy62dga53bu6lWjbkwBF4lZkCoo0HT1L9uPcRqSSGKGhOiaRiKdDHFJMSN5xU4FSRAeoB7pKhqhkAgnm/6Qw2Ol+DCIuapIwqn6eyJDoRCj0FOdIZJ9Me9NxP+8biqDSyejUZJKEuHZoiBlUMZwEgj0KSdYspEiCHOqboW4jzjCUsVWUSGY8y8vEuu0bp7XjbuzauO6iKMMDsEROAEmuAANcAuaoAUweATP4BW8aU/ai/aufcxaS1oxsw/+QPv8AQ9qlyo=</latexit>

V = {w1, · · · , w|V |}



Language models
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• Using the chain rule to estimate the probability of text: 

• Keyboard next word prediction:

<latexit sha1_base64="l0SOIvp1JOLXN48ecpyoFuIss2k="></latexit>

P (x1, . . . , xT ) = P (x1)⇥ P (x2 | x1)⇥ · · ·⇥ P (xT | xT�1, . . . , x1)

=
TY

t=1

P (xt | xt�1, . . . , x1)



Language models
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• Collect statistics about how frequent different n-grams are, and use these to 
predict next word 
• Unigram language model using MLE:  

• Bigram language model using MLE:

p(”today is Wed”)

= p(”today”)p(”is”)p(”Wed”)

= 0.0002⇥ 0.001⇥ 0.000015

<latexit sha1_base64="DrGyi/Nw8sX1xTTPyIxsKdpb85o="></latexit>

p(”Mary little lamb”) = p(”Mary”)⇥ p(”little”|”Mary”)⇥ p(”lamb”|”little”)

=
30

160
⇥ 5

5
⇥ 25

35
= 0.133



Language models
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• Markov assumption: xt+1 depends only on the preceding k-1 words: 

• How do we get the n-gram statistics? By counting the n-grams in a large corpus 
of text 

• Sparsity problem with n-gram LM: what if “mary has a little” never occurred?  
• Partial solution: just condition on “a little” instead  
• Trade off between granularity and sparsity

<latexit sha1_base64="VJQRxCM9DoimI5glg7jgPGvDhv8=">AAACWHiclVHNS8MwHE3r1Dm/ph69BIegqKMVRS/C0IvHCW4T1jHSNN2CaVKSX8VR+k8KHvRf8WL2Iajz4oPAy3u/R5KXMBXcgOe9Oe5CaXFpubxSWV1b39isbm23jco0ZS2qhNIPITFMcMlawEGwh1QzkoSCdcLHm7HfeWLacCXvYZSyXkIGksecErBSv6qagWAxHOTPRT+HI7/AQcIjPN0WxzgQkQJzPBX8ItB8MITDq/+k4EQenX4l+9WaV/cmwPPEn5EamqHZr74EkaJZwiRQQYzp+l4KvZxo4FSwohJkhqWEPpIB61oqScJML58UU+B9q0Q4VtouCXiifk/kJDFmlIR2MiEwNL+9sfiX180gvuzlXKYZMEmnB8WZwKDwuGUccc0oiJElhGpu74rpkGhCwf5FxZbg/37yPGmf1v3zund3Vmtcz+ooo120hw6Qjy5QA92iJmohil7Rh1NyFp13F7nL7sp01HVmmR30A+72J1aotDs=</latexit>

P (xt+1 | xt, . . . , x1) = P (xt+1 | xt, . . . , xt�n+2)
<latexit sha1_base64="F4OkYfLE0XLhIxMcWzpYb5J3Jts="></latexit>

=
P (xt+1, xt, . . . , xt�n+2)

P (xt, . . . , xt�n+2)



Neural network
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embedding layer: 
1. maps a 1-hot vector to low dim 

representation 
2. randomly initialized 
3. can be trained 

car … auto……
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hidden layer

output distributionOutput: a class label, a score, a word, …
<latexit sha1_base64="ZWqQd1FPY4Pkee1zmIDYmf7bT2Y=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksQkUoiSh6EYpePFYwbaENZbPdtEs3H+xOxBBy8a948aCIV3+GN/+N2zYHrT4YeLw3w8w8LxZcgWV9GaWFxaXllfJqZW19Y3PL3N5pqSiRlDk0EpHseEQxwUPmAAfBOrFkJPAEa3vj64nfvmdS8Si8gzRmbkCGIfc5JaClvrnXGxHI0vxSRT4E5KHmjPAx9o76ZtWqW1Pgv8QuSBUVaPbNz94goknAQqCCKNW1rRjcjEjgVLC80ksUiwkdkyHrahqSgCk3mz6Q40OtDLAfSV0h4Kn6cyIjgVJp4OnOgMBIzXsT8T+vm4B/4WY8jBNgIZ0t8hOBIcKTNPCAS0ZBpJoQKrm+FdMRkYSCzqyiQ7DnX/5LWid1+6xu3Z5WG1dFHGW0jw5QDdnoHDXQDWoiB1GUoyf0gl6NR+PZeDPeZ60lo5jZRb9gfHwDk82VuQ==</latexit>

ŷ = softmax(Uh+ b)

backpropogation



Neural language models
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• Bengio et al. (2000/2003): a neural probabilisitic LM using fixed window:

<latexit sha1_base64="LbNXLmTAGEbOv/0t3y+gzH+tSRg=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRbBU0lE0WPRi8cK9gOaUDbbSbt088HuRC0xP8WLB0W8+ku8+W/ctjlo64OBx3szzMzzE8EV2va3UVpZXVvfKG9WtrZ3dvfM6n5bxalk0GKxiGXXpwoEj6CFHAV0Ewk09AV0/PH11O/cg1Q8ju5wkoAX0mHEA84oaqlvVl0Ik1HmIjyiH2SdPO+bNbtuz2AtE6cgNVKg2Te/3EHM0hAiZIIq1XPsBL2MSuRMQF5xUwUJZWM6hJ6mEQ1Bedns9Nw61srACmKpK0Jrpv6eyGio1CT0dWdIcaQWvan4n9dLMbj0Mh4lKULE5ouCVFgYW9McrAGXwFBMNKFMcn2rxUZUUoY6rYoOwVl8eZm0T+vOed2+Pas1roo4yuSQHJET4pAL0iA3pElahJEH8kxeyZvxZLwY78bHvLVkFDMH5A+Mzx8f5JSP</latexit>

W

<latexit sha1_base64="+4SQdl1+zl229kKz6GkvcGJzZi8=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRbBU0lE0WPRi8cKpi20oWy2k3bp5oPdiVpifooXD4p49Zd489+4bXPQ1gcDj/dmmJnnJ4IrtO1vo7Syura+Ud6sbG3v7O6Z1f2WilPJwGWxiGXHpwoEj8BFjgI6iQQa+gLa/vh66rfvQSoeR3c4ScAL6TDiAWcUtdQ3qz0Ik1HWQ3hEP8jcPO+bNbtuz2AtE6cgNVKg2Te/eoOYpSFEyARVquvYCXoZlciZgLzSSxUklI3pELqaRjQE5WWz03PrWCsDK4ilrgitmfp7IqOhUpPQ150hxZFa9Kbif143xeDSy3iUpAgRmy8KUmFhbE1zsAZcAkMx0YQyyfWtFhtRSRnqtCo6BGfx5WXSOq0753X79qzWuCriKJNDckROiEMuSIPckCZxCSMP5Jm8kjfjyXgx3o2PeWvJKGYOyB8Ynz8c2JSN</latexit>

U

mary has a little
<latexit sha1_base64="AtJtjzw5Di51mrbGp6Uv55+E150=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbSbt0swm7G7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/Vbj6g0j+WDGSfoR3QgecgZNVa6f+p5vXLFrbozkGXi5aQCOeq98le3H7M0QmmYoFp3PDcxfkaV4UzgpNRNNSaUjegAO5ZKGqH2s9mpE3JilT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeOVnXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtOyYbgLb68TJpnVe+i6t6dV2rXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AENAo2k</latexit>x1

<latexit sha1_base64="ZXSuBGkmMKn4rpnM6x5dT2R25j4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KklR9Fj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qlX7ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrVindRce/Oy7XrPI4CHMMJnIEHl1CDW6hDAxgM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AEOho2l</latexit>x2
<latexit sha1_base64="NGq5xJYg8Qt6ZP8Ue8ATey4qnyU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jmgckS5id9CZDZmeXmVkxLPkELx4U8eoXefNvnCR70GhBQ1HVTXdXkAiujet+OYWl5ZXVteJ6aWNza3unvLvX1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoeuq3HlBpHst7M07Qj+hA8pAzaqx099g77ZUrbtWdgfwlXk4qkKPeK392+zFLI5SGCap1x3MT42dUGc4ETkrdVGNC2YgOsGOppBFqP5udOiFHVumTMFa2pCEz9edERiOtx1FgOyNqhnrRm4r/eZ3UhJd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHplGwI3uLLf0nzpOqdV93bs0rtKo+jCAdwCMfgwQXU4Abq0AAGA3iCF3h1hPPsvDnv89aCk8/swy84H98QCo2m</latexit>x3

<latexit sha1_base64="7JA0lCSV0hL9BDUBA8FnNlcfajs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VPvvFeuuFV3BrJMvJxUIEe9V/7q9mOWRlwhk9SYjucm6GdUo2CST0rd1PCEshEd8I6likbc+Nns1Ak5sUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophld+JlSSIldsvihMJcGYTP8mfaE5Qzm2hDIt7K2EDammDG06JRuCt/jyMmmeVb2Lqnt3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wcRjo2n</latexit>x4

lamb
goatImprovements over n-gram LM: 

1. No sparsity problem 
2. Low storage cost

Remaining problems: 
1. Fixed window size too small 
2. Words at different positions use different 

weights, no symmetry



Recurrent neural network (RNN)
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• Core idea: apply the same weights W repeatedly

mary has a little
<latexit sha1_base64="AtJtjzw5Di51mrbGp6Uv55+E150=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbSbt0swm7G7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/Vbj6g0j+WDGSfoR3QgecgZNVa6f+p5vXLFrbozkGXi5aQCOeq98le3H7M0QmmYoFp3PDcxfkaV4UzgpNRNNSaUjegAO5ZKGqH2s9mpE3JilT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeOVnXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtOyYbgLb68TJpnVe+i6t6dV2rXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AENAo2k</latexit>x1

<latexit sha1_base64="ZXSuBGkmMKn4rpnM6x5dT2R25j4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KklR9Fj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qlX7ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrVindRce/Oy7XrPI4CHMMJnIEHl1CDW6hDAxgM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AEOho2l</latexit>x2
<latexit sha1_base64="NGq5xJYg8Qt6ZP8Ue8ATey4qnyU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jmgckS5id9CZDZmeXmVkxLPkELx4U8eoXefNvnCR70GhBQ1HVTXdXkAiujet+OYWl5ZXVteJ6aWNza3unvLvX1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoeuq3HlBpHst7M07Qj+hA8pAzaqx099g77ZUrbtWdgfwlXk4qkKPeK392+zFLI5SGCap1x3MT42dUGc4ETkrdVGNC2YgOsGOppBFqP5udOiFHVumTMFa2pCEz9edERiOtx1FgOyNqhnrRm4r/eZ3UhJd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHplGwI3uLLf0nzpOqdV93bs0rtKo+jCAdwCMfgwQXU4Abq0AAGA3iCF3h1hPPsvDnv89aCk8/swy84H98QCo2m</latexit>x3

<latexit sha1_base64="7JA0lCSV0hL9BDUBA8FnNlcfajs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VPvvFeuuFV3BrJMvJxUIEe9V/7q9mOWRlwhk9SYjucm6GdUo2CST0rd1PCEshEd8I6likbc+Nns1Ak5sUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophld+JlSSIldsvihMJcGYTP8mfaE5Qzm2hDIt7K2EDammDG06JRuCt/jyMmmeVb2Lqnt3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wcRjo2n</latexit>x4

<latexit sha1_base64="BvYtWsWPl4twqWH484qbfsBfUEY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhNnJJBkzO7PM9AphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFiRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNq1PDeJ1pqU0ropZLoXgdBUreSgyncSR5MxrdTv3mEzdWaPWA44SHMR0o0ReMopManSHFbNItlf2KPwNZJkFOypCj1i19dXqapTFXyCS1th34CYYZNSiY5JNiJ7U8oWxEB7ztqKIxt2E2u3ZCTp3SI31tXCkkM/X3REZja8dx5DpjikO76E3F/7x2iv3rMBMqSZErNl/UTyVBTaavk54wnKEcO0KZEe5WwobUUIYuoKILIVh8eZk0zivBZcW/vyhXb/I4CnAMJ3AGAVxBFe6gBnVg8AjP8ApvnvZevHfvY9664uUzR/AH3ucP1CWPSw==</latexit>

ˆ
<latexit sha1_base64="NqIqkExHySGxz1zB18NYRUKERqY=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8Re+Xge+qFb9xreAugv8UtShxKt0P0cxJJkCRWGcKx13/dSE+RYGUY4ndcGmaYpJhM8on1LBU6oDvJF8jk6s0qMhlLZIwxaqD83cpzoIpydTLAZ61WvEP/z+pkZ3gQ5E2lmqCDLh4YZR0aiogYUM0WJ4TNLMFHMZkVkjBUmxpZVsyX4q1/+SzoXDf+q4T1c1pu3ZR1VOIFTOAcfrqEJ99CCNhCYwhO8wKuTO8/Om/O+HK045c4x/ILz8Q3ktJPS</latexit>

h1
<latexit sha1_base64="ZonPOohzSxBOSWURJgr1qAtJG4o=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5Nus+FeN5zHq3rrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A5jiT0w==</latexit>

h2
<latexit sha1_base64="g0EaXFNekwrwyc9JI/7IqOMygNk=">AAAB+XicbVC7TsMwFL0pr1JeAUaWiAqJqUp4CMYKFsYi0YfURpHjOK1Vx45sp1IV9U9YGECIlT9h429w2gzQciTLR+fcKx+fMGVUadf9tipr6xubW9Xt2s7u3v6BfXjUUSKTmLSxYEL2QqQIo5y0NdWM9FJJUBIy0g3H94XfnRCpqOBPepoSP0FDTmOKkTZSYNuDULBITRNz5aNZcBnYdbfhzuGsEq8kdSjRCuyvQSRwlhCuMUNK9T031X6OpKaYkVltkCmSIjxGQ9I3lKOEKD+fJ585Z0aJnFhIc7h25urvjRwlqghnJhOkR2rZK8T/vH6m41s/pzzNNOF48VCcMUcLp6jBiagkWLOpIQhLarI6eIQkwtqUVTMleMtfXiWdi4Z33XAfr+rNu7KOKpzAKZyDBzfQhAdoQRswTOAZXuHNyq0X6936WIxWrHLnGP7A+vwB57yT1A==</latexit>

h3

<latexit sha1_base64="USlNwCpZs9DLjhYfVadwY3bxsuk=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5PuVcO9bjiPzXrrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A6UCT1Q==</latexit>

h4

<latexit sha1_base64="3Y8igZ3J/puW9pUuO7BrwzMTr0U=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK1hbaUDbbTbt0swm7EyGE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCajhUijeQoGSdxLNaRRI3g7GN1O//cS1EbF6wCzhfkSHSoSCUbTSfdb3+tWaW3dnIMvEK0gNCjT71a/eIGZpxBUySY3pem6Cfk41Cib5pNJLDU8oG9Mh71qqaMSNn89OnZATqwxIGGtbCslM/T2R08iYLApsZ0RxZBa9qfif100xvPJzoZIUuWLzRWEqCcZk+jcZCM0ZyswSyrSwtxI2opoytOlUbAje4svL5PGs7l3U3bvzWuO6iKMMR3AMp+DBJTTgFprQAgZDeIZXeHOk8+K8Ox/z1pJTzBzCHzifPw6IjaU=</latexit>y1
<latexit sha1_base64="rdWZB+cjwTh9yV8cDHT2H6mcFOs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Qe0oWy2k3bpZhN2N0Io/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHkyXoR3QoecgZNVZ6yPq1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYf0KV4UzgtNRLNSaUjekQu5ZKGqH2J/NTp+TMKgMSxsqWNGSu/p6Y0EjrLApsZ0TNSC97M/E/r5ua8NqfcJmkBiVbLApTQUxMZn+TAVfIjMgsoUxxeythI6ooMzadkg3BW355lbRqVe+y6t5fVOo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AEQDI2m</latexit>y2

