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N-Gram Approximation

<latexit sha1_base64="Lf9186Szy3+1PyqjUa6MzkAQLp0="></latexit>

⇡
|x|Y

i=1

p(xi | xi�n+1, . . . , xi�1)
N-gram  

approximation

<latexit sha1_base64="s8qAsrLL+0Quz7lmJiyaPMGnyCg="></latexit>

⇡
|x|Y

i=1

C(xi�n+1, . . . , xi�1, xi)

C(ii�n+1, . . . , xi�1)
Count-based 

approximation

<latexit sha1_base64="FqAB92KGLjCAm0QLCiGTHzS9zWw="></latexit>

p(x) =

|x|Y

i=1

p(xi | x1, . . . , xi�1)
Autoregressive  
approximation



N-Gram Approximation

<latexit sha1_base64="Lf9186Szy3+1PyqjUa6MzkAQLp0="></latexit>

⇡
|x|Y

i=1

p(xi | xi�n+1, . . . , xi�1)
N-gram  

approximation

<latexit sha1_base64="s8qAsrLL+0Quz7lmJiyaPMGnyCg="></latexit>

⇡
|x|Y

i=1

C(xi�n+1, . . . , xi�1, xi)

C(ii�n+1, . . . , xi�1)
Count-based 

approximation

Neural n-grams

<latexit sha1_base64="FqAB92KGLjCAm0QLCiGTHzS9zWw="></latexit>

p(x) =

|x|Y

i=1

p(xi | x1, . . . , xi�1)
Autoregressive  
approximation

<latexit sha1_base64="vcVO/f5riOdiEdWyzV6hysoqkps="></latexit>

⇡
|x|Y

i=1

p(xi | xi�n+1, . . . , xi; ✓)

<latexit sha1_base64="vcVO/f5riOdiEdWyzV6hysoqkps="></latexit>

⇡
|x|Y

i=1

p(xi | xi�n+1, . . . , xi; ✓)



Softmax over 
wordtype scores

Neural N-Grams
<latexit sha1_base64="vcVO/f5riOdiEdWyzV6hysoqkps="></latexit>

⇡
|x|Y

i=1

p(xi | xi�n+1, . . . , xi; ✓)
<latexit sha1_base64="CW4Ewj0Ww/PHM2dtsDdbGPgIjac="></latexit>

=
exp(s(xi|xi�n+1, . . . , xi�1; ✓))P

x02V exp(s(x0|xi�n+1, . . . , xi�1; ✓))



embeddings  
of each  

prefix  
wordtype

takes n-1  
inputs:

Neural  
model

Softmax over 
wordtype scores

Neural N-Grams
<latexit sha1_base64="vcVO/f5riOdiEdWyzV6hysoqkps="></latexit>

⇡
|x|Y

i=1

p(xi | xi�n+1, . . . , xi; ✓)
<latexit sha1_base64="CW4Ewj0Ww/PHM2dtsDdbGPgIjac="></latexit>

=
exp(s(xi|xi�n+1, . . . , xi�1; ✓))P

x02V exp(s(x0|xi�n+1, . . . , xi�1; ✓))

<latexit sha1_base64="lsa5cBETcHxt/2zsjHKu/+AfKk8="></latexit>

s(x | xi�n+1, . . . , xi�1; ✓) = f✓(�(xi�n+1), . . . ,�(xi�1))[x]



The Feedforward  
N-Gram Model

Bengio et al. 2003

Input 
tokens 
(prefix)

<latexit sha1_base64="23a11zVRus6TsycB+xkWK3fH5wE=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRZBEMtuKeqx6MVjBfsh7VKyabYNTbJLkhXL0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbWV1b38hvFra2d3b3ivsHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC0c3Ubz1SpVkk7804pr7AA8lCRrCx0sNTL2Xn8syb9Iolt+zOgJaJl5ESZKj3il/dfkQSQaUhHGvd8d zY+ClWhhFOJ4VuommMyQgPaMdSiQXVfjo7eIJOrNJHYaRsSYNm6u+JFAutxyKwnQKboV70puJ/Xicx4ZWfMhknhkoyXxQmHJkITb9HfaYoMXxsCSaK2VsRGWKFibEZFWwI3uLLy6RZKXsX5epdtVS7zuLIwxEcwyl4cAk1uIU6NICAgGd4hTdHOS/Ou/Mxb8052cwh/IHz+QM8ApAM</latexit>xi�n+1

<latexit sha1_base64="dG+Khr99WO6EiXTxVJJnmiCR4DU=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRZBEMtuKeqx6MVjBfsh7VKyabYNTbJLkhXL0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbWV1b38hvFra2d3b3ivsHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC0c3Ubz1SpVkk7804pr7AA8lCRrCx0sNTL2Xn8qwy6RVLbtmdAS0TLyMlyFDvFb+6/YgkgkpDONa647 mx8VOsDCOcTgrdRNMYkxEe0I6lEguq/XR28ASdWKWPwkjZkgbN1N8TKRZaj0VgOwU2Q73oTcX/vE5iwis/ZTJODJVkvihMODIRmn6P+kxRYvjYEkwUs7ciMsQKE2MzKtgQvMWXl0mzUvYuytW7aql2ncWRhyM4hlPw4BJqcAt1aAABAc/wCm+Ocl6cd+dj3ppzsplD+APn8wc9h5AN</latexit>xi�n+2

<latexit sha1_base64="cSU7CoVmLHna2cc4Ty7sF+AtTUk=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPRi8cK9gPaUDbbSbt0swm7G7GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3HlFpHssHM07Qj+hA8pAzaqzUeupl/Nyb9Eplt+LOQJaJl5My5Kj3Sl/dfszSCKVhgmrd8dzE+BlVhjOBk2I31ZhQNqID7FgqaYTaz2bnTsipVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14bWfcZmkBiWbLwpTQUxMpr+TPlfIjBhbQpni9lbChlRRZmxCRRuCt/jyMmleVLzLSvW+Wq7d5HEU4BhO4Aw8uIIa3EEdGsBgBM/wCm9O4rw4787HvHXFyWeO4A+czx8EvY9f</latexit>xi�1



The Feedforward  
N-Gram Model

Word 
embeddings

Bengio et al. 2003

Input 
tokens 
(prefix)

<latexit sha1_base64="23a11zVRus6TsycB+xkWK3fH5wE=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRZBEMtuKeqx6MVjBfsh7VKyabYNTbJLkhXL0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbWV1b38hvFra2d3b3ivsHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC0c3Ubz1SpVkk7804pr7AA8lCRrCx0sNTL2Xn8syb9Iolt+zOgJaJl5ESZKj3il/dfkQSQaUhHGvd8d zY+ClWhhFOJ4VuommMyQgPaMdSiQXVfjo7eIJOrNJHYaRsSYNm6u+JFAutxyKwnQKboV70puJ/Xicx4ZWfMhknhkoyXxQmHJkITb9HfaYoMXxsCSaK2VsRGWKFibEZFWwI3uLLy6RZKXsX5epdtVS7zuLIwxEcwyl4cAk1uIU6NICAgGd4hTdHOS/Ou/Mxb8052cwh/IHz+QM8ApAM</latexit>xi�n+1

<latexit sha1_base64="dG+Khr99WO6EiXTxVJJnmiCR4DU=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRZBEMtuKeqx6MVjBfsh7VKyabYNTbJLkhXL0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbWV1b38hvFra2d3b3ivsHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC0c3Ubz1SpVkk7804pr7AA8lCRrCx0sNTL2Xn8qwy6RVLbtmdAS0TLyMlyFDvFb+6/YgkgkpDONa647 mx8VOsDCOcTgrdRNMYkxEe0I6lEguq/XR28ASdWKWPwkjZkgbN1N8TKRZaj0VgOwU2Q73oTcX/vE5iwis/ZTJODJVkvihMODIRmn6P+kxRYvjYEkwUs7ciMsQKE2MzKtgQvMWXl0mzUvYuytW7aql2ncWRhyM4hlPw4BJqcAt1aAABAc/wCm+Ocl6cd+dj3ppzsplD+APn8wc9h5AN</latexit>xi�n+2

<latexit sha1_base64="cSU7CoVmLHna2cc4Ty7sF+AtTUk=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPRi8cK9gPaUDbbSbt0swm7G7GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3HlFpHssHM07Qj+hA8pAzaqzUeupl/Nyb9Eplt+LOQJaJl5My5Kj3Sl/dfszSCKVhgmrd8dzE+BlVhjOBk2I31ZhQNqID7FgqaYTaz2bnTsipVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14bWfcZmkBiWbLwpTQUxMpr+TPlfIjBhbQpni9lbChlRRZmxCRRuCt/jyMmleVLzLSvW+Wq7d5HEU4BhO4Aw8uIIa3EEdGsBgBM/wCm9O4rw4787HvHXFyWeO4A+czx8EvY9f</latexit>xi�1
<latexit sha1_base64="pDZWGBPXx77VkDGf2hqTglUsVC0=">AAAB9HicbVBNSwMxEJ34WetX1aOXYBHqwbIrRT0WvXisYD+gXUo2zbah2eyaZItl6e/w4kERr/4Yb/4b03YP2vpg4PHeDDPz/FhwbRznG62srq1vbOa28ts7u3v7hYPDho4SRVmdRiJSLZ9oJrhkdcONYK1YMRL6gjX94e3Ub46Y0jySD2YcMy8kfckDTomxkteJB7z01E35uTs56xaKTtmZAS8TNyNFyFDrFr46vYgmIZOGCqJ123Vi46VEGU4Fm+Q7iWYxoUPSZ21LJQmZ9tLZ0RN8apUeDiJlSxo8U39PpCTUehz6tjMkZqAXvan4n9dOTHDtpVzGiWGSzhcFicAmwtMEcI8rRo0YW0Ko4vZWTAdEEWpsTnkbgrv48jJpXJTdy3LlvlKs3mRx5OAYTqAELlxBFe6gBnWg8AjP8ApvaIRe0Dv6mLeuoGzmCP4Aff4A5BeRiQ==</latexit>

�(xi�1)

<latexit sha1_base64="p3a2o8sJ2eUlpAGmI7RvGH3fIhM=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIFbEkpajHohePFewHtKFstpt26WYTdjdiDf0lXjwo4tWf4s1/47bNQasPBh7vzTAzz485U9pxvqzcyura+kZ+s7C1vbNbtPf2WypKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2x9czv31PpWKRuNOTmHohHgoWMIK1kfp2sRePWPmhn7IzcVqdnvTtklNx5kB/iZuREmRo9O3P3iAiSUiFJhwr1XWdWHsplpoRTqeFXqJojMkYD2nXUIFDqrx0fvgUHRtlgIJImhIazdWfEykOlZqEvukMsR6pZW8m/ud1Ex1ceikTcaKpIItFQcKRjtAsBTRgkhLNJ4ZgIpm5FZERlphok1XBhOAuv/yXtKoV97xSu62V6ldZHHk4hCMogwsXUIcbaEATCCTwBC/waj1az9ab9b5ozVnZzAH8gvXxDZjhkmg=</latexit>

�(xi�n+2)

<latexit sha1_base64="7IMna6wTdc0op8HOsHfeB48KAi0=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIFbEkUtRj0YvHCvYD2hA22227dLMJuxuxhv4SLx4U8epP8ea/cdvmoK0PBh7vzTAzL4g5U9pxvq3cyura+kZ+s7C1vbNbtPf2mypKJKENEvFItgOsKGeCNjTTnLZjSXEYcNoKRjdTv/VApWKRuNfjmHohHgjWZwRrI/l2sRsPWfnRT9mZOHUnJ75dcirODGiZuBkpQYa6b391exFJQio04VipjuvE2kux1IxwOil0E0VjTEZ4QDuGChxS5aWzwyfo2Cg91I+kKaHRTP09keJQqXEYmM4Q66Fa9Kbif14n0f0rL2UiTjQVZL6on3CkIzRNAfWYpETzsSGYSGZuRWSIJSbaZFUwIbiLLy+T5nnFvahU76ql2nUWRx4O4QjK4MIl1OAW6tAAAgk8wyu8WU/Wi/Vufcxbc1Y2cwB/YH3+AJdbkmc=</latexit>

�(xi�n+1)

…



The Feedforward  
N-Gram Model

Word 
embeddings

Bengio et al. 2003

Input 
tokens 
(prefix)

<latexit sha1_base64="23a11zVRus6TsycB+xkWK3fH5wE=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRZBEMtuKeqx6MVjBfsh7VKyabYNTbJLkhXL0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbWV1b38hvFra2d3b3ivsHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC0c3Ubz1SpVkk7804pr7AA8lCRrCx0sNTL2Xn8syb9Iolt+zOgJaJl5ESZKj3il/dfkQSQaUhHGvd8d zY+ClWhhFOJ4VuommMyQgPaMdSiQXVfjo7eIJOrNJHYaRsSYNm6u+JFAutxyKwnQKboV70puJ/Xicx4ZWfMhknhkoyXxQmHJkITb9HfaYoMXxsCSaK2VsRGWKFibEZFWwI3uLLy6RZKXsX5epdtVS7zuLIwxEcwyl4cAk1uIU6NICAgGd4hTdHOS/Ou/Mxb8052cwh/IHz+QM8ApAM</latexit>xi�n+1

<latexit sha1_base64="dG+Khr99WO6EiXTxVJJnmiCR4DU=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRZBEMtuKeqx6MVjBfsh7VKyabYNTbJLkhXL0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbWV1b38hvFra2d3b3ivsHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC0c3Ubz1SpVkk7804pr7AA8lCRrCx0sNTL2Xn8qwy6RVLbtmdAS0TLyMlyFDvFb+6/YgkgkpDONa647 mx8VOsDCOcTgrdRNMYkxEe0I6lEguq/XR28ASdWKWPwkjZkgbN1N8TKRZaj0VgOwU2Q73oTcX/vE5iwis/ZTJODJVkvihMODIRmn6P+kxRYvjYEkwUs7ciMsQKE2MzKtgQvMWXl0mzUvYuytW7aql2ncWRhyM4hlPw4BJqcAt1aAABAc/wCm+Ocl6cd+dj3ppzsplD+APn8wc9h5AN</latexit>xi�n+2

<latexit sha1_base64="cSU7CoVmLHna2cc4Ty7sF+AtTUk=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPRi8cK9gPaUDbbSbt0swm7G7GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3HlFpHssHM07Qj+hA8pAzaqzUeupl/Nyb9Eplt+LOQJaJl5My5Kj3Sl/dfszSCKVhgmrd8dzE+BlVhjOBk2I31ZhQNqID7FgqaYTaz2bnTsipVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14bWfcZmkBiWbLwpTQUxMpr+TPlfIjBhbQpni9lbChlRRZmxCRRuCt/jyMmleVLzLSvW+Wq7d5HEU4BhO4Aw8uIIa3EEdGsBgBM/wCm9O4rw4787HvHXFyWeO4A+czx8EvY9f</latexit>xi�1
<latexit sha1_base64="pDZWGBPXx77VkDGf2hqTglUsVC0=">AAAB9HicbVBNSwMxEJ34WetX1aOXYBHqwbIrRT0WvXisYD+gXUo2zbah2eyaZItl6e/w4kERr/4Yb/4b03YP2vpg4PHeDDPz/FhwbRznG62srq1vbOa28ts7u3v7hYPDho4SRVmdRiJSLZ9oJrhkdcONYK1YMRL6gjX94e3Ub46Y0jySD2YcMy8kfckDTomxkteJB7z01E35uTs56xaKTtmZAS8TNyNFyFDrFr46vYgmIZOGCqJ123Vi46VEGU4Fm+Q7iWYxoUPSZ21LJQmZ9tLZ0RN8apUeDiJlSxo8U39PpCTUehz6tjMkZqAXvan4n9dOTHDtpVzGiWGSzhcFicAmwtMEcI8rRo0YW0Ko4vZWTAdEEWpsTnkbgrv48jJpXJTdy3LlvlKs3mRx5OAYTqAELlxBFe6gBnWg8AjP8ApvaIRe0Dv6mLeuoGzmCP4Aff4A5BeRiQ==</latexit>

�(xi�1)

<latexit sha1_base64="p3a2o8sJ2eUlpAGmI7RvGH3fIhM=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIFbEkpajHohePFewHtKFstpt26WYTdjdiDf0lXjwo4tWf4s1/47bNQasPBh7vzTAzz485U9pxvqzcyura+kZ+s7C1vbNbtPf2WypKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2x9czv31PpWKRuNOTmHohHgoWMIK1kfp2sRePWPmhn7IzcVqdnvTtklNx5kB/iZuREmRo9O3P3iAiSUiFJhwr1XWdWHsplpoRTqeFXqJojMkYD2nXUIFDqrx0fvgUHRtlgIJImhIazdWfEykOlZqEvukMsR6pZW8m/ud1Ex1ceikTcaKpIItFQcKRjtAsBTRgkhLNJ4ZgIpm5FZERlphok1XBhOAuv/yXtKoV97xSu62V6ldZHHk4hCMogwsXUIcbaEATCCTwBC/waj1az9ab9b5ozVnZzAH8gvXxDZjhkmg=</latexit>

�(xi�n+2)

<latexit sha1_base64="7IMna6wTdc0op8HOsHfeB48KAi0=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIFbEkUtRj0YvHCvYD2hA22227dLMJuxuxhv4SLx4U8epP8ea/cdvmoK0PBh7vzTAzL4g5U9pxvq3cyura+kZ+s7C1vbNbtPf2mypKJKENEvFItgOsKGeCNjTTnLZjSXEYcNoKRjdTv/VApWKRuNfjmHohHgjWZwRrI/l2sRsPWfnRT9mZOHUnJ75dcirODGiZuBkpQYa6b391exFJQio04VipjuvE2kux1IxwOil0E0VjTEZ4QDuGChxS5aWzwyfo2Cg91I+kKaHRTP09keJQqXEYmM4Q66Fa9Kbif14n0f0rL2UiTjQVZL6on3CkIzRNAfWYpETzsSGYSGZuRWSIJSbaZFUwIbiLLy+T5nnFvahU76ql2nUWRx4O4QjK4MIl1OAW6tAAAgk8wyu8WU/Wi/Vufcxbc1Y2cwB/YH3+AJdbkmc=</latexit>

�(xi�n+1)