<latexit sha1_base64="jdzIOGTlh/6OxlGdpVyEWINz8LE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jmgckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqd+64lrI2L1iOOE+xEdKBEKRtFKD+Peea9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZqRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/9TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0SjYEb/HlZdI8q3qXVff+olK7yeMowhEcwyl4cAU1uIM6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w8RkI2n</latexit>y3
<latexit sha1_base64="pC9j/+WxUWuJfbv30ZFxcTe/XO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Qe0oWy2k3bpZhN2N0Io/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHkyXoR3QoecgZNVZ6yPq1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYf0KV4UzgtNRLNSaUjekQu5ZKGqH2J/NTp+TMKgMSxsqWNGSu/p6Y0EjrLApsZ0TNSC97M/E/r5ua8NqfcJmkBiVbLApTQUxMZn+TAVfIjMgsoUxxeythI6ooMzadkg3BW355lbQuqt5l1b2vVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AETFI2o</latexit>y4

<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h
<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h
<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h

<latexit sha1_base64="GBRYhyNs5JBNFTb7MfeNMbizXuw=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReOZ2HfujWvYa3APpL/JLUoUQrdD8HsSRZQoUhHGvd973UBDlWhhFO57VBpmmKyQSPaN9SgROqg3yRfI7OrBKjoVT2CIMW6s+NHCe6CGcnE2zGetUrxP+8fmaGN0HORJoZKsjyoWHGkZGoqAHFTFFi+MwSTBSzWREZY4WJsWXVbAn+6pf/ks5Fw79qeA+X9eZtWUcVTuAUzsGHa2jCPbSgDQSm8AQv8OrkzrPz5rwvRytOuXMMv+B8fAPgH5PP</latexit>e1
<latexit sha1_base64="OEC+R55YtNjW4J4tlYV2YXG+tFg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrpzO/aZv152GswBaJ25J6lCi7dtfwzAhWUyFJhwrNXCdVHs5lpoRTue1YaZoiskEj+jAUIFjqrx8kXyOLowSoiiR5giNFurvjRzHqghnJmOsx2rVK8T/vEGmo1svZyLNNBVk+VCUcaQTVNSAQiYp0XxmCCaSmayIjLHERJuyaqYEd/XL66TbbLjXDefxqt66K+uowhmcwyW4cAMteIA2dIDAFJ7hFd6s3Hqx3q2P5WjFKndO4Q+szx/ho5PQ</latexit>e2

<latexit sha1_base64="5mwq+CN8AR7cFKzMJnahFyXA4/s=">AAAB+XicbVC7TsMwFHXKq5RXgJHFokJiqhIegrGChbFI9CG1UeQ4N61Vx4lsp1IV9U9YGECIlT9h429w2gzQciTLR+fcKx+fIOVMacf5tipr6xubW9Xt2s7u3v6BfXjUUUkmKbRpwhPZC4gCzgS0NdMceqkEEgccusH4vvC7E5CKJeJJT1PwYjIULGKUaCP5tj0IEh6qaWyuHGb+pW/XnYYzB14lbknqqETLt78GYUKzGISmnCjVd51UezmRmlEOs9ogU5ASOiZD6BsqSAzKy+fJZ/jMKCGOEmmO0Hiu/t7ISayKcGYyJnqklr1C/M/rZzq69XIm0kyDoIuHooxjneCiBhwyCVTzqSGESmayYjoiklBtyqqZEtzlL6+SzkXDvW44j1f15l1ZRxWdoFN0jlx0g5roAbVQG1E0Qc/oFb1ZufVivVsfi9GKVe4coz+wPn8A4yeT0Q==</latexit>e3
<latexit sha1_base64="4cxtTBR4hyNcWDEliwjuXr1jCCg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrpzO/aZv152GswBaJ25J6lCi7dtfwzAhWUyFJhwrNXCdVHs5lpoRTue1YaZoiskEj+jAUIFjqrx8kXyOLowSoiiR5giNFurvjRzHqghnJmOsx2rVK8T/vEGmo1svZyLNNBVk+VCUcaQTVNSAQiYp0XxmCCaSmayIjLHERJuyaqYEd/XL66R71XCvG85js966K+uowhmcwyW4cAMteIA2dIDAFJ7hFd6s3Hqx3q2P5WjFKndO4Q+szx/kq5PS</latexit>e4

<latexit sha1_base64="nC8JHbYo6QVXYMN0Iej0rC4MCuc=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXce0tCtew1vAfSX+CWpQ4lW6H4OYkmyhApDONa673upCXKsDCOczmuDTNMUkwke0b6lAidUB/ki+RydWSVGQ6nsEQYt1J8bOU50Ec5OJtiM9apXiP95/cwMb4KciTQzVJDlQ8OMIyNRUQOKmaLE8JklmChmsyIyxgoTY8uq2RL81S//JZ2Lhn/V8B4u683bso4qnMApnIMP19CEe2hBGwhM4Qle4NXJnWfnzXlfjlaccucYfsH5+AYZnJP1</latexit>

W e
<latexit sha1_base64="nC8JHbYo6QVXYMN0Iej0rC4MCuc=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXce0tCtew1vAfSX+CWpQ4lW6H4OYkmyhApDONa673upCXKsDCOczmuDTNMUkwke0b6lAidUB/ki+RydWSVGQ6nsEQYt1J8bOU50Ec5OJtiM9apXiP95/cwMb4KciTQzVJDlQ8OMIyNRUQOKmaLE8JklmChmsyIyxgoTY8uq2RL81S//JZ2Lhn/V8B4u683bso4qnMApnIMP19CEe2hBGwhM4Qle4NXJnWfnzXlfjlaccucYfsH5+AYZnJP1</latexit>

W e
<latexit sha1_base64="nC8JHbYo6QVXYMN0Iej0rC4MCuc=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXce0tCtew1vAfSX+CWpQ4lW6H4OYkmyhApDONa673upCXKsDCOczmuDTNMUkwke0b6lAidUB/ki+RydWSVGQ6nsEQYt1J8bOU50Ec5OJtiM9apXiP95/cwMb4KciTQzVJDlQ8OMIyNRUQOKmaLE8JklmChmsyIyxgoTY8uq2RL81S//JZ2Lhn/V8B4u683bso4qnMApnIMP19CEe2hBGwhM4Qle4NXJnWfnzXlfjlaccucYfsH5+AYZnJP1</latexit>

W e
<latexit sha1_base64="nC8JHbYo6QVXYMN0Iej0rC4MCuc=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXce0tCtew1vAfSX+CWpQ4lW6H4OYkmyhApDONa673upCXKsDCOczmuDTNMUkwke0b6lAidUB/ki+RydWSVGQ6nsEQYt1J8bOU50Ec5OJtiM9apXiP95/cwMb4KciTQzVJDlQ8OMIyNRUQOKmaLE8JklmChmsyIyxgoTY8uq2RL81S//JZ2Lhn/V8B4u683bso4qnMApnIMP19CEe2hBGwhM4Qle4NXJnWfnzXlfjlaccucYfsH5+AYZnJP1</latexit>

W e

hidden state

output distribution

word embeddings

word/one-hot vectors
<latexit sha1_base64="JA2YswSNOI1sc5f/phAVbpnmAg4=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUoQCMYKFsaC6ENqQuS4TmvVcSLbQVRpFhZ+hYUBhFj5Bzb+BqfNAC1HutLROffq3nv8mFGpLOvbKC0sLi2vlFcra+sbm1vm9k5LRonApIkjFomOjyRhlJOmooqRTiwICn1G2v7wMvfb90RIGvFbNYqJG6I+pwHFSGnJM/fTh8xLVQYdyqETIjXw/fQmu0vHrXHmmVWrZk0A54ldkCoo0PDML6cX4SQkXGGGpOzaVqzcFAlFMSNZxUkkiREeoj7paspRSKSbTr7I4KFWejCIhC6u4ET9PZGiUMpR6OvO/E456+Xif143UcG5m1IeJ4pwPF0UJAyqCOaRwB4VBCs20gRhQfWtEA+QQFjp4Co6BHv25XnSOq7ZpzXr+qRavyjiKIM9cACOgA3OQB1cgQZoAgwewTN4BW/Gk/FivBsf09aSUczsgj8wPn8AcgaZLQ==</latexit>

xt 2 R|V |

<latexit sha1_base64="MtJwJMA2Z4YU8Ov2cw5i5S0eOjc=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiSi6EYoiuCygn1AG8JkMmmHTh7MTMQyZOfGX3HjQhG3/oI7/8ZJmoW2HhjmcM693HuPlzAqpGV9G5WFxaXllepqbW19Y3PL3N7piDjlmLRxzGLe85AgjEakLalkpJdwgkKPka43vsr97j3hgsbRnZwkxAnRMKIBxUhqyTX3FclcJbOLgRczX0xC/anrDKqHQnbNutWwCsB5YpekDkq0XPNr4Mc4DUkkMUNC9G0rkY5CXFLMSFYbpIIkCI/RkPQ1jVBIhKOKOzJ4qBUfBjHXL5KwUH93KBSKfEVdGSI5ErNeLv7n9VMZnDuKRkkqSYSng4KUQRnDPBToU06wZBNNEOZU7wrxCHGEpY6upkOwZ0+eJ53jhn3asG5P6s3LMo4q2AMH4AjY4Aw0wQ1ogTbA4BE8g1fwZjwZL8a78TEtrRhlzy74A+PzB515mms=</latexit>

et = Ext

<latexit sha1_base64="V5AFjcGXL5cnAaCvRyko1vKpDHo="></latexit>

ht = � (Whht�1 +Weet + b1)

<latexit sha1_base64="E+C9JZQaczXSlHVx6VP01e60d24="></latexit>

ŷt = softmax (Uht + b2) 2 R|V |

<latexit sha1_base64="BvYtWsWPl4twqWH484qbfsBfUEY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhNnJJBkzO7PM9AphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFiRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNq1PDeJ1pqU0ropZLoXgdBUreSgyncSR5MxrdTv3mEzdWaPWA44SHMR0o0ReMopManSHFbNItlf2KPwNZJkFOypCj1i19dXqapTFXyCS1th34CYYZNSiY5JNiJ7U8oWxEB7ztqKIxt2E2u3ZCTp3SI31tXCkkM/X3REZja8dx5DpjikO76E3F/7x2iv3rMBMqSZErNl/UTyVBTaavk54wnKEcO0KZEe5WwobUUIYuoKILIVh8eZk0zivBZcW/vyhXb/I4CnAMJ3AGAVxBFe6gBnVg8AjP8ApvnvZevHfvY9664uUzR/AH3ucP1CWPSw==</latexit>

ˆ
<latexit sha1_base64="BvYtWsWPl4twqWH484qbfsBfUEY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhNnJJBkzO7PM9AphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFiRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNq1PDeJ1pqU0ropZLoXgdBUreSgyncSR5MxrdTv3mEzdWaPWA44SHMR0o0ReMopManSHFbNItlf2KPwNZJkFOypCj1i19dXqapTFXyCS1th34CYYZNSiY5JNiJ7U8oWxEB7ztqKIxt2E2u3ZCTp3SI31tXCkkM/X3REZja8dx5DpjikO76E3F/7x2iv3rMBMqSZErNl/UTyVBTaavk54wnKEcO0KZEe5WwobUUIYuoKILIVh8eZk0zivBZcW/vyhXb/I4CnAMJ3AGAVxBFe6gBnVg8AjP8ApvnvZevHfvY9664uUzR/AH3ucP1CWPSw==</latexit>

ˆ
<latexit sha1_base64="BvYtWsWPl4twqWH484qbfsBfUEY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhNnJJBkzO7PM9AphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFiRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNq1PDeJ1pqU0ropZLoXgdBUreSgyncSR5MxrdTv3mEzdWaPWA44SHMR0o0ReMopManSHFbNItlf2KPwNZJkFOypCj1i19dXqapTFXyCS1th34CYYZNSiY5JNiJ7U8oWxEB7ztqKIxt2E2u3ZCTp3SI31tXCkkM/X3REZja8dx5DpjikO76E3F/7x2iv3rMBMqSZErNl/UTyVBTaavk54wnKEcO0KZEe5WwobUUIYuoKILIVh8eZk0zivBZcW/vyhXb/I4CnAMJ3AGAVxBFe6gBnVg8AjP8ApvnvZevHfvY9664uUzR/AH3ucP1CWPSw==</latexit>

ˆ



Recurrent neural network (RNN)
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• Core idea: apply the same weights W repeatedly

mary has a little
<latexit sha1_base64="AtJtjzw5Di51mrbGp6Uv55+E150=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbSbt0swm7G7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/Vbj6g0j+WDGSfoR3QgecgZNVa6f+p5vXLFrbozkGXi5aQCOeq98le3H7M0QmmYoFp3PDcxfkaV4UzgpNRNNSaUjegAO5ZKGqH2s9mpE3JilT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeOVnXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtOyYbgLb68TJpnVe+i6t6dV2rXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AENAo2k</latexit>x1