… …

Concatenate 
word 

representations

<latexit sha1_base64="I4S4c0LxgnQJtkAcL6xDVcU/M+Q=">AAACCXicbVDLSsNAFJ34rPUVdelmsAh1YUmkqMuiG5dV7AOaWCaTSTt0Mgkzk0IJ2brxV9y4UMStf+DOv3HSZqGtBy4czrmXe+/xYkalsqxvY2l5ZXVtvbRR3tza3tk19/bbMkoEJi0csUh0PSQJo5y0FFWMdGNBUOgx0vFG17nfGRMhacTv1SQmbogGnAYUI6WlvgnH0KEcOiFSQ89L77KHtMpP7RPoYD9S0M/6ZsWqWVPARWIXpAIKNPvml+NHOAkJV5ghKXu2FSs3RUJRzEhWdhJJYoRHaEB6mnIUEumm008yeKwVHwaR0MUVnKq/J1IUSjkJPd2ZXyznvVz8z+slKrh0U8rjRBGOZ4uChEEVwTwW6FNBsGITTRAWVN8K8RAJhJUOr6xDsOdfXiTts5p9Xqvf1iuNqyKOEjgER6AKbHABGuAGNEELYPAInsEreDOejBfj3fiYtS4ZxcwB+APj8werRJkO</latexit>

v 2 R(n�1)·d

Scores over 
vocabulary

Multi-layer 
perceptron 
(MLP) with 

nonlinearities

Mix features

E.g., in Bengio et al:
<latexit sha1_base64="YFDz12it4e0OnUZQ37sX+bwKoQY=">AAACBnicbVDLSgMxFM3UV62vUZciBItQEcqMFHUjFN10WcFpC+1QMmnahmYyQ3KnUEpXbvwVNy4Uces3uPNvTNtZaOuBhJNz7uXmniAWXIPjfFuZldW19Y3sZm5re2d3z94/qOkoUZR5NBKRagREM8El84CDYI1YMRIGgtWDwd3Urw+Z0jySDzCKmR+SnuRdTgkYqW0fa3yDA3yO60NzebgFRPZxgZpHZXjWtvNO0ZkBLxM3JXmUotq2v1qdiCYhk0AF0brpOjH4Y6KAU8EmuVaiWUzogPRY01BJQqb98WyNCT41Sgd3I2WOBDxTf3eMSaj1KAxMZUigrxe9qfif10yge+2PuYwTYJLOB3UTgSHC00xwhytGQYwMIVRx81dM+0QRCia5nAnBXVx5mdQuiu5lsXRfypdv0ziy6AidoAJy0RUqowqqIg9R9Iie0St6s56sF+vd+piXZqy05xD9gfX5A2KdlUQ=</latexit>

s = b+Wv + U tanh(c+Hv)

<latexit sha1_base64="4on0lHiqyhuolEdh5tmaLYxmo98=">AAACCXicbVC7TsMwFL0pr1JeBUYWiwqJqUoQAsYKFsaC6ENqQ+W4TmvVcSLbQarSrCz8CgsDCLHyB2z8DU6bAVqOZOn4nHt17z1exJnStv1tFZaWV1bXiuuljc2t7Z3y7l5ThbEktEFCHsq2hxXlTNCGZprTdiQpDjxOW97oKvNbD1QqFoo7PY6oG+CBYD4jWBupV0YKdZlA3QDroeclt+l9Mpl+COZJM52kvXLFrtpToEXi5KQCOeq98le3H5I4oEITjpXqOHak3QRLzQinaakbKxphMsID2jFU4IAqN5lekqIjo/SRH0rzhEZT9XdHggOlxoFnKrMl1byXif95nVj7F27CRBRrKshskB9zpEOUxYL6TFKi+dgQTCQzuyIyxBITbcIrmRCc+ZMXSfOk6pxVT29OK7XLPI4iHMAhHIMD51CDa6hDAwg8wjO8wpv1ZL1Y79bHrLRg5T378AfW5w9KwJrA</latexit>

s 2 R|V|



The Feedforward  
N-Gram Model

Scores over 
vocabulary

softmax

Probabilities 
over  

vocabulary

<latexit sha1_base64="AXT9Oh6wmS9/vantioQFAkieeyU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbSbt0swm7G7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/Vbj6g0j+WDGSfoR3QgecgZNVa6f+rxXrniVt0ZyDLxclKBHPVe+avbj1kaoTRMUK07npsYP6PKcCZwUuqmGhPKRnSAHUsljVD72ezUCTmxSp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPIzLpPUoGTzRWEqiInJ9G/S5wqZEWNLKFPc3krYkCrKjE2nZEPwFl9eJs2zqndRPb87r9Su8ziKcATHcAoeXEINbqEODWAwgGd4hTdHOC/Ou/Mxby04+cwh/IHz+QNjfo3h</latexit>xi

<latexit sha1_base64="rdeuiHvlvvZXKco7MJ+JWeH1VV0=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6VQsZZEirosunFZwT6gDWEymbRDJ5MwM5GW0C9w46+4caGIW9fu/BunbRbaeuDC4Zx7Z+49XsyoVJb1beRWVtfWN/Kbha3tnd09c/+gJaNEYNLEEYtEx0OSMMpJU1HFSCcWBIUeI21veDP12w9ESBrxezWOiROiPqcBxUhpyTVLcXnkUtgLqQ9HbkrP+Kk9qcCeHylZmSv25MQ1i1bVmgEuEzsjRZCh4Zpf+gWchIQrzJCUXduKlZMioShmZFLoJZLECA9Rn3Q15Sgk0kln50xgSSs+DCKhiys4U39PpCiUchx6ujNEaiAXvan4n9dNVHDlpJTHiSIczz8KEgZVBKfZQJ8KghUba4KwoHpXiAdIIKx0ggUdgr148jJpnVfti2rtrlasX2dx5MEROAZlYINLUAe3oAGaAINH8AxewZvxZLwY78bHvDVnZDOH4A+Mzx9l5ppw</latexit>

p(xi | xi�n+1, . . . , xi�1)



Word 
embeddings

Bengio et al. 2003

Input 
tokens 
(prefix)

<latexit sha1_base64="23a11zVRus6TsycB+xkWK3fH5wE=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRZBEMtuKeqx6MVjBfsh7VKyabYNTbJLkhXL0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbWV1b38hvFra2d3b3ivsHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC0c3Ubz1SpVkk7804pr7AA8lCRrCx0sNTL2Xn8syb9Iolt+zOgJaJl5ESZKj3il/dfkQSQaUhHGvd8d zY+ClWhhFOJ4VuommMyQgPaMdSiQXVfjo7eIJOrNJHYaRsSYNm6u+JFAutxyKwnQKboV70puJ/Xicx4ZWfMhknhkoyXxQmHJkITb9HfaYoMXxsCSaK2VsRGWKFibEZFWwI3uLLy6RZKXsX5epdtVS7zuLIwxEcwyl4cAk1uIU6NICAgGd4hTdHOS/Ou/Mxb8052cwh/IHz+QM8ApAM</latexit>xi�n+1

<latexit sha1_base64="dG+Khr99WO6EiXTxVJJnmiCR4DU=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRZBEMtuKeqx6MVjBfsh7VKyabYNTbJLkhXL0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbWV1b38hvFra2d3b3ivsHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC0c3Ubz1SpVkk7804pr7AA8lCRrCx0sNTL2Xn8qwy6RVLbtmdAS0TLyMlyFDvFb+6/YgkgkpDONa647 mx8VOsDCOcTgrdRNMYkxEe0I6lEguq/XR28ASdWKWPwkjZkgbN1N8TKRZaj0VgOwU2Q73oTcX/vE5iwis/ZTJODJVkvihMODIRmn6P+kxRYvjYEkwUs7ciMsQKE2MzKtgQvMWXl0mzUvYuytW7aql2ncWRhyM4hlPw4BJqcAt1aAABAc/wCm+Ocl6cd+dj3ppzsplD+APn8wc9h5AN</latexit>xi�n+2

<latexit sha1_base64="cSU7CoVmLHna2cc4Ty7sF+AtTUk=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPRi8cK9gPaUDbbSbt0swm7G7GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3HlFpHssHM07Qj+hA8pAzaqzUeupl/Nyb9Eplt+LOQJaJl5My5Kj3Sl/dfszSCKVhgmrd8dzE+BlVhjOBk2I31ZhQNqID7FgqaYTaz2bnTsipVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14bWfcZmkBiWbLwpTQUxMpr+TPlfIjBhbQpni9lbChlRRZmxCRRuCt/jyMmleVLzLSvW+Wq7d5HEU4BhO4Aw8uIIa3EEdGsBgBM/wCm9O4rw4787HvHXFyWeO4A+czx8EvY9f</latexit>xi�1
<latexit sha1_base64="pDZWGBPXx77VkDGf2hqTglUsVC0=">AAAB9HicbVBNSwMxEJ34WetX1aOXYBHqwbIrRT0WvXisYD+gXUo2zbah2eyaZItl6e/w4kERr/4Yb/4b03YP2vpg4PHeDDPz/FhwbRznG62srq1vbOa28ts7u3v7hYPDho4SRVmdRiJSLZ9oJrhkdcONYK1YMRL6gjX94e3Ub46Y0jySD2YcMy8kfckDTomxkteJB7z01E35uTs56xaKTtmZAS8TNyNFyFDrFr46vYgmIZOGCqJ123Vi46VEGU4Fm+Q7iWYxoUPSZ21LJQmZ9tLZ0RN8apUeDiJlSxo8U39PpCTUehz6tjMkZqAXvan4n9dOTHDtpVzGiWGSzhcFicAmwtMEcI8rRo0YW0Ko4vZWTAdEEWpsTnkbgrv48jJpXJTdy3LlvlKs3mRx5OAYTqAELlxBFe6gBnWg8AjP8ApvaIRe0Dv6mLeuoGzmCP4Aff4A5BeRiQ==</latexit>

�(xi�1)

<latexit sha1_base64="p3a2o8sJ2eUlpAGmI7RvGH3fIhM=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIFbEkpajHohePFewHtKFstpt26WYTdjdiDf0lXjwo4tWf4s1/47bNQasPBh7vzTAzz485U9pxvqzcyura+kZ+s7C1vbNbtPf2WypKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2x9czv31PpWKRuNOTmHohHgoWMIK1kfp2sRePWPmhn7IzcVqdnvTtklNx5kB/iZuREmRo9O3P3iAiSUiFJhwr1XWdWHsplpoRTqeFXqJojMkYD2nXUIFDqrx0fvgUHRtlgIJImhIazdWfEykOlZqEvukMsR6pZW8m/ud1Ex1ceikTcaKpIItFQcKRjtAsBTRgkhLNJ4ZgIpm5FZERlphok1XBhOAuv/yXtKoV97xSu62V6ldZHHk4hCMogwsXUIcbaEATCCTwBC/waj1az9ab9b5ozVnZzAH8gvXxDZjhkmg=</latexit>