<latexit sha1_base64="ZXSuBGkmMKn4rpnM6x5dT2R25j4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KklR9Fj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qlX7ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrVindRce/Oy7XrPI4CHMMJnIEHl1CDW6hDAxgM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AEOho2l</latexit>x2
<latexit sha1_base64="NGq5xJYg8Qt6ZP8Ue8ATey4qnyU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jmgckS5id9CZDZmeXmVkxLPkELx4U8eoXefNvnCR70GhBQ1HVTXdXkAiujet+OYWl5ZXVteJ6aWNza3unvLvX1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoeuq3HlBpHst7M07Qj+hA8pAzaqx099g77ZUrbtWdgfwlXk4qkKPeK392+zFLI5SGCap1x3MT42dUGc4ETkrdVGNC2YgOsGOppBFqP5udOiFHVumTMFa2pCEz9edERiOtx1FgOyNqhnrRm4r/eZ3UhJd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHplGwI3uLLf0nzpOqdV93bs0rtKo+jCAdwCMfgwQXU4Abq0AAGA3iCF3h1hPPsvDnv89aCk8/swy84H98QCo2m</latexit>x3

<latexit sha1_base64="7JA0lCSV0hL9BDUBA8FnNlcfajs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VPvvFeuuFV3BrJMvJxUIEe9V/7q9mOWRlwhk9SYjucm6GdUo2CST0rd1PCEshEd8I6likbc+Nns1Ak5sUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophld+JlSSIldsvihMJcGYTP8mfaE5Qzm2hDIt7K2EDammDG06JRuCt/jyMmmeVb2Lqnt3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wcRjo2n</latexit>x4

<latexit sha1_base64="BvYtWsWPl4twqWH484qbfsBfUEY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhNnJJBkzO7PM9AphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFiRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNq1PDeJ1pqU0ropZLoXgdBUreSgyncSR5MxrdTv3mEzdWaPWA44SHMR0o0ReMopManSHFbNItlf2KPwNZJkFOypCj1i19dXqapTFXyCS1th34CYYZNSiY5JNiJ7U8oWxEB7ztqKIxt2E2u3ZCTp3SI31tXCkkM/X3REZja8dx5DpjikO76E3F/7x2iv3rMBMqSZErNl/UTyVBTaavk54wnKEcO0KZEe5WwobUUIYuoKILIVh8eZk0zivBZcW/vyhXb/I4CnAMJ3AGAVxBFe6gBnVg8AjP8ApvnvZevHfvY9664uUzR/AH3ucP1CWPSw==</latexit>

ˆ
<latexit sha1_base64="NqIqkExHySGxz1zB18NYRUKERqY=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8Re+Xge+qFb9xreAugv8UtShxKt0P0cxJJkCRWGcKx13/dSE+RYGUY4ndcGmaYpJhM8on1LBU6oDvJF8jk6s0qMhlLZIwxaqD83cpzoIpydTLAZ61WvEP/z+pkZ3gQ5E2lmqCDLh4YZR0aiogYUM0WJ4TNLMFHMZkVkjBUmxpZVsyX4q1/+SzoXDf+q4T1c1pu3ZR1VOIFTOAcfrqEJ99CCNhCYwhO8wKuTO8/Om/O+HK045c4x/ILz8Q3ktJPS</latexit>

h1
<latexit sha1_base64="ZonPOohzSxBOSWURJgr1qAtJG4o=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5Nus+FeN5zHq3rrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A5jiT0w==</latexit>

h2
<latexit sha1_base64="g0EaXFNekwrwyc9JI/7IqOMygNk=">AAAB+XicbVC7TsMwFL0pr1JeAUaWiAqJqUp4CMYKFsYi0YfURpHjOK1Vx45sp1IV9U9YGECIlT9h429w2gzQciTLR+fcKx+fMGVUadf9tipr6xubW9Xt2s7u3v6BfXjUUSKTmLSxYEL2QqQIo5y0NdWM9FJJUBIy0g3H94XfnRCpqOBPepoSP0FDTmOKkTZSYNuDULBITRNz5aNZcBnYdbfhzuGsEq8kdSjRCuyvQSRwlhCuMUNK9T031X6OpKaYkVltkCmSIjxGQ9I3lKOEKD+fJ585Z0aJnFhIc7h25urvjRwlqghnJhOkR2rZK8T/vH6m41s/pzzNNOF48VCcMUcLp6jBiagkWLOpIQhLarI6eIQkwtqUVTMleMtfXiWdi4Z33XAfr+rNu7KOKpzAKZyDBzfQhAdoQRswTOAZXuHNyq0X6936WIxWrHLnGP7A+vwB57yT1A==</latexit>

h3

<latexit sha1_base64="USlNwCpZs9DLjhYfVadwY3bxsuk=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5PuVcO9bjiPzXrrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A6UCT1Q==</latexit>

h4

<latexit sha1_base64="3Y8igZ3J/puW9pUuO7BrwzMTr0U=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK1hbaUDbbTbt0swm7EyGE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCajhUijeQoGSdxLNaRRI3g7GN1O//cS1EbF6wCzhfkSHSoSCUbTSfdb3+tWaW3dnIMvEK0gNCjT71a/eIGZpxBUySY3pem6Cfk41Cib5pNJLDU8oG9Mh71qqaMSNn89OnZATqwxIGGtbCslM/T2R08iYLApsZ0RxZBa9qfif100xvPJzoZIUuWLzRWEqCcZk+jcZCM0ZyswSyrSwtxI2opoytOlUbAje4svL5PGs7l3U3bvzWuO6iKMMR3AMp+DBJTTgFprQAgZDeIZXeHOk8+K8Ox/z1pJTzBzCHzifPw6IjaU=</latexit>y1
<latexit sha1_base64="rdWZB+cjwTh9yV8cDHT2H6mcFOs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Qe0oWy2k3bpZhN2N0Io/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHkyXoR3QoecgZNVZ6yPq1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYf0KV4UzgtNRLNSaUjekQu5ZKGqH2J/NTp+TMKgMSxsqWNGSu/p6Y0EjrLApsZ0TNSC97M/E/r5ua8NqfcJmkBiVbLApTQUxMZn+TAVfIjMgsoUxxeythI6ooMzadkg3BW355lbRqVe+y6t5fVOo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AEQDI2m</latexit>y2

<latexit sha1_base64="jdzIOGTlh/6OxlGdpVyEWINz8LE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jmgckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqd+64lrI2L1iOOE+xEdKBEKRtFKD+Peea9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZqRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/9TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0SjYEb/HlZdI8q3qXVff+olK7yeMowhEcwyl4cAU1uIM6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w8RkI2n</latexit>y3
<latexit sha1_base64="pC9j/+WxUWuJfbv30ZFxcTe/XO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Qe0oWy2k3bpZhN2N0Io/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHkyXoR3QoecgZNVZ6yPq1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYf0KV4UzgtNRLNSaUjekQu5ZKGqH2J/NTp+TMKgMSxsqWNGSu/p6Y0EjrLApsZ0TNSC97M/E/r5ua8NqfcJmkBiVbLApTQUxMZn+TAVfIjMgsoUxxeythI6ooMzadkg3BW355lbQuqt5l1b2vVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AETFI2o</latexit>y4

<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h
<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h
<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h

<latexit sha1_base64="GBRYhyNs5JBNFTb7MfeNMbizXuw=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReOZ2HfujWvYa3APpL/JLUoUQrdD8HsSRZQoUhHGvd973UBDlWhhFO57VBpmmKyQSPaN9SgROqg3yRfI7OrBKjoVT2CIMW6s+NHCe6CGcnE2zGetUrxP+8fmaGN0HORJoZKsjyoWHGkZGoqAHFTFFi+MwSTBSzWREZY4WJsWXVbAn+6pf/ks5Fw79qeA+X9eZtWUcVTuAUzsGHa2jCPbSgDQSm8AQv8OrkzrPz5rwvRytOuXMMv+B8fAPgH5PP</latexit>e1
<latexit sha1_base64="OEC+R55YtNjW4J4tlYV2YXG+tFg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrpzO/aZv152GswBaJ25J6lCi7dtfwzAhWUyFJhwrNXCdVHs5lpoRTue1YaZoiskEj+jAUIFjqrx8kXyOLowSoiiR5giNFurvjRzHqghnJmOsx2rVK8T/vEGmo1svZyLNNBVk+VCUcaQTVNSAQiYp0XxmCCaSmayIjLHERJuyaqYEd/XL66TbbLjXDefxqt66K+uowhmcwyW4cAMteIA2dIDAFJ7hFd6s3Hqx3q2P5WjFKndO4Q+szx/ho5PQ</latexit>e2

<latexit sha1_base64="5mwq+CN8AR7cFKzMJnahFyXA4/s=">AAAB+XicbVC7TsMwFHXKq5RXgJHFokJiqhIegrGChbFI9CG1UeQ4N61Vx4lsp1IV9U9YGECIlT9h429w2gzQciTLR+fcKx+fIOVMacf5tipr6xubW9Xt2s7u3v6BfXjUUUkmKbRpwhPZC4gCzgS0NdMceqkEEgccusH4vvC7E5CKJeJJT1PwYjIULGKUaCP5tj0IEh6qaWyuHGb+pW/XnYYzB14lbknqqETLt78GYUKzGISmnCjVd51UezmRmlEOs9ogU5ASOiZD6BsqSAzKy+fJZ/jMKCGOEmmO0Hiu/t7ISayKcGYyJnqklr1C/M/rZzq69XIm0kyDoIuHooxjneCiBhwyCVTzqSGESmayYjoiklBtyqqZEtzlL6+SzkXDvW44j1f15l1ZRxWdoFN0jlx0g5roAbVQG1E0Qc/oFb1ZufVivVsfi9GKVe4coz+wPn8A4yeT0Q==</latexit>e3
<latexit sha1_base64="4cxtTBR4hyNcWDEliwjuXr1jCCg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrpzO/aZv152GswBaJ25J6lCi7dtfwzAhWUyFJhwrNXCdVHs5lpoRTue1YaZoiskEj+jAUIFjqrx8kXyOLowSoiiR5giNFurvjRzHqghnJmOsx2rVK8T/vEGmo1svZyLNNBVk+VCUcaQTVNSAQiYp0XxmCCaSmayIjLHERJuyaqYEd/XL66R71XCvG85js966K+uowhmcwyW4cAMteIA2dIDAFJ7hFd6s3Hqx3q2P5WjFKndO4Q+szx/kq5PS</latexit>e4

<latexit sha1_base64="nC8JHbYo6QVXYMN0Iej0rC4MCuc=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXce0tCtew1vAfSX+CWpQ4lW6H4OYkmyhApDONa673upCXKsDCOczmuDTNMUkwke0b6lAidUB/ki+RydWSVGQ6nsEQYt1J8bOU50Ec5OJtiM9apXiP95/cwMb4KciTQzVJDlQ8OMIyNRUQOKmaLE8JklmChmsyIyxgoTY8uq2RL81S//JZ2Lhn/V8B4u683bso4qnMApnIMP19CEe2hBGwhM4Qle4NXJnWfnzXlfjlaccucYfsH5+AYZnJP1</latexit>

W e
<latexit sha1_base64="nC8JHbYo6QVXYMN0Iej0rC4MCuc=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXce0tCtew1vAfSX+CWpQ4lW6H4OYkmyhApDONa673upCXKsDCOczmuDTNMUkwke0b6lAidUB/ki+RydWSVGQ6nsEQYt1J8bOU50Ec5OJtiM9apXiP95/cwMb4KciTQzVJDlQ8OMIyNRUQOKmaLE8JklmChmsyIyxgoTY8uq2RL81S//JZ2Lhn/V8B4u683bso4qnMApnIMP19CEe2hBGwhM4Qle4NXJnWfnzXlfjlaccucYfsH5+AYZnJP1</latexit>

W e
<latexit sha1_base64="nC8JHbYo6QVXYMN0Iej0rC4MCuc=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXce0tCtew1vAfSX+CWpQ4lW6H4OYkmyhApDONa673upCXKsDCOczmuDTNMUkwke0b6lAidUB/ki+RydWSVGQ6nsEQYt1J8bOU50Ec5OJtiM9apXiP95/cwMb4KciTQzVJDlQ8OMIyNRUQOKmaLE8JklmChmsyIyxgoTY8uq2RL81S//JZ2Lhn/V8B4u683bso4qnMApnIMP19CEe2hBGwhM4Qle4NXJnWfnzXlfjlaccucYfsH5+AYZnJP1</latexit>

W e
<latexit sha1_base64="nC8JHbYo6QVXYMN0Iej0rC4MCuc=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXce0tCtew1vAfSX+CWpQ4lW6H4OYkmyhApDONa673upCXKsDCOczmuDTNMUkwke0b6lAidUB/ki+RydWSVGQ6nsEQYt1J8bOU50Ec5OJtiM9apXiP95/cwMb4KciTQzVJDlQ8OMIyNRUQOKmaLE8JklmChmsyIyxgoTY8uq2RL81S//JZ2Lhn/V8B4u683bso4qnMApnIMP19CEe2hBGwhM4Qle4NXJnWfnzXlfjlaccucYfsH5+AYZnJP1</latexit>

W e

RNN disadvantage: 
• Recurrent computation is 

slow 
• Long distance problem

RNN advantage: 
• Can process any length 

input 
• Model size doesn’t 

increase for longer input 
• Symmetry because the 

same weight applied on 
every timestep

<latexit sha1_base64="BvYtWsWPl4twqWH484qbfsBfUEY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhNnJJBkzO7PM9AphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFiRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNq1PDeJ1pqU0ropZLoXgdBUreSgyncSR5MxrdTv3mEzdWaPWA44SHMR0o0ReMopManSHFbNItlf2KPwNZJkFOypCj1i19dXqapTFXyCS1th34CYYZNSiY5JNiJ7U8oWxEB7ztqKIxt2E2u3ZCTp3SI31tXCkkM/X3REZja8dx5DpjikO76E3F/7x2iv3rMBMqSZErNl/UTyVBTaavk54wnKEcO0KZEe5WwobUUIYuoKILIVh8eZk0zivBZcW/vyhXb/I4CnAMJ3AGAVxBFe6gBnVg8AjP8ApvnvZevHfvY9664uUzR/AH3ucP1CWPSw==</latexit>

ˆ
<latexit sha1_base64="BvYtWsWPl4twqWH484qbfsBfUEY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhNnJJBkzO7PM9AphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFiRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNq1PDeJ1pqU0ropZLoXgdBUreSgyncSR5MxrdTv3mEzdWaPWA44SHMR0o0ReMopManSHFbNItlf2KPwNZJkFOypCj1i19dXqapTFXyCS1th34CYYZNSiY5JNiJ7U8oWxEB7ztqKIxt2E2u3ZCTp3SI31tXCkkM/X3REZja8dx5DpjikO76E3F/7x2iv3rMBMqSZErNl/UTyVBTaavk54wnKEcO0KZEe5WwobUUIYuoKILIVh8eZk0zivBZcW/vyhXb/I4CnAMJ3AGAVxBFe6gBnVg8AjP8ApvnvZevHfvY9664uUzR/AH3ucP1CWPSw==</latexit>

ˆ
<latexit sha1_base64="BvYtWsWPl4twqWH484qbfsBfUEY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhNnJJBkzO7PM9AphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFiRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNq1PDeJ1pqU0ropZLoXgdBUreSgyncSR5MxrdTv3mEzdWaPWA44SHMR0o0ReMopManSHFbNItlf2KPwNZJkFOypCj1i19dXqapTFXyCS1th34CYYZNSiY5JNiJ7U8oWxEB7ztqKIxt2E2u3ZCTp3SI31tXCkkM/X3REZja8dx5DpjikO76E3F/7x2iv3rMBMqSZErNl/UTyVBTaavk54wnKEcO0KZEe5WwobUUIYuoKILIVh8eZk0zivBZcW/vyhXb/I4CnAMJ3AGAVxBFe6gBnVg8AjP8ApvnvZevHfvY9664uUzR/AH3ucP1CWPSw==</latexit>

ˆ



Training an RNN language model
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• Get a big corpus of text 
• Feed into RNN-LM, compute output distribution yhat for every step t 

• The loss function at step t is the cross entropy between the predicted probability 
distribution    , and the true next word     or        :  

• Minimize the average of the loss function over each word t: 

<latexit sha1_base64="9ZPpoDZ4+Z3uK6bIt9XwKcodmSA=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMFWyttKJvtpl26uwm7EyGE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvTAQ36HnfTmlldW19o7xZ2dre2d2r7h+0TZxqylo0FrHuhMQwwRVrIUfBOolmRIaCPYTjm6n/8MS04bG6xyxhgSRDxSNOCVrpsTcimGeTPvarNa/uzeAuE78gNSjQ7Fe/eoOYppIppIIY0/W9BIOcaORUsEmllxqWEDomQ9a1VBHJTJDPDp64J1YZuFGsbSl0Z+rviZxIYzIZ2k5JcGQWvan4n9dNMboKcq6SFJmi80VRKlyM3en37oBrRlFklhCqub3VpSOiCUWbUcWG4C++vEzaZ3X/ou7dndca10UcZTiCYzgFHy6hAbfQhBZQkPAMr/DmaOfFeXc+5q0lp5g5hD9wPn8AQ1KQtQ==</latexit>

ŷt
<latexit sha1_base64="y6oV14C9Td9Y/M4CnlRvgiwurj8="></latexit>

Jt(✓) = CE (yt, ŷt) = �
X

w2V

yt,w log ŷt,w = � log ŷt,xt+1

<latexit sha1_base64="wOXad7VRNcv0B6cokyhW6ulVafI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK1hbaUDbbTbt0swm7EyGE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCajhUijeQoGSdxLNaRRI3g7GN1O//cS1EbF6wCzhfkSHSoSCUbTSfdbHfrXm1t0ZyDLxClKDAs1+9as3iFkacYVMUmO6npugn1ONgkk+qfRSwxPKxnTIu5YqGnHj57NTJ+TEKgMSxtqWQjJTf0/kNDImiwLbGVEcmUVvKv7ndVMMr/xcqCRFrth8UZhKgjGZ/k0GQnOGMrOEMi3srYSNqKYMbToVG4K3+PIyeTyrexd19+681rgu4ijDERzDKXhwCQ24hSa0gMEQnuEV3hzpvDjvzse8teQUM4fwB87nD3QUjeg=</latexit>yt <latexit sha1_base64="ujXsd1X7ydFqt1aiqAaUSWtJ2uU=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoiih6LXjxWsB/QhrLZbtqlm03YnYgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgorq2vrG8XN0tb2zu5eef+gaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3U791iPXRsTqAccJ9yM6UCIUjKKVWk+9DM+8Sa9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZuRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/9TKgkRa7YfFGYSoIxmf5O+kJzhnJsCWVa2FsJG1JNGdqESjYEb/HlZdI8r3qXVff+olK7yeMowhEcwyl4cAU1uIM6NIDBCJ7hFd6cxHlx3p2PeWvByWcO4Q+czx8Q4o9j</latexit>xt+1

<latexit sha1_base64="WqKwxB3PeSvxbP0fVlXM1ES7P28="></latexit>

J(✓) =
1

T

TX

t=1

Jt(✓) =
1

T

TX

t=1

� log ŷt,xt+1



Gradient descent
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• We have a cost function         we want to minimize 
• There are a list of optimization algorithm (for both convex and non-convex 

objectives), the most popular one is gradient descent (first-order optimization) 
• At each iteration, GD calculate gradient of        , then take small step in direction 

of negative gradient. Repeat

<latexit sha1_base64="bCVUXUBAtSwGJ5dBxk7vwO8SXEU=">AAAB8HicbVDLSgNBEJyNrxhfUY9eFoMQL2FXFD0GvYinCOYhyRJmJ51kyMzsMtMrhCVf4cWDIl79HG/+jZNkD5pY0FBUddPdFcaCG/S8bye3srq2vpHfLGxt7+zuFfcPGiZKNIM6i0SkWyE1ILiCOnIU0Io1UBkKaIajm6nffAJteKQecBxDIOlA8T5nFK30eFfu4BCQnnaLJa/izeAuEz8jJZKh1i1+dXoRSyQoZIIa0/a9GIOUauRMwKTQSQzElI3oANqWKirBBOns4Il7YpWe24+0LYXuTP09kVJpzFiGtlNSHJpFbyr+57UT7F8FKVdxgqDYfFE/ES5G7vR7t8c1MBRjSyjT3N7qsiHVlKHNqGBD8BdfXiaNs4p/UfHuz0vV6yyOPDkix6RMfHJJquSW1EidMCLJM3klb452Xpx352PemnOymUPyB87nDwT9j+U=</latexit>

J(✓)

<latexit sha1_base64="bCVUXUBAtSwGJ5dBxk7vwO8SXEU=">AAAB8HicbVDLSgNBEJyNrxhfUY9eFoMQL2FXFD0GvYinCOYhyRJmJ51kyMzsMtMrhCVf4cWDIl79HG/+jZNkD5pY0FBUddPdFcaCG/S8bye3srq2vpHfLGxt7+zuFfcPGiZKNIM6i0SkWyE1ILiCOnIU0Io1UBkKaIajm6nffAJteKQecBxDIOlA8T5nFK30eFfu4BCQnnaLJa/izeAuEz8jJZKh1i1+dXoRSyQoZIIa0/a9GIOUauRMwKTQSQzElI3oANqWKirBBOns4Il7YpWe24+0LYXuTP09kVJpzFiGtlNSHJpFbyr+57UT7F8FKVdxgqDYfFE/ES5G7vR7t8c1MBRjSyjT3N7qsiHVlKHNqGBD8BdfXiaNs4p/UfHuz0vV6yyOPDkix6RMfHJJquSW1EidMCLJM3klb452Xpx352PemnOymUPyB87nDwT9j+U=</latexit>

J(✓)



Gradient descent
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• We have a cost function         we want to minimize 
• There are a list of optimization algorithm (for both convex and non-convex 

objectives), the most popular one is gradient descent (first-order optimization) 
• At each iteration, GD calculate gradient of        , then take small step in 

direction of negative gradient. Repeat

<latexit sha1_base64="bCVUXUBAtSwGJ5dBxk7vwO8SXEU=">AAAB8HicbVDLSgNBEJyNrxhfUY9eFoMQL2FXFD0GvYinCOYhyRJmJ51kyMzsMtMrhCVf4cWDIl79HG/+jZNkD5pY0FBUddPdFcaCG/S8bye3srq2vpHfLGxt7+zuFfcPGiZKNIM6i0SkWyE1ILiCOnIU0Io1UBkKaIajm6nffAJteKQecBxDIOlA8T5nFK30eFfu4BCQnnaLJa/izeAuEz8jJZKh1i1+dXoRSyQoZIIa0/a9GIOUauRMwKTQSQzElI3oANqWKirBBOns4Il7YpWe24+0LYXuTP09kVJpzFiGtlNSHJpFbyr+57UT7F8FKVdxgqDYfFE/ES5G7vR7t8c1MBRjSyjT3N7qsiHVlKHNqGBD8BdfXiaNs4p/UfHuz0vV6yyOPDkix6RMfHJJquSW1EidMCLJM3klb452Xpx352PemnOymUPyB87nDwT9j+U=</latexit>

J(✓)

<latexit sha1_base64="bCVUXUBAtSwGJ5dBxk7vwO8SXEU=">AAAB8HicbVDLSgNBEJyNrxhfUY9eFoMQL2FXFD0GvYinCOYhyRJmJ51kyMzsMtMrhCVf4cWDIl79HG/+jZNkD5pY0FBUddPdFcaCG/S8bye3srq2vpHfLGxt7+zuFfcPGiZKNIM6i0SkWyE1ILiCOnIU0Io1UBkKaIajm6nffAJteKQecBxDIOlA8T5nFK30eFfu4BCQnnaLJa/izeAuEz8jJZKh1i1+dXoRSyQoZIIa0/a9GIOUauRMwKTQSQzElI3oANqWKirBBOns4Il7YpWe24+0LYXuTP09kVJpzFiGtlNSHJpFbyr+57UT7F8FKVdxgqDYfFE/ES5G7vR7t8c1MBRjSyjT3N7qsiHVlKHNqGBD8BdfXiaNs4p/UfHuz0vV6yyOPDkix6RMfHJJquSW1EidMCLJM3klb452Xpx352PemnOymUPyB87nDwT9j+U=</latexit>

J(✓)

<latexit sha1_base64="ojdGLNls2sEIDiOVGV0SDmgQBiY="></latexit>

✓new = ✓old � ↵r✓J(✓)

<latexit sha1_base64="eTkdNa3b7JuqO3XrLKUo7gyyUkU="></latexit>

✓newj = ✓oldj � ↵
@

@✓oldj

J(✓)



Training an RNN language model
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• However, computing loss and gradients across entire corpus (i.e., gradient 
descent) is too expensive 

• Stochastic gradient descent allows us to compute gradients of a batch of 
sentences and update weights 
• Batch size matters: smaller batch size takes less memory, larger batch size 

are memory consuming but converges faster



Generating text with an RNN language model
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• You can train an RNN-LM on any kind of text, then generate in that style 

• RNN trained on the first 4 Harry Porter books:

“Sorry,” Harry shouted, panicking  
— “I’ll leave those brooms in London, are they?” 
“No idea,” said Nearly Headless Nick, casting low close by Cedric, 
carrying the last bit of treacle Charms, from Harry’s shoulder, and to 
answer him the common room perched upon it, four arms held a 
shining knob from when the spider hadn’t felt it seemed. He reached 
the teams too. 

source: https://medium.com/deep-writing/harry-potter-written-by-artificial-intelligence-8a9431803da6



RNN used in supervised learning
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• Word tagging (use each y_t) 
• PoS tagging 
• NER tagging 

• Sentence classification (use the 
last y_t or the average) 
• sentiment classification 
• text categorization

mary has a little
<latexit sha1_base64="AtJtjzw5Di51mrbGp6Uv55+E150=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbSbt0swm7G7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/Vbj6g0j+WDGSfoR3QgecgZNVa6f+p5vXLFrbozkGXi5aQCOeq98le3H7M0QmmYoFp3PDcxfkaV4UzgpNRNNSaUjegAO5ZKGqH2s9mpE3JilT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeOVnXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtOyYbgLb68TJpnVe+i6t6dV2rXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AENAo2k</latexit>x1

<latexit sha1_base64="ZXSuBGkmMKn4rpnM6x5dT2R25j4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KklR9Fj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qlX7ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrVindRce/Oy7XrPI4CHMMJnIEHl1CDW6hDAxgM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AEOho2l</latexit>x2
<latexit sha1_base64="NGq5xJYg8Qt6ZP8Ue8ATey4qnyU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jmgckS5id9CZDZmeXmVkxLPkELx4U8eoXefNvnCR70GhBQ1HVTXdXkAiujet+OYWl5ZXVteJ6aWNza3unvLvX1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoeuq3HlBpHst7M07Qj+hA8pAzaqx099g77ZUrbtWdgfwlXk4qkKPeK392+zFLI5SGCap1x3MT42dUGc4ETkrdVGNC2YgOsGOppBFqP5udOiFHVumTMFa2pCEz9edERiOtx1FgOyNqhnrRm4r/eZ3UhJd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHplGwI3uLLf0nzpOqdV93bs0rtKo+jCAdwCMfgwQXU4Abq0AAGA3iCF3h1hPPsvDnv89aCk8/swy84H98QCo2m</latexit>x3

<latexit sha1_base64="7JA0lCSV0hL9BDUBA8FnNlcfajs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VPvvFeuuFV3BrJMvJxUIEe9V/7q9mOWRlwhk9SYjucm6GdUo2CST0rd1PCEshEd8I6likbc+Nns1Ak5sUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophld+JlSSIldsvihMJcGYTP8mfaE5Qzm2hDIt7K2EDammDG06JRuCt/jyMmmeVb2Lqnt3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wcRjo2n</latexit>x4

<latexit sha1_base64="ZonPOohzSxBOSWURJgr1qAtJG4o=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5Nus+FeN5zHq3rrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A5jiT0w==</latexit>

h2
<latexit sha1_base64="g0EaXFNekwrwyc9JI/7IqOMygNk=">AAAB+XicbVC7TsMwFL0pr1JeAUaWiAqJqUp4CMYKFsYi0YfURpHjOK1Vx45sp1IV9U9YGECIlT9h429w2gzQciTLR+fcKx+fMGVUadf9tipr6xubW9Xt2s7u3v6BfXjUUSKTmLSxYEL2QqQIo5y0NdWM9FJJUBIy0g3H94XfnRCpqOBPepoSP0FDTmOKkTZSYNuDULBITRNz5aNZcBnYdbfhzuGsEq8kdSjRCuyvQSRwlhCuMUNK9T031X6OpKaYkVltkCmSIjxGQ9I3lKOEKD+fJ585Z0aJnFhIc7h25urvjRwlqghnJhOkR2rZK8T/vH6m41s/pzzNNOF48VCcMUcLp6jBiagkWLOpIQhLarI6eIQkwtqUVTMleMtfXiWdi4Z33XAfr+rNu7KOKpzAKZyDBzfQhAdoQRswTOAZXuHNyq0X6936WIxWrHLnGP7A+vwB57yT1A==</latexit>

h3

<latexit sha1_base64="USlNwCpZs9DLjhYfVadwY3bxsuk=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5PuVcO9bjiPzXrrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A6UCT1Q==</latexit>

h4

<latexit sha1_base64="3Y8igZ3J/puW9pUuO7BrwzMTr0U=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK1hbaUDbbTbt0swm7EyGE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCajhUijeQoGSdxLNaRRI3g7GN1O//cS1EbF6wCzhfkSHSoSCUbTSfdb3+tWaW3dnIMvEK0gNCjT71a/eIGZpxBUySY3pem6Cfk41Cib5pNJLDU8oG9Mh71qqaMSNn89OnZATqwxIGGtbCslM/T2R08iYLApsZ0RxZBa9qfif100xvPJzoZIUuWLzRWEqCcZk+jcZCM0ZyswSyrSwtxI2opoytOlUbAje4svL5PGs7l3U3bvzWuO6iKMMR3AMp+DBJTTgFprQAgZDeIZXeHOk8+K8Ox/z1pJTzBzCHzifPw6IjaU=</latexit>y1
<latexit sha1_base64="rdWZB+cjwTh9yV8cDHT2H6mcFOs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Qe0oWy2k3bpZhN2N0Io/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHkyXoR3QoecgZNVZ6yPq1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYf0KV4UzgtNRLNSaUjekQu5ZKGqH2J/NTp+TMKgMSxsqWNGSu/p6Y0EjrLApsZ0TNSC97M/E/r5ua8NqfcJmkBiVbLApTQUxMZn+TAVfIjMgsoUxxeythI6ooMzadkg3BW355lbRqVe+y6t5fVOo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AEQDI2m</latexit>y2