�(xi�n+2)

<latexit sha1_base64="7IMna6wTdc0op8HOsHfeB48KAi0=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIFbEkUtRj0YvHCvYD2hA22227dLMJuxuxhv4SLx4U8epP8ea/cdvmoK0PBh7vzTAzL4g5U9pxvq3cyura+kZ+s7C1vbNbtPf2mypKJKENEvFItgOsKGeCNjTTnLZjSXEYcNoKRjdTv/VApWKRuNfjmHohHgjWZwRrI/l2sRsPWfnRT9mZOHUnJ75dcirODGiZuBkpQYa6b391exFJQio04VipjuvE2kux1IxwOil0E0VjTEZ4QDuGChxS5aWzwyfo2Cg91I+kKaHRTP09keJQqXEYmM4Q66Fa9Kbif14n0f0rL2UiTjQVZL6on3CkIzRNAfWYpETzsSGYSGZuRWSIJSbaZFUwIbiLLy+T5nnFvahU76ql2nUWRx4O4QjK4MIl1OAW6tAAAgk8wyu8WU/Wi/Vufcxbc1Y2cwB/YH3+AJdbkmc=</latexit>

�(xi�n+1)

… …

Concatenate 
word 

representations

<latexit sha1_base64="I4S4c0LxgnQJtkAcL6xDVcU/M+Q=">AAACCXicbVDLSsNAFJ34rPUVdelmsAh1YUmkqMuiG5dV7AOaWCaTSTt0Mgkzk0IJ2brxV9y4UMStf+DOv3HSZqGtBy4czrmXe+/xYkalsqxvY2l5ZXVtvbRR3tza3tk19/bbMkoEJi0csUh0PSQJo5y0FFWMdGNBUOgx0vFG17nfGRMhacTv1SQmbogGnAYUI6WlvgnH0KEcOiFSQ89L77KHtMpP7RPoYD9S0M/6ZsWqWVPARWIXpAIKNPvml+NHOAkJV5ghKXu2FSs3RUJRzEhWdhJJYoRHaEB6mnIUEumm008yeKwVHwaR0MUVnKq/J1IUSjkJPd2ZXyznvVz8z+slKrh0U8rjRBGOZ4uChEEVwTwW6FNBsGITTRAWVN8K8RAJhJUOr6xDsOdfXiTts5p9Xqvf1iuNqyKOEjgER6AKbHABGuAGNEELYPAInsEreDOejBfj3fiYtS4ZxcwB+APj8werRJkO</latexit>

v 2 R(n�1)·d

Multi-layer 
perceptron 
(MLP) with 

nonlinearities

Mix features

<latexit sha1_base64="mXvJlOZvzMU9Uzc6VgaRHFHpCLc=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCVgSpBFTBWsHQsiD6kJlSO47ZWHSeyHaQqyg+w8CssDCDEys7G3+C0GaDlSFc6Oude3XuPFzEqlWV9G4Wl5ZXVteJ6aWNza3vH3N1ryzAWmLRwyELR9ZAkjHLSUlQx0o0EQYHHSMcbX2d+54EISUN+pyYRcQM05HRAMVJa6ptHDehQDp0AqZHnJbfpfeJXODyF9gl0FA2IhKO0b5atqjUFXCR2TsogR7Nvfjl+iOOAcIUZkrJnW5FyEyQUxYykJSeWJEJ4jIakpylHeo+bTL9J4bFWfDgIhS6u4FT9PZGgQMpJ4OnO7Go572Xif14vVoNLN6E8ihXheLZoEDOoQphFA30qCFZsognCgupbIR4hgbDSAZZ0CPb8y4ukfVa1z6u1m1q5fpXHUQQH4BBUgA0uQB00QBO0AAaP4Bm8gjfjyXgx3o2PWWvByGf2wR8Ynz/UdJoo</latexit>

H 2 Rd(n�1)⇥h
<latexit sha1_base64="qaUmvHxNztGMTZCfuTR13UCzGcQ=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUlE1GXRjcsq9gFNLJPptB06mYSZiVhCfsWNC0Xc+iPu/BsnbRbaemDgcM693DMniDlT2nG+rdLK6tr6RnmzsrW9s7tn71fbKkokoS0S8Uh2A6woZ4K2NNOcdmNJcRhw2gkm17nfeaRSsUjc62lM/RCPBBsygrWR+naVII8J5IVYj4Mgvcsexn275tSdGdAycQtSgwLNvv3lDSKShFRowrFSPdeJtZ9iqRnhNKt4iaIxJhM8oj1DBQ6p8tNZ9gwdG2WAhpE0T2g0U39vpDhUahoGZjLPqBa9XPzP6yV6eOmnTMSJpoLMDw0TjnSE8iLQgElKNJ8agolkJisiYywx0aauiinBXfzyMmmf1t3z+tntWa1xVdRRhkM4ghNw4QIacANNaAGBJ3iGV3izMuvFerc+5qMlq9g5gD+wPn8AeGKUGA==</latexit>

c 2 Rh

Scores over 
vocabulary

E.g., in Bengio et al:
<latexit sha1_base64="YFDz12it4e0OnUZQ37sX+bwKoQY=">AAACBnicbVDLSgMxFM3UV62vUZciBItQEcqMFHUjFN10WcFpC+1QMmnahmYyQ3KnUEpXbvwVNy4Uces3uPNvTNtZaOuBhJNz7uXmniAWXIPjfFuZldW19Y3sZm5re2d3z94/qOkoUZR5NBKRagREM8El84CDYI1YMRIGgtWDwd3Urw+Z0jySDzCKmR+SnuRdTgkYqW0fa3yDA3yO60NzebgFRPZxgZpHZXjWtvNO0ZkBLxM3JXmUotq2v1qdiCYhk0AF0brpOjH4Y6KAU8EmuVaiWUzogPRY01BJQqb98WyNCT41Sgd3I2WOBDxTf3eMSaj1KAxMZUigrxe9qfif10yge+2PuYwTYJLOB3UTgSHC00xwhytGQYwMIVRx81dM+0QRCia5nAnBXVx5mdQuiu5lsXRfypdv0ziy6AidoAJy0RUqowqqIg9R9Iie0St6s56sF+vd+piXZqy05xD9gfX5A2KdlUQ=</latexit>

s = b+Wv + U tanh(c+Hv)

<latexit sha1_base64="4on0lHiqyhuolEdh5tmaLYxmo98=">AAACCXicbVC7TsMwFL0pr1JeBUYWiwqJqUoQAsYKFsaC6ENqQ+W4TmvVcSLbQarSrCz8CgsDCLHyB2z8DU6bAVqOZOn4nHt17z1exJnStv1tFZaWV1bXiuuljc2t7Z3y7l5ThbEktEFCHsq2hxXlTNCGZprTdiQpDjxOW97oKvNbD1QqFoo7PY6oG+CBYD4jWBupV0YKdZlA3QDroeclt+l9Mpl+COZJM52kvXLFrtpToEXi5KQCOeq98le3H5I4oEITjpXqOHak3QRLzQinaakbKxphMsID2jFU4IAqN5lekqIjo/SRH0rzhEZT9XdHggOlxoFnKrMl1byXif95nVj7F27CRBRrKshskB9zpEOUxYL6TFKi+dgQTCQzuyIyxBITbcIrmRCc+ZMXSfOk6pxVT29OK7XLPI4iHMAhHIMD51CDa6hDAwg8wjO8wpv1ZL1Y79bHrLRg5T378AfW5w9KwJrA</latexit>

s 2 R|V|

<latexit sha1_base64="4dqLJOt6XkP6RHM5VSPkDg/Fp6Q=">AAACEnicbVA9T8MwEHXKVylfAUYWiwoJlipBFTBWsDAWRNpKTagc12mtOk5kO0hVmt/Awl9hYQAhViY2/g1O2gFannTS03t3urvnx4xKZVnfRmlpeWV1rbxe2djc2t4xd/daMkoEJg6OWCQ6PpKEUU4cRRUjnVgQFPqMtP3RVe63H4iQNOJ3ahwTL0QDTgOKkdJSzzxxoEs5dEOkhr6f3mb36RC6ioZEwkmhYsTSVjbJembVqlkF4CKxZ6QKZmj2zC+3H+EkJFxhhqTs2lasvBQJRTEjWcVNJIkRHqEB6WrKkd7ppcVLGTzSSh8GkdDFFSzU3xMpCqUch77uzI+U814u/ud1ExVceCnlcaIIx9NFQcKgimCeD+xTQbBiY00QFlTfCvEQCYSVTrGiQ7DnX14krdOafVar39SrjctZHGVwAA7BMbDBOWiAa9AEDsDgETyDV/BmPBkvxrvxMW0tGbOZffAHxucPpE6eIg==</latexit>

U 2 Rh⇥|V|
<latexit sha1_base64="Tdav5g4JUEtvo8PFEVtgflRxpb4=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0WoC0MiRV0W3bisYh/QxDKZTtqhk0mYmQglzV+48VfcuFDEre78G6dpF9p64MLhnHu59x4/ZlQq2/42CkvLK6trxfXSxubW9o65u9eUUSIwaeCIRaLtI0kY5aShqGKkHQuCQp+Rlj+8mvitByIkjfidGsXEC1Gf04BipLTUNa0WdCmHbojUwPfT2+w+7VX4iXMMXUVDIuE4tzBiaTMbZ12zbFt2DrhInBkpgxnqXfPL7UU4CQlXmCEpO44dKy9FQlHMSFZyE0lihIeoTzqacqR3emn+VwaPtNKDQSR0cQVz9fdEikIpR6GvOydHynlvIv7ndRIVXHgp5XGiCMfTRUHCoIrgJCTYo4JgxUaaICyovhXiARIIKx1lSYfgzL+8SJqnlnNmVW+q5drlLI4iOACHoAIccA5q4BrUQQNg8AiewSt4M56MF+Pd+Ji2FozZzD74A+PzB0qMn28=</latexit>

W 2 Rd(n�1)⇥|V|
<latexit sha1_base64="h3iJ/p9huF7meNWvs2udp59UCPU=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqhKEgLGChbEg+pDaUNmu01p1nMh2kKo0Kwu/wsIAQqz8ARt/g5NmgJYjWTo+517dew+OOFPacb6t0tLyyupaeb2ysbm1vWPv7rVUGEtCmyTkoexgpChngjY105x2IklRgDlt4/FV5rcfqFQsFHd6ElEvQEPBfEaQNlLfhhj2mIC9AOkRxsltep9M8w9BPGml07RvV52akwMuErcgVVCg0be/eoOQxAEVmnCkVNd1Iu0lSGpGOE0rvVjRCJExGtKuoQIFVHlJfkkKj4wygH4ozRMa5urvjgQFSk0CbCqzJdW8l4n/ed1Y+xdewkQUayrIbJAfc6hDmMUCB0xSovnEEEQkM7tCMkISEW3Cq5gQ3PmTF0nrpOae1U5vTqv1yyKOMjgAh+AYuOAc1ME1aIAmIOARPINX8GY9WS/Wu/UxKy1ZRc8++APr8wcu7Zqv</latexit>

b 2 R|V|

Model Parameters θ

<latexit sha1_base64="wLzIDUJNpvUBmbTBp4UlhH+NgBc=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwISWRoi6LblxWsQ9oYplMJu3QySTMTISS5ifc+CtuXCjiVnDn3zhJu9DWAwNnzrmXe+/xYkalsqxvo7S0vLK6Vl6vbGxube+Yu3ttGSUCkxaOWCS6HpKEUU5aiipGurEgKPQY6Xijq9zvPBAhacTv1DgmbogGnAYUI6WlvnnixEMKHcqhEyI19Lz0NrtPJ8UHI5a2swl0FA2JhH7WN6tWzSoAF4k9I1UwQ7Nvfjl+hJOQcIUZkrJnW7FyUyQUxYxkFSeRJEZ4hAakpylHeo6bFldl8EgrPgwioR9XsFB/d6QolHIceroy31bOe7n4n9dLVHDhppTHiSIcTwcFCYMqgnlE0KeCYMXGmiAsqN4V4iESCCsdZEWHYM+fvEjapzX7rFa/qVcbl7M4yuAAHIJjYINz0ADXoAlaAINH8AxewZvxZLwY78bHtLRkzHr2wR8Ynz89Dp+E</latexit>

� 2 R|V|⇥d



Model Parameters θ
<latexit sha1_base64="mXvJlOZvzMU9Uzc6VgaRHFHpCLc=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCVgSpBFTBWsHQsiD6kJlSO47ZWHSeyHaQqyg+w8CssDCDEys7G3+C0GaDlSFc6Oude3XuPFzEqlWV9G4Wl5ZXVteJ6aWNza3vH3N1ryzAWmLRwyELR9ZAkjHLSUlQx0o0EQYHHSMcbX2d+54EISUN+pyYRcQM05HRAMVJa6ptHDehQDp0AqZHnJbfpfeJXODyF9gl0FA2IhKO0b5atqjUFXCR2TsogR7Nvfjl+iOOAcIUZkrJnW5FyEyQUxYykJSeWJEJ4jIakpylHeo+bTL9J4bFWfDgIhS6u4FT9PZGgQMpJ4OnO7Go572Xif14vVoNLN6E8ihXheLZoEDOoQphFA30qCFZsognCgupbIR4hgbDSAZZ0CPb8y4ukfVa1z6u1m1q5fpXHUQQH4BBUgA0uQB00QBO0AAaP4Bm8gjfjyXgx3o2PWWvByGf2wR8Ynz/UdJoo</latexit>

H 2 Rd(n�1)⇥h
<latexit sha1_base64="qaUmvHxNztGMTZCfuTR13UCzGcQ=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUlE1GXRjcsq9gFNLJPptB06mYSZiVhCfsWNC0Xc+iPu/BsnbRbaemDgcM693DMniDlT2nG+rdLK6tr6RnmzsrW9s7tn71fbKkokoS0S8Uh2A6woZ4K2NNOcdmNJcRhw2gkm17nfeaRSsUjc62lM/RCPBBsygrWR+naVII8J5IVYj4Mgvcsexn275tSdGdAycQtSgwLNvv3lDSKShFRowrFSPdeJtZ9iqRnhNKt4iaIxJhM8oj1DBQ6p8tNZ9gwdG2WAhpE0T2g0U39vpDhUahoGZjLPqBa9XPzP6yV6eOmnTMSJpoLMDw0TjnSE8iLQgElKNJ8agolkJisiYywx0aauiinBXfzyMmmf1t3z+tntWa1xVdRRhkM4ghNw4QIacANNaAGBJ3iGV3izMuvFerc+5qMlq9g5gD+wPn8AeGKUGA==</latexit>

c 2 Rh
<latexit sha1_base64="4dqLJOt6XkP6RHM5VSPkDg/Fp6Q=">AAACEnicbVA9T8MwEHXKVylfAUYWiwoJlipBFTBWsDAWRNpKTagc12mtOk5kO0hVmt/Awl9hYQAhViY2/g1O2gFannTS03t3urvnx4xKZVnfRmlpeWV1rbxe2djc2t4xd/daMkoEJg6OWCQ6PpKEUU4cRRUjnVgQFPqMtP3RVe63H4iQNOJ3ahwTL0QDTgOKkdJSzzxxoEs5dEOkhr6f3mb36RC6ioZEwkmhYsTSVjbJembVqlkF4CKxZ6QKZmj2zC+3H+EkJFxhhqTs2lasvBQJRTEjWcVNJIkRHqEB6WrKkd7ppcVLGTzSSh8GkdDFFSzU3xMpCqUch77uzI+U814u/ud1ExVceCnlcaIIx9NFQcKgimCeD+xTQbBiY00QFlTfCvEQCYSVTrGiQ7DnX14krdOafVar39SrjctZHGVwAA7BMbDBOWiAa9AEDsDgETyDV/BmPBkvxrvxMW0tGbOZffAHxucPpE6eIg==</latexit>

U 2 Rh⇥|V|
<latexit sha1_base64="Tdav5g4JUEtvo8PFEVtgflRxpb4=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0WoC0MiRV0W3bisYh/QxDKZTtqhk0mYmQglzV+48VfcuFDEre78G6dpF9p64MLhnHu59x4/ZlQq2/42CkvLK6trxfXSxubW9o65u9eUUSIwaeCIRaLtI0kY5aShqGKkHQuCQp+Rlj+8mvitByIkjfidGsXEC1Gf04BipLTUNa0WdCmHbojUwPfT2+w+7VX4iXMMXUVDIuE4tzBiaTMbZ12zbFt2DrhInBkpgxnqXfPL7UU4CQlXmCEpO44dKy9FQlHMSFZyE0lihIeoTzqacqR3emn+VwaPtNKDQSR0cQVz9fdEikIpR6GvOydHynlvIv7ndRIVXHgp5XGiCMfTRUHCoIrgJCTYo4JgxUaaICyovhXiARIIKx1lSYfgzL+8SJqnlnNmVW+q5drlLI4iOACHoAIccA5q4BrUQQNg8AiewSt4M56MF+Pd+Ji2FozZzD74A+PzB0qMn28=</latexit>

W 2 Rd(n�1)⇥|V|
<latexit sha1_base64="h3iJ/p9huF7meNWvs2udp59UCPU=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqhKEgLGChbEg+pDaUNmu01p1nMh2kKo0Kwu/wsIAQqz8ARt/g5NmgJYjWTo+517dew+OOFPacb6t0tLyyupaeb2ysbm1vWPv7rVUGEtCmyTkoexgpChngjY105x2IklRgDlt4/FV5rcfqFQsFHd6ElEvQEPBfEaQNlLfhhj2mIC9AOkRxsltep9M8w9BPGml07RvV52akwMuErcgVVCg0be/eoOQxAEVmnCkVNd1Iu0lSGpGOE0rvVjRCJExGtKuoQIFVHlJfkkKj4wygH4ozRMa5urvjgQFSk0CbCqzJdW8l4n/ed1Y+xdewkQUayrIbJAfc6hDmMUCB0xSovnEEEQkM7tCMkISEW3Cq5gQ3PmTF0nrpOae1U5vTqv1yyKOMjgAh+AYuOAc1ME1aIAmIOARPINX8GY9WS/Wu/UxKy1ZRc8++APr8wcu7Zqv</latexit>

b 2 R|V|

<latexit sha1_base64="wLzIDUJNpvUBmbTBp4UlhH+NgBc=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwISWRoi6LblxWsQ9oYplMJu3QySTMTISS5ifc+CtuXCjiVnDn3zhJu9DWAwNnzrmXe+/xYkalsqxvo7S0vLK6Vl6vbGxube+Yu3ttGSUCkxaOWCS6HpKEUU5aiipGurEgKPQY6Xijq9zvPBAhacTv1DgmbogGnAYUI6WlvnnixEMKHcqhEyI19Lz0NrtPJ8UHI5a2swl0FA2JhH7WN6tWzSoAF4k9I1UwQ7Nvfjl+hJOQcIUZkrJnW7FyUyQUxYxkFSeRJEZ4hAakpylHeo6bFldl8EgrPgwioR9XsFB/d6QolHIceroy31bOe7n4n9dLVHDhppTHiSIcTwcFCYMqgnlE0KeCYMXGmiAsqN4V4iESCCsdZEWHYM+fvEjapzX7rFa/qVcbl7M4yuAAHIJjYINz0ADXoAlaAINH8AxewZvxZLwY78bHtLRkzHr2wR8Ynz89Dp+E</latexit>