<latexit sha1_base64="jdzIOGTlh/6OxlGdpVyEWINz8LE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jmgckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqd+64lrI2L1iOOE+xEdKBEKRtFKD+Peea9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZqRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/9TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0SjYEb/HlZdI8q3qXVff+olK7yeMowhEcwyl4cAU1uIM6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w8RkI2n</latexit>y3
<latexit sha1_base64="pC9j/+WxUWuJfbv30ZFxcTe/XO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Qe0oWy2k3bpZhN2N0Io/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHkyXoR3QoecgZNVZ6yPq1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYf0KV4UzgtNRLNSaUjekQu5ZKGqH2J/NTp+TMKgMSxsqWNGSu/p6Y0EjrLApsZ0TNSC97M/E/r5ua8NqfcJmkBiVbLApTQUxMZn+TAVfIjMgsoUxxeythI6ooMzadkg3BW355lbQuqt5l1b2vVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AETFI2o</latexit>y4

<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h
<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h
<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h

<latexit sha1_base64="OEC+R55YtNjW4J4tlYV2YXG+tFg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrpzO/aZv152GswBaJ25J6lCi7dtfwzAhWUyFJhwrNXCdVHs5lpoRTue1YaZoiskEj+jAUIFjqrx8kXyOLowSoiiR5giNFurvjRzHqghnJmOsx2rVK8T/vEGmo1svZyLNNBVk+VCUcaQTVNSAQiYp0XxmCCaSmayIjLHERJuyaqYEd/XL66TbbLjXDefxqt66K+uowhmcwyW4cAMteIA2dIDAFJ7hFd6s3Hqx3q2P5WjFKndO4Q+szx/ho5PQ</latexit>e2
<latexit sha1_base64="5mwq+CN8AR7cFKzMJnahFyXA4/s=">AAAB+XicbVC7TsMwFHXKq5RXgJHFokJiqhIegrGChbFI9CG1UeQ4N61Vx4lsp1IV9U9YGECIlT9h429w2gzQciTLR+fcKx+fIOVMacf5tipr6xubW9Xt2s7u3v6BfXjUUUkmKbRpwhPZC4gCzgS0NdMceqkEEgccusH4vvC7E5CKJeJJT1PwYjIULGKUaCP5tj0IEh6qaWyuHGb+pW/XnYYzB14lbknqqETLt78GYUKzGISmnCjVd51UezmRmlEOs9ogU5ASOiZD6BsqSAzKy+fJZ/jMKCGOEmmO0Hiu/t7ISayKcGYyJnqklr1C/M/rZzq69XIm0kyDoIuHooxjneCiBhwyCVTzqSGESmayYjoiklBtyqqZEtzlL6+SzkXDvW44j1f15l1ZRxWdoFN0jlx0g5roAbVQG1E0Qc/oFb1ZufVivVsfi9GKVe4coz+wPn8A4yeT0Q==</latexit>e3

<latexit sha1_base64="4cxtTBR4hyNcWDEliwjuXr1jCCg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrpzO/aZv152GswBaJ25J6lCi7dtfwzAhWUyFJhwrNXCdVHs5lpoRTue1YaZoiskEj+jAUIFjqrx8kXyOLowSoiiR5giNFurvjRzHqghnJmOsx2rVK8T/vEGmo1svZyLNNBVk+VCUcaQTVNSAQiYp0XxmCCaSmayIjLHERJuyaqYEd/XL66R71XCvG85js966K+uowhmcwyW4cAMteIA2dIDAFJ7hFd6s3Hqx3q2P5WjFKndO4Q+szx/kq5PS</latexit>e4

<latexit sha1_base64="nC8JHbYo6QVXYMN0Iej0rC4MCuc=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXce0tCtew1vAfSX+CWpQ4lW6H4OYkmyhApDONa673upCXKsDCOczmuDTNMUkwke0b6lAidUB/ki+RydWSVGQ6nsEQYt1J8bOU50Ec5OJtiM9apXiP95/cwMb4KciTQzVJDlQ8OMIyNRUQOKmaLE8JklmChmsyIyxgoTY8uq2RL81S//JZ2Lhn/V8B4u683bso4qnMApnIMP19CEe2hBGwhM4Qle4NXJnWfnzXlfjlaccucYfsH5+AYZnJP1</latexit>

W e
<latexit sha1_base64="nC8JHbYo6QVXYMN0Iej0rC4MCuc=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXce0tCtew1vAfSX+CWpQ4lW6H4OYkmyhApDONa673upCXKsDCOczmuDTNMUkwke0b6lAidUB/ki+RydWSVGQ6nsEQYt1J8bOU50Ec5OJtiM9apXiP95/cwMb4KciTQzVJDlQ8OMIyNRUQOKmaLE8JklmChmsyIyxgoTY8uq2RL81S//JZ2Lhn/V8B4u683bso4qnMApnIMP19CEe2hBGwhM4Qle4NXJnWfnzXlfjlaccucYfsH5+AYZnJP1</latexit>

W e
<latexit sha1_base64="nC8JHbYo6QVXYMN0Iej0rC4MCuc=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXce0tCtew1vAfSX+CWpQ4lW6H4OYkmyhApDONa673upCXKsDCOczmuDTNMUkwke0b6lAidUB/ki+RydWSVGQ6nsEQYt1J8bOU50Ec5OJtiM9apXiP95/cwMb4KciTQzVJDlQ8OMIyNRUQOKmaLE8JklmChmsyIyxgoTY8uq2RL81S//JZ2Lhn/V8B4u683bso4qnMApnIMP19CEe2hBGwhM4Qle4NXJnWfnzXlfjlaccucYfsH5+AYZnJP1</latexit>

W e
<latexit sha1_base64="nC8JHbYo6QVXYMN0Iej0rC4MCuc=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXce0tCtew1vAfSX+CWpQ4lW6H4OYkmyhApDONa673upCXKsDCOczmuDTNMUkwke0b6lAidUB/ki+RydWSVGQ6nsEQYt1J8bOU50Ec5OJtiM9apXiP95/cwMb4KciTQzVJDlQ8OMIyNRUQOKmaLE8JklmChmsyIyxgoTY8uq2RL81S//JZ2Lhn/V8B4u683bso4qnMApnIMP19CEe2hBGwhM4Qle4NXJnWfnzXlfjlaccucYfsH5+AYZnJP1</latexit>

W e

<latexit sha1_base64="BvYtWsWPl4twqWH484qbfsBfUEY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhNnJJBkzO7PM9AphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFiRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNq1PDeJ1pqU0ropZLoXgdBUreSgyncSR5MxrdTv3mEzdWaPWA44SHMR0o0ReMopManSHFbNItlf2KPwNZJkFOypCj1i19dXqapTFXyCS1th34CYYZNSiY5JNiJ7U8oWxEB7ztqKIxt2E2u3ZCTp3SI31tXCkkM/X3REZja8dx5DpjikO76E3F/7x2iv3rMBMqSZErNl/UTyVBTaavk54wnKEcO0KZEe5WwobUUIYuoKILIVh8eZk0zivBZcW/vyhXb/I4CnAMJ3AGAVxBFe6gBnVg8AjP8ApvnvZevHfvY9664uUzR/AH3ucP1CWPSw==</latexit>

ˆ
<latexit sha1_base64="BvYtWsWPl4twqWH484qbfsBfUEY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhNnJJBkzO7PM9AphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFiRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNq1PDeJ1pqU0ropZLoXgdBUreSgyncSR5MxrdTv3mEzdWaPWA44SHMR0o0ReMopManSHFbNItlf2KPwNZJkFOypCj1i19dXqapTFXyCS1th34CYYZNSiY5JNiJ7U8oWxEB7ztqKIxt2E2u3ZCTp3SI31tXCkkM/X3REZja8dx5DpjikO76E3F/7x2iv3rMBMqSZErNl/UTyVBTaavk54wnKEcO0KZEe5WwobUUIYuoKILIVh8eZk0zivBZcW/vyhXb/I4CnAMJ3AGAVxBFe6gBnVg8AjP8ApvnvZevHfvY9664uUzR/AH3ucP1CWPSw==</latexit>

ˆ
<latexit sha1_base64="BvYtWsWPl4twqWH484qbfsBfUEY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhNnJJBkzO7PM9AphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFiRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNq1PDeJ1pqU0ropZLoXgdBUreSgyncSR5MxrdTv3mEzdWaPWA44SHMR0o0ReMopManSHFbNItlf2KPwNZJkFOypCj1i19dXqapTFXyCS1th34CYYZNSiY5JNiJ7U8oWxEB7ztqKIxt2E2u3ZCTp3SI31tXCkkM/X3REZja8dx5DpjikO76E3F/7x2iv3rMBMqSZErNl/UTyVBTaavk54wnKEcO0KZEe5WwobUUIYuoKILIVh8eZk0zivBZcW/vyhXb/I4CnAMJ3AGAVxBFe6gBnVg8AjP8ApvnvZevHfvY9664uUzR/AH3ucP1CWPSw==</latexit>

ˆ
<latexit sha1_base64="BvYtWsWPl4twqWH484qbfsBfUEY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhNnJJBkzO7PM9AphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFiRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNq1PDeJ1pqU0ropZLoXgdBUreSgyncSR5MxrdTv3mEzdWaPWA44SHMR0o0ReMopManSHFbNItlf2KPwNZJkFOypCj1i19dXqapTFXyCS1th34CYYZNSiY5JNiJ7U8oWxEB7ztqKIxt2E2u3ZCTp3SI31tXCkkM/X3REZja8dx5DpjikO76E3F/7x2iv3rMBMqSZErNl/UTyVBTaavk54wnKEcO0KZEe5WwobUUIYuoKILIVh8eZk0zivBZcW/vyhXb/I4CnAMJ3AGAVxBFe6gBnVg8AjP8ApvnvZevHfvY9664uUzR/AH3ucP1CWPSw==</latexit>

ˆ



Word embedding

• In RNN, we randomly initialize the weight, 
use the back propagation to update this 
weight 

• The random initialization may not give us a 
good starting point 

• We can choose a better starting point with 
embedding vectors pertained in a large 
corpus to help the initialization [Mikolov et 
al. 13] mary has a little

<latexit sha1_base64="AtJtjzw5Di51mrbGp6Uv55+E150=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbSbt0swm7G7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/Vbj6g0j+WDGSfoR3QgecgZNVa6f+p5vXLFrbozkGXi5aQCOeq98le3H7M0QmmYoFp3PDcxfkaV4UzgpNRNNSaUjegAO5ZKGqH2s9mpE3JilT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeOVnXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtOyYbgLb68TJpnVe+i6t6dV2rXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AENAo2k</latexit>x1
<latexit sha1_base64="ZXSuBGkmMKn4rpnM6x5dT2R25j4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KklR9Fj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qlX7ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrVindRce/Oy7XrPI4CHMMJnIEHl1CDW6hDAxgM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AEOho2l</latexit>x2

<latexit sha1_base64="NGq5xJYg8Qt6ZP8Ue8ATey4qnyU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jmgckS5id9CZDZmeXmVkxLPkELx4U8eoXefNvnCR70GhBQ1HVTXdXkAiujet+OYWl5ZXVteJ6aWNza3unvLvX1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoeuq3HlBpHst7M07Qj+hA8pAzaqx099g77ZUrbtWdgfwlXk4qkKPeK392+zFLI5SGCap1x3MT42dUGc4ETkrdVGNC2YgOsGOppBFqP5udOiFHVumTMFa2pCEz9edERiOtx1FgOyNqhnrRm4r/eZ3UhJd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHplGwI3uLLf0nzpOqdV93bs0rtKo+jCAdwCMfgwQXU4Abq0AAGA3iCF3h1hPPsvDnv89aCk8/swy84H98QCo2m</latexit>x3
<latexit sha1_base64="7JA0lCSV0hL9BDUBA8FnNlcfajs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VPvvFeuuFV3BrJMvJxUIEe9V/7q9mOWRlwhk9SYjucm6GdUo2CST0rd1PCEshEd8I6likbc+Nns1Ak5sUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophld+JlSSIldsvihMJcGYTP8mfaE5Qzm2hDIt7K2EDammDG06JRuCt/jyMmmeVb2Lqnt3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wcRjo2n</latexit>x4

<latexit sha1_base64="BvYtWsWPl4twqWH484qbfsBfUEY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhNnJJBkzO7PM9AphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFiRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNq1PDeJ1pqU0ropZLoXgdBUreSgyncSR5MxrdTv3mEzdWaPWA44SHMR0o0ReMopManSHFbNItlf2KPwNZJkFOypCj1i19dXqapTFXyCS1th34CYYZNSiY5JNiJ7U8oWxEB7ztqKIxt2E2u3ZCTp3SI31tXCkkM/X3REZja8dx5DpjikO76E3F/7x2iv3rMBMqSZErNl/UTyVBTaavk54wnKEcO0KZEe5WwobUUIYuoKILIVh8eZk0zivBZcW/vyhXb/I4CnAMJ3AGAVxBFe6gBnVg8AjP8ApvnvZevHfvY9664uUzR/AH3ucP1CWPSw==</latexit>

ˆ
<latexit sha1_base64="NqIqkExHySGxz1zB18NYRUKERqY=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8Re+Xge+qFb9xreAugv8UtShxKt0P0cxJJkCRWGcKx13/dSE+RYGUY4ndcGmaYpJhM8on1LBU6oDvJF8jk6s0qMhlLZIwxaqD83cpzoIpydTLAZ61WvEP/z+pkZ3gQ5E2lmqCDLh4YZR0aiogYUM0WJ4TNLMFHMZkVkjBUmxpZVsyX4q1/+SzoXDf+q4T1c1pu3ZR1VOIFTOAcfrqEJ99CCNhCYwhO8wKuTO8/Om/O+HK045c4x/ILz8Q3ktJPS</latexit>

h1
<latexit sha1_base64="ZonPOohzSxBOSWURJgr1qAtJG4o=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5Nus+FeN5zHq3rrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A5jiT0w==</latexit>

h2
<latexit sha1_base64="g0EaXFNekwrwyc9JI/7IqOMygNk=">AAAB+XicbVC7TsMwFL0pr1JeAUaWiAqJqUp4CMYKFsYi0YfURpHjOK1Vx45sp1IV9U9YGECIlT9h429w2gzQciTLR+fcKx+fMGVUadf9tipr6xubW9Xt2s7u3v6BfXjUUSKTmLSxYEL2QqQIo5y0NdWM9FJJUBIy0g3H94XfnRCpqOBPepoSP0FDTmOKkTZSYNuDULBITRNz5aNZcBnYdbfhzuGsEq8kdSjRCuyvQSRwlhCuMUNK9T031X6OpKaYkVltkCmSIjxGQ9I3lKOEKD+fJ585Z0aJnFhIc7h25urvjRwlqghnJhOkR2rZK8T/vH6m41s/pzzNNOF48VCcMUcLp6jBiagkWLOpIQhLarI6eIQkwtqUVTMleMtfXiWdi4Z33XAfr+rNu7KOKpzAKZyDBzfQhAdoQRswTOAZXuHNyq0X6936WIxWrHLnGP7A+vwB57yT1A==</latexit>

h3

<latexit sha1_base64="USlNwCpZs9DLjhYfVadwY3bxsuk=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5PuVcO9bjiPzXrrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A6UCT1Q==</latexit>

h4

<latexit sha1_base64="3Y8igZ3J/puW9pUuO7BrwzMTr0U=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK1hbaUDbbTbt0swm7EyGE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCajhUijeQoGSdxLNaRRI3g7GN1O//cS1EbF6wCzhfkSHSoSCUbTSfdb3+tWaW3dnIMvEK0gNCjT71a/eIGZpxBUySY3pem6Cfk41Cib5pNJLDU8oG9Mh71qqaMSNn89OnZATqwxIGGtbCslM/T2R08iYLApsZ0RxZBa9qfif100xvPJzoZIUuWLzRWEqCcZk+jcZCM0ZyswSyrSwtxI2opoytOlUbAje4svL5PGs7l3U3bvzWuO6iKMMR3AMp+DBJTTgFprQAgZDeIZXeHOk8+K8Ox/z1pJTzBzCHzifPw6IjaU=</latexit>y1
<latexit sha1_base64="rdWZB+cjwTh9yV8cDHT2H6mcFOs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Qe0oWy2k3bpZhN2N0Io/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHkyXoR3QoecgZNVZ6yPq1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYf0KV4UzgtNRLNSaUjekQu5ZKGqH2J/NTp+TMKgMSxsqWNGSu/p6Y0EjrLApsZ0TNSC97M/E/r5ua8NqfcJmkBiVbLApTQUxMZn+TAVfIjMgsoUxxeythI6ooMzadkg3BW355lbRqVe+y6t5fVOo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AEQDI2m</latexit>y2

<latexit sha1_base64="jdzIOGTlh/6OxlGdpVyEWINz8LE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jmgckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqd+64lrI2L1iOOE+xEdKBEKRtFKD+Peea9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZqRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/9TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0SjYEb/HlZdI8q3qXVff+olK7yeMowhEcwyl4cAU1uIM6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w8RkI2n</latexit>y3
<latexit sha1_base64="pC9j/+WxUWuJfbv30ZFxcTe/XO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Qe0oWy2k3bpZhN2N0Io/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHkyXoR3QoecgZNVZ6yPq1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYf0KV4UzgtNRLNSaUjekQu5ZKGqH2J/NTp+TMKgMSxsqWNGSu/p6Y0EjrLApsZ0TNSC97M/E/r5ua8NqfcJmkBiVbLApTQUxMZn+TAVfIjMgsoUxxeythI6ooMzadkg3BW355lbQuqt5l1b2vVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AETFI2o</latexit>y4

<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h
<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h
<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h

<latexit sha1_base64="GBRYhyNs5JBNFTb7MfeNMbizXuw=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReOZ2HfujWvYa3APpL/JLUoUQrdD8HsSRZQoUhHGvd973UBDlWhhFO57VBpmmKyQSPaN9SgROqg3yRfI7OrBKjoVT2CIMW6s+NHCe6CGcnE2zGetUrxP+8fmaGN0HORJoZKsjyoWHGkZGoqAHFTFFi+MwSTBSzWREZY4WJsWXVbAn+6pf/ks5Fw79qeA+X9eZtWUcVTuAUzsGHa2jCPbSgDQSm8AQv8OrkzrPz5rwvRytOuXMMv+B8fAPgH5PP</latexit>e1
<latexit sha1_base64="OEC+R55YtNjW4J4tlYV2YXG+tFg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrpzO/aZv152GswBaJ25J6lCi7dtfwzAhWUyFJhwrNXCdVHs5lpoRTue1YaZoiskEj+jAUIFjqrx8kXyOLowSoiiR5giNFurvjRzHqghnJmOsx2rVK8T/vEGmo1svZyLNNBVk+VCUcaQTVNSAQiYp0XxmCCaSmayIjLHERJuyaqYEd/XL66TbbLjXDefxqt66K+uowhmcwyW4cAMteIA2dIDAFJ7hFd6s3Hqx3q2P5WjFKndO4Q+szx/ho5PQ</latexit>e2

<latexit sha1_base64="5mwq+CN8AR7cFKzMJnahFyXA4/s=">AAAB+XicbVC7TsMwFHXKq5RXgJHFokJiqhIegrGChbFI9CG1UeQ4N61Vx4lsp1IV9U9YGECIlT9h429w2gzQciTLR+fcKx+fIOVMacf5tipr6xubW9Xt2s7u3v6BfXjUUUkmKbRpwhPZC4gCzgS0NdMceqkEEgccusH4vvC7E5CKJeJJT1PwYjIULGKUaCP5tj0IEh6qaWyuHGb+pW/XnYYzB14lbknqqETLt78GYUKzGISmnCjVd51UezmRmlEOs9ogU5ASOiZD6BsqSAzKy+fJZ/jMKCGOEmmO0Hiu/t7ISayKcGYyJnqklr1C/M/rZzq69XIm0kyDoIuHooxjneCiBhwyCVTzqSGESmayYjoiklBtyqqZEtzlL6+SzkXDvW44j1f15l1ZRxWdoFN0jlx0g5roAbVQG1E0Qc/oFb1ZufVivVsfi9GKVe4coz+wPn8A4yeT0Q==</latexit>e3
<latexit sha1_base64="4cxtTBR4hyNcWDEliwjuXr1jCCg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrpzO/aZv152GswBaJ25J6lCi7dtfwzAhWUyFJhwrNXCdVHs5lpoRTue1YaZoiskEj+jAUIFjqrx8kXyOLowSoiiR5giNFurvjRzHqghnJmOsx2rVK8T/vEGmo1svZyLNNBVk+VCUcaQTVNSAQiYp0XxmCCaSmayIjLHERJuyaqYEd/XL66R71XCvG85js966K+uowhmcwyW4cAMteIA2dIDAFJ7hFd6s3Hqx3q2P5WjFKndO4Q+szx/kq5PS</latexit>e4

<latexit sha1_base64="nC8JHbYo6QVXYMN0Iej0rC4MCuc=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXce0tCtew1vAfSX+CWpQ4lW6H4OYkmyhApDONa673upCXKsDCOczmuDTNMUkwke0b6lAidUB/ki+RydWSVGQ6nsEQYt1J8bOU50Ec5OJtiM9apXiP95/cwMb4KciTQzVJDlQ8OMIyNRUQOKmaLE8JklmChmsyIyxgoTY8uq2RL81S//JZ2Lhn/V8B4u683bso4qnMApnIMP19CEe2hBGwhM4Qle4NXJnWfnzXlfjlaccucYfsH5+AYZnJP1</latexit>

W e
<latexit sha1_base64="nC8JHbYo6QVXYMN0Iej0rC4MCuc=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXce0tCtew1vAfSX+CWpQ4lW6H4OYkmyhApDONa673upCXKsDCOczmuDTNMUkwke0b6lAidUB/ki+RydWSVGQ6nsEQYt1J8bOU50Ec5OJtiM9apXiP95/cwMb4KciTQzVJDlQ8OMIyNRUQOKmaLE8JklmChmsyIyxgoTY8uq2RL81S//JZ2Lhn/V8B4u683bso4qnMApnIMP19CEe2hBGwhM4Qle4NXJnWfnzXlfjlaccucYfsH5+AYZnJP1</latexit>

W e
<latexit sha1_base64="nC8JHbYo6QVXYMN0Iej0rC4MCuc=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXce0tCtew1vAfSX+CWpQ4lW6H4OYkmyhApDONa673upCXKsDCOczmuDTNMUkwke0b6lAidUB/ki+RydWSVGQ6nsEQYt1J8bOU50Ec5OJtiM9apXiP95/cwMb4KciTQzVJDlQ8OMIyNRUQOKmaLE8JklmChmsyIyxgoTY8uq2RL81S//JZ2Lhn/V8B4u683bso4qnMApnIMP19CEe2hBGwhM4Qle4NXJnWfnzXlfjlaccucYfsH5+AYZnJP1</latexit>

W e
<latexit sha1_base64="nC8JHbYo6QVXYMN0Iej0rC4MCuc=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXce0tCtew1vAfSX+CWpQ4lW6H4OYkmyhApDONa673upCXKsDCOczmuDTNMUkwke0b6lAidUB/ki+RydWSVGQ6nsEQYt1J8bOU50Ec5OJtiM9apXiP95/cwMb4KciTQzVJDlQ8OMIyNRUQOKmaLE8JklmChmsyIyxgoTY8uq2RL81S//JZ2Lhn/V8B4u683bso4qnMApnIMP19CEe2hBGwhM4Qle4NXJnWfnzXlfjlaccucYfsH5+AYZnJP1</latexit>

W e



What makes a good word representation?

• Distributional semantics: A word’s meaning is given by the words that 
frequently appear close-by 
• “You shall know a word by the company it keeps” (J. R. Firth 1957)

these contexts will represent “banking”



Word2vec Overview [Mikolov et al. 13]

• Maximizing the probability of the context words given w_t (Skipgram)
<latexit sha1_base64="aRdsHZhTbkPssSM309YfsocoZvg="></latexit>

L(✓) =
TY

t=1

Y

mjm

P (wt+j | wt; ✓)

<latexit sha1_base64="JnFLH5UN922aytt3tjaAXA6Ew+U="></latexit>

J(✓) = � 1

T
logL(✓) = � 1

T

TX

t=1

X

mjm

logP (wt+j | wt; ✓)

<latexit sha1_base64="RX+03C/TnqUzhqi2ErVEAzFXEqk="></latexit>

P (wt+j | wt) =
exp

⇣
uT
wt+j

vwt

⌘

P
w2V exp (uT

wvwt)



Word embedding results

• Maximizing the probability of the context words given w_t (Skipgram)

words closest to “sweden”



Word embedding results

• Maximizing the probability of the context words given w_t (Skipgram)



Skipgram with negative sampling

• It is computationally expensive to use all words for normalization 

• In standard word2vec, implement negative sampling to improve the 
performance 

• Main idea: train binary logistic regressions for a true pair (center word and 
word in its context window) versus several noise pairs (the center word 
paired with a random word)

<latexit sha1_base64="RX+03C/TnqUzhqi2ErVEAzFXEqk="></latexit>

P (wt+j | wt) =
exp

⇣
uT
wt+j

vwt

⌘

P
w2V exp (uT

wvwt)

<latexit sha1_base64="RF3n98vftVUq619rrwSc4yEyTPc="></latexit>

Jt(✓) = log �
⇣
uT
wj+t

vwt

⌘
+

kX

j=1

Ej⇠P (w)

⇥
log �

�
�uT

j vwt

�⇤

maximize prob that context word appears minimize prob that random words appear



Negative sampling

• How to select negative samples? 

• The probability of selecting a word as a negative sample is related to its 
frequency, with more frequent words being more likely to be selected as 
negative samples 

• Instead of using the raw frequency, in the original word2vec paper, each 
word is given a weight that's equal to it's frequency (word count) raised to the 
3/4 power

<latexit sha1_base64="LRCEE7D/U7v8sVS5xIx9Eq+MtR8="></latexit>

P (wi) =
freq (wi)

3/4

Pn
j=0

⇣
freq (wj)

3/4
⌘



Sub sampling frequent words

• Two problems with frequent words such as “the”: 
• When looking at word pairs that includes "the", e.g. ("fox", "the"), "the" 

doesn't tell us much about the meaning of "fox", since it appears in the 
context of pretty much every word. 

• We will have more than enough samples of ("the", "the other word for the 
word pair") than we need to learn a good vector for “the" 

• For every word in the training set, there is a probability we discard it, keep 
words with probability:

<latexit sha1_base64="wNflWKrbCQucJEsvOTNa7F/jmM8=">AAACIHicbZDLSsNAFIYn9VbrLerSTbAILUJJRKkboejGZQV7gaaUyXTSDp1cnDlRasijuPFV3LhQRHf6NE7aCNp6YOCf7z+HmfM7IWcSTPNTyy0sLi2v5FcLa+sbm1v69k5TBpEgtEECHoi2gyXlzKcNYMBpOxQUew6nLWd0kfqtWyokC/xrGIe06+GBz1xGMCjU06t3PXZWsuWNgNh2BSbxfUmhchKbFdO0kuTQKtukH0B2/7F7ejEFaRnzwspEEWVV7+kfdj8gkUd9IBxL2bHMELoxFsAIp0nBjiQNMRnhAe0o6WOPym48WTAxDhTpG24g1PHBmNDfEzH2pBx7jur0MAzlrJfC/7xOBO5pN2Z+GAH1yfQhN+IGBEaaltFnghLgYyUwEUz91SBDrGIClWlBhWDNrjwvmkcV66RiXh0Xa+dZHHm0h/ZRCVmoimroEtVRAxH0gJ7QC3rVHrVn7U17n7bmtGxmF/0p7esbhv+h7A==</latexit>

wi = (

r
z(wi)

0.001
+ 1) · 0.001z(wi)probability of keeping



Detecting phrases

• Phrases such as “san francisco” are much more meaningful than individual 
words 

• The rule used for detecting phrase is: 
<latexit sha1_base64="LP0Ixmj/dpPh6lzB9ui8Em+/2NE="></latexit>

count(AB)� countmin

count(A) · count(B)
·N > threshold



Sub sampling frequent words

• Two problems with frequent words such as “the”: 
• When looking at word pairs that includes "the", e.g. ("fox", "the"), "the" 

doesn't tell us much about the meaning of "fox", since it appears in the 
context of pretty much every word. 