� 2 R|V|⇥d

Neural N-grams
Count-based 

N-grams

<latexit sha1_base64="S3K5bhufxFDlc6STsPu/kZHw2w4=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQmqgLGiCxMqEn1IbRo5rttadZzIdpCqND/Awq+wMIAQKzsbf4OTZoCWI13p+Jx75XuPFzIqlWV9G4WV1bX1jeJmaWt7Z3fP3D9oySASmDRxwALR8ZAkjHLSVFQx0gkFQb7HSNub1FO//UCEpAG/V9OQOD4acTqkGCktueZJ3eWwR3X5SI09L75N+vEse2DE4lYy6/PENctWxcoAl4mdkzLI0XDNr94gwJFPuMIMSdm1rVA5MRKKYkaSUi+SJER4gkakqylHPpFOnF2TwFOtDOAwELq4gpn6eyJGvpRT39Od6Zpy0UvF/7xupIZXTkx5GCnC8fyjYcSgCmAaDRxQQbBiU00QFlTvCvEYCYSVDrCkQ7AXT14mrfOKfVGp3lXLtes8jiI4AsfgDNjgEtTADWiAJsDgETyDV/BmPBkvxrvxMW8tGPnMIfgD4/MHK6+cTQ==</latexit>

Cn 2 N|V|n
<latexit sha1_base64="eNEWhvlUf2nSE/gp1W6LsXmcgp8=">AAACFXicbVDLSgMxFM34rPU16tJNsAgutMxIUZfFblxJBfuAPoZMmmlDM5khyQglnZ9w46+4caGIW8Gdf2M67UJbDwROzrmXe+/xY0alcpxva2l5ZXVtPbeR39za3tm19/brMkoEJjUcsUg0fSQJo5zUFFWMNGNBUOgz0vCHlYnfeCBC0ojfq1FMOiHqcxpQjJSRPPu04ml+5qawTTlsh0gNfF/fpl09zj4YMV1Px92sJvXsglN0MsBF4s5IAcxQ9eyvdi/CSUi4wgxJ2XKdWHU0EopiRtJ8O5EkRniI+qRlKEchkR2dXZXCY6P0YBAJ87iCmfq7Q6NQylHom8rJqnLem4j/ea1EBVcdTXmcKMLxdFCQMKgiOIkI9qggWLGRIQgLanaFeIAEwsoEmTchuPMnL5L6edG9KJbuSoXy9SyOHDgER+AEuOASlMENqIIawOARPINX8GY9WS/Wu/UxLV2yZj0H4A+szx/VEJ9J</latexit>

Cn�1 2 N|V|n�1

n = 6 
|V| = 20,000 
d = 100 
h = 60

~13M parameters 6.4 x 1025…
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Feedforward N-Grams: 
Scoring Sequences

BOS BOS I like pizza

n=3

MLP

softmax

p(pizza)

p(I) p(like)



Feedforward N-Grams: 
Scoring Sequences

BOS BOS I like pizza

n=3

MLP

softmax

p(EOS)

p(I) p(like) p(pizza)



Feedforward N-Grams: 
Scoring Sequences

BOS BOS I like pizza

n=3
p(I) p(like) p(pizza)

<latexit sha1_base64="OZnHIiDlddD/PKJGpXUcH1QjsaU="></latexit>

exp

✓
�1

3
(log p(I) + log p(like) + log p(pizza) + p(EOS))

◆

p(EOS)



Feedforward N-Grams: 
Generation
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MLP

softmax
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Feedforward N-Grams: 
Generation

BOS BOS

MLP

softmax

sample

And

I

then



Feedforward N-Grams: 
Generation

BOS BOS And then I …



Training Neural N-Grams
• We have some training dataset  

• We want to find the parameters of our neural model θ that 
maximize the likelihood of this dataset 

• Train using gradient descent in log-probability space

<latexit sha1_base64="i/IqWY+09SGBF6SHEJ75mdWbw0M=">AAACEXicbVDLSgMxFM3UV62vUZdugkXoqsxIUTeFoi7cCBXsAzrjkEnTNjTzIMmIJcwvuPFX3LhQxK07d/6NmXYW2nogcDj33Jt7jx8zKqRlfRuFpeWV1bXiemljc2t7x9zda4so4Zi0cMQi3vWRIIyGpCWpZKQbc4ICn5GOP77I6p17wgWNwls5iYkboGFIBxQjqSXPrDgBkiOMmLpMYR06CjqR9mfj1EMKndRTtG6nd9eeWbaq1hRwkdg5KYMcTc/8cvoRTgISSsyQED3biqWrEJcUM5KWnESQGOExGpKepiEKiHDV9KIUHmmlDwcR1y+UcKr+7lAoEGIS+NqZ7S/ma5n4X62XyMGZq2gYJ5KEePbRIGFQRjCLB/YpJ1iyiSYIc6p3hXiEOMJSh1jSIdjzJy+S9nHVPqnWbmrlxnkeRxEcgENQATY4BQ1wBZqgBTB4BM/gFbwZT8aL8W58zKwFI+/ZB39gfP4ADuWdLA==</latexit>

D = {x}Mi=1

<latexit sha1_base64="mXvJlOZvzMU9Uzc6VgaRHFHpCLc=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCVgSpBFTBWsHQsiD6kJlSO47ZWHSeyHaQqyg+w8CssDCDEys7G3+C0GaDlSFc6Oude3XuPFzEqlWV9G4Wl5ZXVteJ6aWNza3vH3N1ryzAWmLRwyELR9ZAkjHLSUlQx0o0EQYHHSMcbX2d+54EISUN+pyYRcQM05HRAMVJa6ptHDehQDp0AqZHnJbfpfeJXODyF9gl0FA2IhKO0b5atqjUFXCR2TsogR7Nvfjl+iOOAcIUZkrJnW5FyEyQUxYykJSeWJEJ4jIakpylHeo+bTL9J4bFWfDgIhS6u4FT9PZGgQMpJ4OnO7Go572Xif14vVoNLN6E8ihXheLZoEDOoQphFA30qCFZsognCgupbIR4hgbDSAZZ0CPb8y4ukfVa1z6u1m1q5fpXHUQQH4BBUgA0uQB00QBO0AAaP4Bm8gjfjyXgx3o2PWWvByGf2wR8Ynz/UdJoo</latexit>

H 2 Rd(n�1)⇥h
<latexit sha1_base64="qaUmvHxNztGMTZCfuTR13UCzGcQ=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUlE1GXRjcsq9gFNLJPptB06mYSZiVhCfsWNC0Xc+iPu/BsnbRbaemDgcM693DMniDlT2nG+rdLK6tr6RnmzsrW9s7tn71fbKkokoS0S8Uh2A6woZ4K2NNOcdmNJcRhw2gkm17nfeaRSsUjc62lM/RCPBBsygrWR+naVII8J5IVYj4Mgvcsexn275tSdGdAycQtSgwLNvv3lDSKShFRowrFSPdeJtZ9iqRnhNKt4iaIxJhM8oj1DBQ6p8tNZ9gwdG2WAhpE0T2g0U39vpDhUahoGZjLPqBa9XPzP6yV6eOmnTMSJpoLMDw0TjnSE8iLQgElKNJ8agolkJisiYywx0aauiinBXfzyMmmf1t3z+tntWa1xVdRRhkM4ghNw4QIacANNaAGBJ3iGV3izMuvFerc+5qMlq9g5gD+wPn8AeGKUGA==</latexit>

c 2 Rh
<latexit sha1_base64="4dqLJOt6XkP6RHM5VSPkDg/Fp6Q=">AAACEnicbVA9T8MwEHXKVylfAUYWiwoJlipBFTBWsDAWRNpKTagc12mtOk5kO0hVmt/Awl9hYQAhViY2/g1O2gFannTS03t3urvnx4xKZVnfRmlpeWV1rbxe2djc2t4xd/daMkoEJg6OWCQ6PpKEUU4cRRUjnVgQFPqMtP3RVe63H4iQNOJ3ahwTL0QDTgOKkdJSzzxxoEs5dEOkhr6f3mb36RC6ioZEwkmhYsTSVjbJembVqlkF4CKxZ6QKZmj2zC+3 H+EkJFxhhqTs2lasvBQJRTEjWcVNJIkRHqEB6WrKkd7ppcVLGTzSSh8GkdDFFSzU3xMpCqUch77uzI+U814u/ud1ExVceCnlcaIIx9NFQcKgimCeD+xTQbBiY00QFlTfCvEQCYSVTrGiQ7DnX14krdOafVar39SrjctZHGVwAA7BMbDBOWiAa9AEDsDgETyDV/BmPBkvxrvxMW0tGbOZffAHxucPpE6eIg==</latexit>