• We will have more than enough samples of ("the", "the other word for the 
word pair") than we need to learn a good vector for “the" 

• For every word in the training set, there is a probability we discard it, keep 
words with probability:

<latexit sha1_base64="wNflWKrbCQucJEsvOTNa7F/jmM8=">AAACIHicbZDLSsNAFIYn9VbrLerSTbAILUJJRKkboejGZQV7gaaUyXTSDp1cnDlRasijuPFV3LhQRHf6NE7aCNp6YOCf7z+HmfM7IWcSTPNTyy0sLi2v5FcLa+sbm1v69k5TBpEgtEECHoi2gyXlzKcNYMBpOxQUew6nLWd0kfqtWyokC/xrGIe06+GBz1xGMCjU06t3PXZWsuWNgNh2BSbxfUmhchKbFdO0kuTQKtukH0B2/7F7ejEFaRnzwspEEWVV7+kfdj8gkUd9IBxL2bHMELoxFsAIp0nBjiQNMRnhAe0o6WOPym48WTAxDhTpG24g1PHBmNDfEzH2pBx7jur0MAzlrJfC/7xOBO5pN2Z+GAH1yfQhN+IGBEaaltFnghLgYyUwEUz91SBDrGIClWlBhWDNrjwvmkcV66RiXh0Xa+dZHHm0h/ZRCVmoimroEtVRAxH0gJ7QC3rVHrVn7U17n7bmtGxmF/0p7esbhv+h7A==</latexit>

wi = (

r
z(wi)

0.001
+ 1) · 0.001z(wi)probability of keeping



Count vs. prediction for word embedding

• Count-based methods: 
• LSI 

• Fast training 
• Making efficient usage of 

statistics 
• Capture mostly word similarity 

but not other patterns 
• Disproportion of word 

importance

• Prediction-based methods: 
• Skipgram/CBOW 
• neural network probability 

language model 

• Scale with corpus size 
• Inefficient usage of statistics 
• Improved performance in 

downstream tasks 
• Can capture pattern beyond 

word similarity



Encoding meaning in vector differences

• Ratio of co-occurrence probability can encode meaning components 

• Capturing the ratio using a bilinear model:



Encoding meaning in vector differences

• Ratio of co-occurrence probability can encode meaning components 

• Capturing the ratio using a bilinear model:

reweighs the co-occurrence make the inner product similar to co-occurrence



Encoding meaning in vector differences

• Ratio of co-occurrence probability can encode meaning components 

•



Summary of word embedding

• Word embedding is designed for initializing the embedding layer of a neural 
network 

• Skipgram and CBOW train word embedding vectors by predicting the probability 
of word generation from context words 

• Training of word embedding vectors can be improved using negative sampling, 
subsampling of frequent words, and detecting phrases 

• GloVe improves word embedding by capturing other patterns



Vanishing gradient problem in RNN

<latexit sha1_base64="BvYtWsWPl4twqWH484qbfsBfUEY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhNnJJBkzO7PM9AphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFiRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNq1PDeJ1pqU0ropZLoXgdBUreSgyncSR5MxrdTv3mEzdWaPWA44SHMR0o0ReMopManSHFbNItlf2KPwNZJkFOypCj1i19dXqapTFXyCS1th34CYYZNSiY5JNiJ7U8oWxEB7ztqKIxt2E2u3ZCTp3SI31tXCkkM/X3REZja8dx5DpjikO76E3F/7x2iv3rMBMqSZErNl/UTyVBTaavk54wnKEcO0KZEe5WwobUUIYuoKILIVh8eZk0zivBZcW/vyhXb/I4CnAMJ3AGAVxBFe6gBnVg8AjP8ApvnvZevHfvY9664uUzR/AH3ucP1CWPSw==</latexit>

ˆ
<latexit sha1_base64="NqIqkExHySGxz1zB18NYRUKERqY=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8Re+Xge+qFb9xreAugv8UtShxKt0P0cxJJkCRWGcKx13/dSE+RYGUY4ndcGmaYpJhM8on1LBU6oDvJF8jk6s0qMhlLZIwxaqD83cpzoIpydTLAZ61WvEP/z+pkZ3gQ5E2lmqCDLh4YZR0aiogYUM0WJ4TNLMFHMZkVkjBUmxpZVsyX4q1/+SzoXDf+q4T1c1pu3ZR1VOIFTOAcfrqEJ99CCNhCYwhO8wKuTO8/Om/O+HK045c4x/ILz8Q3ktJPS</latexit>

h1
<latexit sha1_base64="ZonPOohzSxBOSWURJgr1qAtJG4o=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5Nus+FeN5zHq3rrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A5jiT0w==</latexit>

h2
<latexit sha1_base64="g0EaXFNekwrwyc9JI/7IqOMygNk=">AAAB+XicbVC7TsMwFL0pr1JeAUaWiAqJqUp4CMYKFsYi0YfURpHjOK1Vx45sp1IV9U9YGECIlT9h429w2gzQciTLR+fcKx+fMGVUadf9tipr6xubW9Xt2s7u3v6BfXjUUSKTmLSxYEL2QqQIo5y0NdWM9FJJUBIy0g3H94XfnRCpqOBPepoSP0FDTmOKkTZSYNuDULBITRNz5aNZcBnYdbfhzuGsEq8kdSjRCuyvQSRwlhCuMUNK9T031X6OpKaYkVltkCmSIjxGQ9I3lKOEKD+fJ585Z0aJnFhIc7h25urvjRwlqghnJhOkR2rZK8T/vH6m41s/pzzNNOF48VCcMUcLp6jBiagkWLOpIQhLarI6eIQkwtqUVTMleMtfXiWdi4Z33XAfr+rNu7KOKpzAKZyDBzfQhAdoQRswTOAZXuHNyq0X6936WIxWrHLnGP7A+vwB57yT1A==</latexit>

h3

<latexit sha1_base64="USlNwCpZs9DLjhYfVadwY3bxsuk=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5PuVcO9bjiPzXrrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A6UCT1Q==</latexit>

h4

<latexit sha1_base64="3Y8igZ3J/puW9pUuO7BrwzMTr0U=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK1hbaUDbbTbt0swm7EyGE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCajhUijeQoGSdxLNaRRI3g7GN1O//cS1EbF6wCzhfkSHSoSCUbTSfdb3+tWaW3dnIMvEK0gNCjT71a/eIGZpxBUySY3pem6Cfk41Cib5pNJLDU8oG9Mh71qqaMSNn89OnZATqwxIGGtbCslM/T2R08iYLApsZ0RxZBa9qfif100xvPJzoZIUuWLzRWEqCcZk+jcZCM0ZyswSyrSwtxI2opoytOlUbAje4svL5PGs7l3U3bvzWuO6iKMMR3AMp+DBJTTgFprQAgZDeIZXeHOk8+K8Ox/z1pJTzBzCHzifPw6IjaU=</latexit>y1
<latexit sha1_base64="rdWZB+cjwTh9yV8cDHT2H6mcFOs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Qe0oWy2k3bpZhN2N0Io/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHkyXoR3QoecgZNVZ6yPq1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYf0KV4UzgtNRLNSaUjekQu5ZKGqH2J/NTp+TMKgMSxsqWNGSu/p6Y0EjrLApsZ0TNSC97M/E/r5ua8NqfcJmkBiVbLApTQUxMZn+TAVfIjMgsoUxxeythI6ooMzadkg3BW355lbRqVe+y6t5fVOo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AEQDI2m</latexit>y2

<latexit sha1_base64="jdzIOGTlh/6OxlGdpVyEWINz8LE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jmgckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqd+64lrI2L1iOOE+xEdKBEKRtFKD+Peea9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZqRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/9TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0SjYEb/HlZdI8q3qXVff+olK7yeMowhEcwyl4cAU1uIM6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w8RkI2n</latexit>y3
<latexit sha1_base64="pC9j/+WxUWuJfbv30ZFxcTe/XO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Qe0oWy2k3bpZhN2N0Io/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHkyXoR3QoecgZNVZ6yPq1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYf0KV4UzgtNRLNSaUjekQu5ZKGqH2J/NTp+TMKgMSxsqWNGSu/p6Y0EjrLApsZ0TNSC97M/E/r5ua8NqfcJmkBiVbLApTQUxMZn+TAVfIjMgsoUxxeythI6ooMzadkg3BW355lbQuqt5l1b2vVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AETFI2o</latexit>y4

<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h
<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h
<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h

<latexit sha1_base64="BvYtWsWPl4twqWH484qbfsBfUEY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhNnJJBkzO7PM9AphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFiRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNq1PDeJ1pqU0ropZLoXgdBUreSgyncSR5MxrdTv3mEzdWaPWA44SHMR0o0ReMopManSHFbNItlf2KPwNZJkFOypCj1i19dXqapTFXyCS1th34CYYZNSiY5JNiJ7U8oWxEB7ztqKIxt2E2u3ZCTp3SI31tXCkkM/X3REZja8dx5DpjikO76E3F/7x2iv3rMBMqSZErNl/UTyVBTaavk54wnKEcO0KZEe5WwobUUIYuoKILIVh8eZk0zivBZcW/vyhXb/I4CnAMJ3AGAVxBFe6gBnVg8AjP8ApvnvZevHfvY9664uUzR/AH3ucP1CWPSw==</latexit>

ˆ
<latexit sha1_base64="BvYtWsWPl4twqWH484qbfsBfUEY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhNnJJBkzO7PM9AphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFiRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNq1PDeJ1pqU0ropZLoXgdBUreSgyncSR5MxrdTv3mEzdWaPWA44SHMR0o0ReMopManSHFbNItlf2KPwNZJkFOypCj1i19dXqapTFXyCS1th34CYYZNSiY5JNiJ7U8oWxEB7ztqKIxt2E2u3ZCTp3SI31tXCkkM/X3REZja8dx5DpjikO76E3F/7x2iv3rMBMqSZErNl/UTyVBTaavk54wnKEcO0KZEe5WwobUUIYuoKILIVh8eZk0zivBZcW/vyhXb/I4CnAMJ3AGAVxBFe6gBnVg8AjP8ApvnvZevHfvY9664uUzR/AH3ucP1CWPSw==</latexit>

ˆ
<latexit sha1_base64="BvYtWsWPl4twqWH484qbfsBfUEY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhNnJJBkzO7PM9AphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFiRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNq1PDeJ1pqU0ropZLoXgdBUreSgyncSR5MxrdTv3mEzdWaPWA44SHMR0o0ReMopManSHFbNItlf2KPwNZJkFOypCj1i19dXqapTFXyCS1th34CYYZNSiY5JNiJ7U8oWxEB7ztqKIxt2E2u3ZCTp3SI31tXCkkM/X3REZja8dx5DpjikO76E3F/7x2iv3rMBMqSZErNl/UTyVBTaavk54wnKEcO0KZEe5WwobUUIYuoKILIVh8eZk0zivBZcW/vyhXb/I4CnAMJ3AGAVxBFe6gBnVg8AjP8ApvnvZevHfvY9664uUzR/AH3ucP1CWPSw==</latexit>

ˆ

<latexit sha1_base64="QGZYTc7qJ4S9ICS9jTrM5519Fdc=">AAACCnicbVDLSgMxFL1TX7W+Rl26iRbBVZmRii6LbsRVBfuAzjBk0kwbmnmQZIQydO3GX3HjQhG3foE7/8ZMO6C2HgicnHPvTe7xE86ksqwvo7S0vLK6Vl6vbGxube+Yu3ttGaeC0BaJeSy6PpaUs4i2FFOcdhNBcehz2vFHV7nfuadCsji6U+OEuiEeRCxgBCsteeahEwhMMifBQjHM0Y1Xn/zchp498cyqVbOmQIvELkgVCjQ989PpxyQNaaQIx1L2bCtRbpaPJJxOKk4qaYLJCA9oT9MIh1S62XSVCTrWSh8FsdAnUmiq/u7IcCjlOPR1ZYjVUM57ufif10tVcOFmLEpSRSMyeyhIOVIxynNBfSYoUXysCSaC6b8iMsQ6G6XTq+gQ7PmVF0n7tGaf1azberVxWcRRhgM4ghOw4RwacA1NaAGBB3iCF3g1Ho1n4814n5WWjKJnH/7A+PgGI5uaiA==</latexit>

@J4
@h1

<latexit sha1_base64="D9UWFuoKIXzAa6huWp62WZePrvo=">AAACNHicbVDLSsNAFJ34rPUVdelmsAiuSlIquhGKbkQ3FewDmhAm00k7dDIJMxOhhHyUGz/EjQguFHHrNzhps+jDAwNnzr1n5t7jx4xKZVnvxsrq2vrGZmmrvL2zu7dvHhy2ZZQITFo4YpHo+kgSRjlpKaoY6caCoNBnpOOPbvJ654kISSP+qMYxcUM04DSgGCkteeb9FXQCgXDqxEgoihgcerVs9mZnjqIhkYt9d149m3d5ZsWqWhPAZWIXpAIKND3z1elHOAkJV5ghKXu2FSs3zZ/EjGRlJ5EkRniEBqSnKUd6DDedLJ3BU630YRAJfbiCE3XWkaJQynHo684QqaFcrOXif7VeooJLN6U8ThThePpRkDCoIpgnCPtUEKzYWBOEBdWzQjxEOhulcy7rEOzFlZdJu1a1z6vWQ73SuC7iKIFjcALOgA0uQAPcgiZoAQyewRv4BF/Gi/FhfBs/09YVo/AcgTkYv39GJavT</latexit>

=
@h2

@h1
⇥ @J4

@h2

<latexit sha1_base64="PJDPw5vJpVCEEFA0eBbwYLBQf6c=">AAACfXicdVFbS8MwGE3rbc5b1UdfgmOgIqOdk/kiDH0Rnya4C6ylpFm6haUXklQYpf/CX+abf8UXTbc+7OI+CJyc75x8yYkXMyqkaX5r+tb2zu5eab98cHh0fGKcnnVFlHBMOjhiEe97SBBGQ9KRVDLSjzlBgcdIz5s85/3eB+GCRuG7nMbECdAopD7FSCrKNT4foe1zhFM7RlxSxODYrWeLOyuzJQ2IWNfdZcsuuEnYyJZtG4SvuTBXu0bFrJmzguvAKkAFFNV2jS97GOEkIKHEDAkxsMxYOml+LmYkK9uJIDHCEzQiAwVDpKY76Sy9DFYVM4R+xNUKJZyxi44UBUJMA08pAyTHYrWXk//1Bon0H5yUhnEiSYjng/yEQRnB/CvgkHKCJZsqgDCn6q4Qj5GKRKoPK6sQrNUnr4NuvWbd18y3RqX1VMRRAhfgElwBCzRBC7yANugADH40qF1rN9qvXtVv9dpcqmuF5xwsld78A7GEwyU=</latexit>

=
@h2

@h1
⇥ @h3

@h2
⇥ @h4

@h3
⇥ @J4

h4



Vanishing gradient problem in RNN

• Recall:  
• What if the sigma function is the identity function, i.e.,                 ?  

• Consider the gradient of loss in step i with respect to step j’s hidden vector. If Wh 
is small (large), the gradient gets exponentially small (large), causing the 
vanishing (exploding) gradient problem: 

<latexit sha1_base64="wrcZhJ2LWdGdRmxkLpkA46o9V9w="></latexit>

ht = � (Whht�1 +Wxxt + b1)
<latexit sha1_base64="yyGFZHWn3O7g3tdDYyr3LWzEzSY=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSLUS9kVRS9C0YvHCvYD2qVk02wbmmTXJFtalv4OLx4U8eqP8ea/MW33oK0PBh7vzTAzL4g508Z1v52V1bX1jc3cVn57Z3dvv3BwWNdRogitkYhHqhlgTTmTtGaY4bQZK4pFwGkjGNxN/caQKs0i+WjGMfUF7kkWMoKNlfy2Zj2BS6MzdINGnULRLbszoGXiZaQIGaqdwle7G5FEUGkIx1q3PDc2foqVYYTTSb6daBpjMsA92rJUYkG1n86OnqBTq3RRGClb0qCZ+nsixULrsQhsp8Cmrxe9qfif10pMeO2nTMaJoZLMF4UJRyZC0wRQlylKDB9bgoli9lZE+lhhYmxOeRuCt/jyMqmfl73LsvtwUazcZnHk4BhOoAQeXEEF7qEKNSDwBM/wCm/O0Hlx3p2PeeuKk80cwR84nz9acpEr</latexit>

�(x) = x
<latexit sha1_base64="2BQvq2PUbvggTKJRA5xRlB0PFvU="></latexit>

@ht

@ht�1
= diag (�0 (Whht�1 +Wxxt + b1))Wh

= IWh = Wh

<latexit sha1_base64="AeaVGxgOVY7/m5Lz9BXPVB8oOgw="></latexit>

@J (i)(✓)

@hj
=

@J (i)(✓)

@hi

Y

j<ti

@ht

@ht�1

=
@J (i)(✓)

@hi

Y

j<ti

Wh =
@J (i)(✓)

@hi
W `

h



Vanishing gradient problem in RNN

<latexit sha1_base64="BvYtWsWPl4twqWH484qbfsBfUEY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhNnJJBkzO7PM9AphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFiRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNq1PDeJ1pqU0ropZLoXgdBUreSgyncSR5MxrdTv3mEzdWaPWA44SHMR0o0ReMopManSHFbNItlf2KPwNZJkFOypCj1i19dXqapTFXyCS1th34CYYZNSiY5JNiJ7U8oWxEB7ztqKIxt2E2u3ZCTp3SI31tXCkkM/X3REZja8dx5DpjikO76E3F/7x2iv3rMBMqSZErNl/UTyVBTaavk54wnKEcO0KZEe5WwobUUIYuoKILIVh8eZk0zivBZcW/vyhXb/I4CnAMJ3AGAVxBFe6gBnVg8AjP8ApvnvZevHfvY9664uUzR/AH3ucP1CWPSw==</latexit>

ˆ
<latexit sha1_base64="NqIqkExHySGxz1zB18NYRUKERqY=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8Re+Xge+qFb9xreAugv8UtShxKt0P0cxJJkCRWGcKx13/dSE+RYGUY4ndcGmaYpJhM8on1LBU6oDvJF8jk6s0qMhlLZIwxaqD83cpzoIpydTLAZ61WvEP/z+pkZ3gQ5E2lmqCDLh4YZR0aiogYUM0WJ4TNLMFHMZkVkjBUmxpZVsyX4q1/+SzoXDf+q4T1c1pu3ZR1VOIFTOAcfrqEJ99CCNhCYwhO8wKuTO8/Om/O+HK045c4x/ILz8Q3ktJPS</latexit>

h1
<latexit sha1_base64="ZonPOohzSxBOSWURJgr1qAtJG4o=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRF0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5Nus+FeN5zHq3rrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A5jiT0w==</latexit>

h2
<latexit sha1_base64="g0EaXFNekwrwyc9JI/7IqOMygNk=">AAAB+XicbVC7TsMwFL0pr1JeAUaWiAqJqUp4CMYKFsYi0YfURpHjOK1Vx45sp1IV9U9YGECIlT9h429w2gzQciTLR+fcKx+fMGVUadf9tipr6xubW9Xt2s7u3v6BfXjUUSKTmLSxYEL2QqQIo5y0NdWM9FJJUBIy0g3H94XfnRCpqOBPepoSP0FDTmOKkTZSYNuDULBITRNz5aNZcBnYdbfhzuGsEq8kdSjRCuyvQSRwlhCuMUNK9T031X6OpKaYkVltkCmSIjxGQ9I3lKOEKD+fJ585Z0aJnFhIc7h25urvjRwlqghnJhOkR2rZK8T/vH6m41s/pzzNNOF48VCcMUcLp6jBiagkWLOpIQhLarI6eIQkwtqUVTMleMtfXiWdi4Z33XAfr+rNu7KOKpzAKZyDBzfQhAdoQRswTOAZXuHNyq0X6936WIxWrHLnGP7A+vwB57yT1A==</latexit>

h3

<latexit sha1_base64="USlNwCpZs9DLjhYfVadwY3bxsuk=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0WXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrnw895u+XXcazgJonbglqUOJtm9/DcOEZDEVmnCs1MB1Uu3lWGpGOJ3XhpmiKSYTPKIDQwWOqfLyRfI5ujBKiKJEmiM0Wqi/N3IcqyKcmYyxHqtVrxD/8waZjm69nIk001SQ5UNRxpFOUFEDCpmkRPOZIZhIZrIiMsYSE23KqpkS3NUvr5PuVcO9bjiPzXrrrqyjCmdwDpfgwg204AHa0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8A6UCT1Q==</latexit>

h4

<latexit sha1_base64="3Y8igZ3J/puW9pUuO7BrwzMTr0U=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK1hbaUDbbTbt0swm7EyGE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCajhUijeQoGSdxLNaRRI3g7GN1O//cS1EbF6wCzhfkSHSoSCUbTSfdb3+tWaW3dnIMvEK0gNCjT71a/eIGZpxBUySY3pem6Cfk41Cib5pNJLDU8oG9Mh71qqaMSNn89OnZATqwxIGGtbCslM/T2R08iYLApsZ0RxZBa9qfif100xvPJzoZIUuWLzRWEqCcZk+jcZCM0ZyswSyrSwtxI2opoytOlUbAje4svL5PGs7l3U3bvzWuO6iKMMR3AMp+DBJTTgFprQAgZDeIZXeHOk8+K8Ox/z1pJTzBzCHzifPw6IjaU=</latexit>y1
<latexit sha1_base64="rdWZB+cjwTh9yV8cDHT2H6mcFOs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Qe0oWy2k3bpZhN2N0Io/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHkyXoR3QoecgZNVZ6yPq1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYf0KV4UzgtNRLNSaUjekQu5ZKGqH2J/NTp+TMKgMSxsqWNGSu/p6Y0EjrLApsZ0TNSC97M/E/r5ua8NqfcJmkBiVbLApTQUxMZn+TAVfIjMgsoUxxeythI6ooMzadkg3BW355lbRqVe+y6t5fVOo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AEQDI2m</latexit>y2

<latexit sha1_base64="jdzIOGTlh/6OxlGdpVyEWINz8LE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jmgckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqd+64lrI2L1iOOE+xEdKBEKRtFKD+Peea9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZqRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/9TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0SjYEb/HlZdI8q3qXVff+olK7yeMowhEcwyl4cAU1uIM6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w8RkI2n</latexit>y3
<latexit sha1_base64="pC9j/+WxUWuJfbv30ZFxcTe/XO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Qe0oWy2k3bpZhN2N0Io/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHkyXoR3QoecgZNVZ6yPq1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYf0KV4UzgtNRLNSaUjekQu5ZKGqH2J/NTp+TMKgMSxsqWNGSu/p6Y0EjrLApsZ0TNSC97M/E/r5ua8NqfcJmkBiVbLApTQUxMZn+TAVfIjMgsoUxxeythI6ooMzadkg3BW355lbQuqt5l1b2vVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AETFI2o</latexit>y4

<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h
<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h
<latexit sha1_base64="H8IQUhHDTQVczWHrrQhapR531wA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRZdFNy4r2Ae0w5DJpG1oJhmSTKEM/RM3LhRx65+482/MtLPQ6oGQwzn3kpMTpZxp43lfTmVtfWNzq7pd29nd2z9wD486WmaK0DaRXKpehDXlTNC2YYbTXqooTiJOu9HkrvC7U6o0k+LRzFIaJHgk2JARbKwUuu4gkjzWs8ReeXcejkO37jW8BdBf4pekDiVaofs5iCXJEioM4Vjrvu+lJsixMoxwOq8NMk1TTCZ4RPuWCpxQHeSL5HN0ZpUYDaWyRxi0UH9u5DjRRTg7mWAz1qteIf7n9TMzvAlyJtLMUEGWDw0zjoxERQ0oZooSw2eWYKKYzYrIGCtMjC2rZkvwV7/8l3QuGv5Vw3u4rDdvyzqqcAKncA4+XEMT7qEFbSAwhSd4gVcnd56dN+d9OVpxyp1j+AXn4xseKJP4</latexit>

W h

<latexit sha1_base64="BvYtWsWPl4twqWH484qbfsBfUEY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhNnJJBkzO7PM9AphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFiRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNq1PDeJ1pqU0ropZLoXgdBUreSgyncSR5MxrdTv3mEzdWaPWA44SHMR0o0ReMopManSHFbNItlf2KPwNZJkFOypCj1i19dXqapTFXyCS1th34CYYZNSiY5JNiJ7U8oWxEB7ztqKIxt2E2u3ZCTp3SI31tXCkkM/X3REZja8dx5DpjikO76E3F/7x2iv3rMBMqSZErNl/UTyVBTaavk54wnKEcO0KZEe5WwobUUIYuoKILIVh8eZk0zivBZcW/vyhXb/I4CnAMJ3AGAVxBFe6gBnVg8AjP8ApvnvZevHfvY9664uUzR/AH3ucP1CWPSw==</latexit>

ˆ
<latexit sha1_base64="BvYtWsWPl4twqWH484qbfsBfUEY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhNnJJBkzO7PM9AphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFiRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNq1PDeJ1pqU0ropZLoXgdBUreSgyncSR5MxrdTv3mEzdWaPWA44SHMR0o0ReMopManSHFbNItlf2KPwNZJkFOypCj1i19dXqapTFXyCS1th34CYYZNSiY5JNiJ7U8oWxEB7ztqKIxt2E2u3ZCTp3SI31tXCkkM/X3REZja8dx5DpjikO76E3F/7x2iv3rMBMqSZErNl/UTyVBTaavk54wnKEcO0KZEe5WwobUUIYuoKILIVh8eZk0zivBZcW/vyhXb/I4CnAMJ3AGAVxBFe6gBnVg8AjP8ApvnvZevHfvY9664uUzR/AH3ucP1CWPSw==</latexit>

ˆ
<latexit sha1_base64="BvYtWsWPl4twqWH484qbfsBfUEY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhNnJJBkzO7PM9AphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFiRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNq1PDeJ1pqU0ropZLoXgdBUreSgyncSR5MxrdTv3mEzdWaPWA44SHMR0o0ReMopManSHFbNItlf2KPwNZJkFOypCj1i19dXqapTFXyCS1th34CYYZNSiY5JNiJ7U8oWxEB7ztqKIxt2E2u3ZCTp3SI31tXCkkM/X3REZja8dx5DpjikO76E3F/7x2iv3rMBMqSZErNl/UTyVBTaavk54wnKEcO0KZEe5WwobUUIYuoKILIVh8eZk0zivBZcW/vyhXb/I4CnAMJ3AGAVxBFe6gBnVg8AjP8ApvnvZevHfvY9664uUzR/AH3ucP1CWPSw==</latexit>
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Example of vanishing gradient

• When she tried to print her tickets, she found that the printer was out of toner. 
She went to the stationery store to buy more toner. It was very overpriced. After 
installing the toner into the printer, she finally printed her ________ 

• RNN needs to model the dependency between the first “ticket” and the word to fill 
in the blank 

• If the gradient is too small, RNN cannot learn this dependency, makes it difficult to 
tell between 
• There’s no dependency between step t and t+n 
• We have the wrong parameter to capture the dependency



Problem caused by exploding gradient

• Exploding gradient: the similar problem as the vanishing gradient problem 

• Problem 1: we take a large step and reach a bad parameter position 

• Problem 2: resulting in Inf or NaN in your network (anyone has experienced this 
problem?) 

• Solution 1: gradient clipping. Scale down the gradient if larger than a threshold
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Long short term memory [Hochreiter & Schmidhuber 97]

• Solution to the vanishing gradient problem 

• At time t, there is a hidden state and a cell state 
• Both vectors are of the same length 
• The cell state stores long-term information 
• LSTM can erase, read and write information from the cell



Long short term memory [Hochreiter & Schmidhuber 97]
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Controls what’s forgotten from 
previous cell

Controls what part of new 
content is written to cell

Controls what part of new cell 
is output to hidden state

If i is 0 and f is 1, the 
information is preserved 
indefinitely



Gated recurrent unit (GRU)
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• A simplification of LSTM proposed by Cho et al. 2014

Controls what part of the 
hidden state is updated/
preserved

Controls what part of the 
previous state is used to 
compute the new content



Discussions

• Researchers have proposed many gated RNN variants, but LSTM and GRU are the 
most widely-used 

• With LSTM/GRU, gradient vanishing/explosion problem is alleviated but still exists  

• Vanishing/exploding gradient is not just an RNN problem 
• Due to chain rule, gradient can be vanishingly small as it back propagate



Residual neural networks [He et al. 2016]

• Adding direct connections: 

• Makes deep network easier to train



Summary

• Neural language models can help with the sparsity problem of n-gram language 
model 

• RNN is better than NNLM because it can capture sequence of any lengths 

• Word embedding can be used for improving the initialization of RNN 

• RNN suffer from the vanishing gradient problem, the problem is alleviated using 
LSTM/GRU