U 2 Rh⇥|V|
<latexit sha1_base64="Tdav5g4JUEtvo8PFEVtgflRxpb4=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0WoC0MiRV0W3bisYh/QxDKZTtqhk0mYmQglzV+48VfcuFDEre78G6dpF9p64MLhnHu59x4/ZlQq2/42CkvLK6trxfXSxubW9o65u9eUUSIwaeCIRaLtI0kY5aShqGKkHQuCQp+Rlj+8mvitByIkjfidGsXEC1Gf04BipLTUNa0WdCmHbojUwPfT2+w+7VX4iXMMXUVDIuE4tzBiaTMbZ12zbFt2DrhInBkpgxnqXfPL7UU4CQlXmCEpO44dKy9FQlHMSFZyE0lihIeoTzqacqR3emn+VwaPtNKDQSR0cQVz9fdEikIpR6GvOydHynlvIv7ndRIVXHgp5XGiCMfTRUHCoIrgJCTYo4JgxUaaICyovhXiARIIKx1lSYfgzL+8SJqnlnNmVW+q5drlLI4iOACHoAIccA5q4BrUQQNg8AiewSt4M56MF+Pd+Ji2FozZzD74A+PzB0qMn28=</latexit>

W 2 Rd(n�1)⇥|V|
<latexit sha1_base64="h3iJ/p9huF7meNWvs2udp59UCPU=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqhKEgLGChbEg+pDaUNmu01p1nMh2kKo0Kwu/wsIAQqz8ARt/g5NmgJYjWTo+517dew+OOFPacb6t0tLyyupaeb2ysbm1vWPv7rVUGEtCmyTkoexgpChngjY105x2IklRgDlt4/FV5rcfqFQsFHd6ElEvQEPBfEaQNlLfhhj2mIC9AOkRxsltep9M8w9BPGml07RvV52akwMuErcgVVCg0be/eoOQxAEVmnCkVNd1Iu0lSGpGOE0rvVjRCJExGtKuoQIFVHlJfkkKj4wygH4ozRMa5urvjgQFSk0CbCqzJdW8l4n/ed1Y+xdewkQUayrIbJAfc6hDmMUCB0xSovnEEEQkM7tCMkISEW3Cq5gQ3PmTF0nrpOae1U5vTqv1yyKOMjgAh+AYuOAc1ME1aIAmIOARPINX8GY9WS/Wu/UxKy1ZRc8++APr8wcu7Zqv</latexit>

b 2 R|V|

<latexit sha1_base64="wLzIDUJNpvUBmbTBp4UlhH+NgBc=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwISWRoi6LblxWsQ9oYplMJu3QySTMTISS5ifc+CtuXCjiVnDn3zhJu9DWAwNnzrmXe+/xYkalsqxvo7S0vLK6Vl6vbGxube+Yu3ttGSUCkxaOWCS6HpKEUU5aiipGurEgKPQY6Xijq9zvPBAhacTv1DgmbogGnAYUI6WlvnnixEMKHcqhEyI19Lz0NrtPJ8UHI5a2swl0FA2JhH7WN6tWzSoAF4k9I1UwQ7Nvfjl+hJOQcIUZkrJnW7FyUyQUxYxkFSeRJEZ4hAakpylHeo6bFldl8EgrPgwioR9XsFB/d6QolHIceroy31bOe7n4n9dLVHDhppTHiSIcTwcFCYMqgnlE0KeCYMXGmiAsqN4V4iESCCsdZEWHYM+fvEjapzX7rFa/qVcbl7M4yuAAHIJjYINz0ADXoAlaAINH8AxewZvxZLwY78bHtLRkzHr2wR8Ynz89Dp+E</latexit>

� 2 R|V|⇥d

<latexit sha1_base64="WtZ/xViCY3NYKL8JJdqe/vaYHRc="></latexit>

✓⇤ = argmin
✓

0

@�
X

x2D

|x|X

i=1

log p(xi | xi�n+1, . . . , xi�1; ✓)

1

A
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Drawbacks of  
Count-based N-Gram Models

• What if the count of the target n-gram is 0? 

• What if our n-1-gram prefix has a count of 0? 

• Storage is at worst exponential wrt
<latexit sha1_base64="hnP3BVXMcKeQTDqrZo+wQ4jX0L4=">AAAB9HicbVDLSgMxFL3xWeur6tJNsAiuyoxIdVl047KCfUA7lEyaaUMzmTHJFMq03+HGhSJu/Rh3/o2ZdhbaeiBwOOde7snxY8G1cZxvtLa+sbm1Xdgp7u7tHxyWjo6bOkoUZQ0aiUi1faKZ4JI1DDeCtWPFSOgL1vJHd5nfGjOleSQfzSRmXkgGkgecEmMlrxsSM6REpNPmdNYrlZ2KMwdeJW5OypCj3it9dfsRTUImDRVE647rxMZLiTKcCjYrdhPNYkJHZMA6lkoSMu2l89AzfG6VPg4iZZ80eK7+3khJqPUk9O1kFlIve5n4n9dJTHDjpVzGiWGSLg4FicAmwlkDuM8Vo0ZMLCFUcZsV0yFRhBrbU9GW4C5/eZU0LytutVJ9uCrXbvM6CnAKZ3ABLlxDDe6hDg2g8ATP8ApvaIxe0Dv6WIyuoXznBP4Aff4AX2GSgw==</latexit>

|V|



Drawbacks of  
Count-based N-Gram Models

• What if the count of the target n-gram is 0? 

• What if our n-1-gram prefix has a count of 0? 

• Storage is at worst exponential wrt 

• No notion of similarity

<latexit sha1_base64="hnP3BVXMcKeQTDqrZo+wQ4jX0L4=">AAAB9HicbVDLSgMxFL3xWeur6tJNsAiuyoxIdVl047KCfUA7lEyaaUMzmTHJFMq03+HGhSJu/Rh3/o2ZdhbaeiBwOOde7snxY8G1cZxvtLa+sbm1Xdgp7u7tHxyWjo6bOkoUZQ0aiUi1faKZ4JI1DDeCtWPFSOgL1vJHd5nfGjOleSQfzSRmXkgGkgecEmMlrxsSM6REpNPmdNYrlZ2KMwdeJW5OypCj3it9dfsRTUImDRVE647rxMZLiTKcCjYrdhPNYkJHZMA6lkoSMu2l89AzfG6VPg4iZZ80eK7+3khJqPUk9O1kFlIve5n4n9dJTHDjpVzGiWGSLg4FicAmwlkDuM8Vo0ZMLCFUcZsV0yFRhBrbU9GW4C5/eZU0LytutVJ9uCrXbvM6CnAKZ3ABLlxDDe6hDg2g8ATP8ApvaIxe0Dv6WIyuoXznBP4Aff4AX2GSgw==</latexit>
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Drawbacks of  
Count-based N-Gram Models

• What if the count of the target n-gram is 0? 

• What if our n-1-gram prefix has a count of 0? 

• Storage is at worst exponential wrt 

• No notion of similarity 

• Intervening words

<latexit sha1_base64="hnP3BVXMcKeQTDqrZo+wQ4jX0L4=">AAAB9HicbVDLSgMxFL3xWeur6tJNsAiuyoxIdVl047KCfUA7lEyaaUMzmTHJFMq03+HGhSJu/Rh3/o2ZdhbaeiBwOOde7snxY8G1cZxvtLa+sbm1Xdgp7u7tHxyWjo6bOkoUZQ0aiUi1faKZ4JI1DDeCtWPFSOgL1vJHd5nfGjOleSQfzSRmXkgGkgecEmMlrxsSM6REpNPmdNYrlZ2KMwdeJW5OypCj3it9dfsRTUImDRVE647rxMZLiTKcCjYrdhPNYkJHZMA6lkoSMu2l89AzfG6VPg4iZZ80eK7+3khJqPUk9O1kFlIve5n4n9dJTHDjpVzGiWGSLg4FicAmwlkDuM8Vo0ZMLCFUcZsV0yFRhBrbU9GW4C5/eZU0LytutVJ9uCrXbvM6CnAKZ3ABLlxDDe6hDg2g8ATP8ApvaIxe0Dv6WIyuoXznBP4Aff4AX2GSgw==</latexit>

|V|



Drawbacks of  
Count-based N-Gram Models

• What if the count of the target n-gram is 0? 

• What if our n-1-gram prefix has a count of 0? 

• Storage is at worst exponential wrt 

• No notion of similarity 

• Intervening words 

• Without a big n, cannot handle long-distance 
dependencies

<latexit sha1_base64="hnP3BVXMcKeQTDqrZo+wQ4jX0L4=">AAAB9HicbVDLSgMxFL3xWeur6tJNsAiuyoxIdVl047KCfUA7lEyaaUMzmTHJFMq03+HGhSJu/Rh3/o2ZdhbaeiBwOOde7snxY8G1cZxvtLa+sbm1Xdgp7u7tHxyWjo6bOkoUZQ0aiUi1faKZ4JI1DDeCtWPFSOgL1vJHd5nfGjOleSQfzSRmXkgGkgecEmMlrxsSM6REpNPmdNYrlZ2KMwdeJW5OypCj3it9dfsRTUImDRVE647rxMZLiTKcCjYrdhPNYkJHZMA6lkoSMu2l89AzfG6VPg4iZZ80eK7+3khJqPUk9O1kFlIve5n4n9dJTHDjpVzGiWGSLg4FicAmwlkDuM8Vo0ZMLCFUcZsV0yFRhBrbU9GW4C5/eZU0LytutVJ9uCrXbvM6CnAKZ3ABLlxDDe6hDg2g8ATP8ApvaIxe0Dv6WIyuoXznBP4Aff4AX2GSgw==</latexit>

|V|



Still can’t represent contexts past n

N-Gram Approximation

<latexit sha1_base64="Lf9186Szy3+1PyqjUa6MzkAQLp0="></latexit>

⇡
|x|Y

i=1

p(xi | xi�n+1, . . . , xi�1)
N-gram  

approximation

<latexit sha1_base64="s8qAsrLL+0Quz7lmJiyaPMGnyCg="></latexit>

⇡
|x|Y

i=1

C(xi�n+1, . . . , xi�1, xi)

C(ii�n+1, . . . , xi�1)
Count-based 

approximation

Neural n-grams

<latexit sha1_base64="FqAB92KGLjCAm0QLCiGTHzS9zWw="></latexit>

p(x) =

|x|Y

i=1

p(xi | x1, . . . , xi�1)
Autoregressive  
approximation

<latexit sha1_base64="vcVO/f5riOdiEdWyzV6hysoqkps="></latexit>

⇡
|x|Y

i=1

p(xi | xi�n+1, . . . , xi; ✓)

<latexit sha1_base64="vcVO/f5riOdiEdWyzV6hysoqkps="></latexit>

⇡
|x|Y

i=1

p(xi | xi�n+1, . . . , xi; ✓)



Infinite Context?

• N-gram models (count-based or neural) impose fixed 
windows of context 

• Could we instead truly compute 
for any i? 

<latexit sha1_base64="7oB0XVeadMzenI/RS/zQPqXLmoQ="></latexit>

p(x) =

|x|Y

i=1

p(xi | x1, . . . , xi�1)

<latexit sha1_base64="K59pxx2X4E3h5JOJJPMCB40ihrs=">AAACCHicbZDLSgMxFIYz9VbrbdSlC4NFqFDLjBR1WXTjsoK9QDsMmUymDU0yQ5KRlqFLN76KGxeKuPUR3Pk2ppeFVn8IfPznnCTnDxJGlXacLyu3tLyyupZfL2xsbm3v2Lt7TRWnEpMGjlks2wFShFFBGppqRtqJJIgHjLSCwfWk3ronUtFY3OlRQjyOeoJGFCNtLN8+TEpDn8IupyEc+m4ZdsNYq7LhjJ664xPfLjoVZyr4F9w5FMFcdd/+NDfglBOhMUNKdVwn0V6GpKaYkXGhmyqSIDxAPdIxKBAnysumi4zhsXFCGMXSHKHh1P05kSGu1IgHppMj3VeLtYn5X62T6ujSy6hIUk0Enj0UpQzqGE5SgSGVBGs2MoCwpOavEPeRRFib7AomBHdx5b/QPKu455XqbbVYu5rHkQcH4AiUgAsuQA3cgDpoAAwewBN4Aa/Wo/VsvVnvs9acNZ/ZB79kfXwD+76YDQ==</latexit>

p(xi | x1, . . . , xi�1)



Recurrent Neural Network

• Key idea: add a latent space 
whose values are both:  

• determined by computations 
performed during previous 
“timesteps”, and 

• taken in as input at each 
timestep 

• The value of this latent space is 
called a “hidden state”

Elman et al. 1990



Recurrent Neural Network
Word 

embeddings

<latexit sha1_base64="MGMFRZ/O/GkkTWyl838WYaqgdgs=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjBfsh7VKyabYNTbJLkhXL0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8c3Mbz9SpVkk780kpr7AQ8lCRrCx0kMvHrHyU9877xdLbsWdA60SLyMlyNDoF796g4gkgkpDONa667mx8VOsDCOcTgu9RNMYkzEe0q6lEguq/XR+8BSdWWWAwkjZkgbN1d8TKRZaT0RgOwU2I73szcT/vG5iwis/ZTJODJVksShMODIRmn2PBkxRYvjEEkwUs7ciMsIKE2MzKtgQvOWXV0nrouLVKrW7aql+ncWRhxM4hTJ4cAl1uIUGNIGAgGd4hTdHOS/Ou/OxaM052cwx/IHz+QPlyo/V</latexit>

�(x1)

Input 
tokens

<latexit sha1_base64="QRlFKTdZFTH2TZmCLuq5ispBsxg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VPP65UrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+ien53Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wcOno2p</latexit>x1

Hidden 
states

<latexit sha1_base64="Vvgug9PlYclpnpFfGwe9WkGni6I=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOq7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH0q42Y</latexit>

h0 (learned or null)

<latexit sha1_base64="Q69zUJ/7O7PPSb7TRfziid/XESo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOp7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH2L42Z</latexit>

h1

<latexit sha1_base64="YoDPmbJljiV3jpWMmk+zyCfb3WE=">AAACGXicbVDLSgMxFM3UV62vUZdugkVoEcuMSHUjFN24rGA7hc4QMmnaCc08SDJiGfobbvwVNy4Ucakr/8a0nYW2Hrhwcs695N7jJ5xJZVnfRmFpeWV1rbhe2tjc2t4xd/faMk4FoS0S81h0fCwpZxFtKaY47SSC4tDn1PGH1xPfuadCsji6U6OEeiEeRKzPCFZaQqYVIAYvoSvZIMSw4qAABihjJ/YYHkMHUegmAas8IFbVbx/ZVWSWrZo1BVwkdk7KIEcTmZ9uLyZpSCNFOJaya1uJ8jIsFCOcjktuKmmCyRAPaFfTCIdUetn0sjE80koP9mOhK1Jwqv6eyHAo5Sj0dWeIVSDnvYn4n9dNVf/Cy1iUpIpGZPZRP+VQxXASE+wxQYniI00wEUzvCkmABSZKh1nSIdjzJy+S9mnNrtfqt2flxlUeRxEcgENQATY4Bw1wA5qgBQh4BM/gFbwZT8aL8W58zFoLRj6zD/7A+PoB3H6dFg==</latexit>

hi = �(Whhi�1 +We�(xi) + b1)

<latexit sha1_base64="AR8bw1iLV+h/TJ1WtHIGvCZC5c0=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYJUY9ELx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX6RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNStm7KFfvqqXadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AECKNqg==</latexit>x2
<latexit sha1_base64="H42ZN9XU+IsYVGdXS8y6VqvPsJI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXspukeqx6MVjBfsh7VKyabYNTbJLkhXL0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8c3Mbz9SpVkk780kpr7AQ8lCRrCx0kMvHrHyU7963i+W3Io7B1olXkZKkKHRL371BhFJBJWGcKx113Nj46dYGUY4nRZ6iaYxJmM8pF1LJRZU++n84Ck6s8oAhZGyJQ2aq78nUiy0nojAdgpsRnrZm4n/ed3EhFd+ymScGCrJYlGYcGQiNPseDZiixPCJJZgoZm9FZIQVJsZmVLAheMsvr5JWteLVKrW7i1L9OosjDydwCmXw4BLqcAsNaAIBAc/wCm+Ocl6cd+dj0Zpzsplj+APn8wfnT4/W</latexit>

�(x2)
<latexit sha1_base64="+ICSjFUlmKarMSDpltF8Q3vQhPM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2lpoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgbjm5n/+IRK81g+mEmCfkSHkoecUWOl+1G/1i9X3Ko7B1klXk4qkKPZL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOiVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhFd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHplGwI3vLLq6Rdq3oX1fpdvdK4zuMowgmcwjl4cAkNuIUmtIDBEJ7hFd4c4bw4787HorXg5DPH8AfO5w/3s42a</latexit>

h2

<latexit sha1_base64="cSU7CoVmLHna2cc4Ty7sF+AtTUk=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPRi8cK9gPaUDbbSbt0swm7G7GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3HlFpHssHM07Qj+hA8pAzaqzUeupl/Nyb9Eplt+LOQJaJl5My5Kj3Sl/dfszSCKVhgmrd8dzE+BlVhjOBk2I31ZhQNqID7FgqaYTaz2bnTsipVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14bWfcZmkBiWbLwpTQUxMpr+TPlfIjBhbQpni9lbChlRRZmxCRRuCt/jyMmleVLzLSvW+Wq7d5HEU4BhO4Aw8uIIa3EEdGsBgBM/wCm9O4rw4787HvHXFyWeO4A+czx8EvY9f</latexit>xi�1
<latexit sha1_base64="pDZWGBPXx77VkDGf2hqTglUsVC0=">AAAB9HicbVBNSwMxEJ34WetX1aOXYBHqwbIrRT0WvXisYD+gXUo2zbah2eyaZItl6e/w4kERr/4Yb/4b03YP2vpg4PHeDDPz/FhwbRznG62srq1vbOa28ts7u3v7hYPDho4SRVmdRiJSLZ9oJrhkdcONYK1YMRL6gjX94e3Ub46Y0jySD2YcMy8kfckDTomxkteJB7z01E35uTs56xaKTtmZAS8TNyNFyFDrFr46vYgmIZOGCqJ123Vi46VEGU4Fm+Q7iWYxoUPSZ21LJQmZ9tLZ0RN8apUeDiJlSxo8U39PpCTUehz6tjMkZqAXvan4n9dOTHDtpVzGiWGSzhcFicAmwtMEcI8rRo0YW0Ko4vZWTAdEEWpsTnkbgrv48jJpXJTdy3LlvlKs3mRx5OAYTqAELlxBFe6gBnWg8AjP8ApvaIRe0Dv6mLeuoGzmCP4Aff4A5BeRiQ==</latexit>

�(xi�1)

…
…

<latexit sha1_base64="D6gPA/ewXkIAWPnvR+L6HN5Sghg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh6LXjxWsB/QhrLZTtqlm03Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzSRBP6JDyUPOqLFSe9TP+IU37ZcrbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n83PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwhs/4zJJDUq2WBSmgpiYzH4nA66QGTGxhDLF7a2EjaiizNiESjYEb/nlVdK6rHpX1dpDrVK/zeMowgmcwjl4cA11uIcGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx/sDo9P</latexit>

hi�1
MLP

<latexit sha1_base64="jS20I38lrVcGzv/0mOjCUdmSobg=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0UQxJKUol6EohePFUxbaEPYbDft0s0HuxshhPpXvHhQxKs/xJv/xm2bg7Y+GHi8N8PMPD/hTCrL+jZWVtfWNzZLW+Xtnd29ffPgsC3jVBDqkJjHoutjSTmLqKOY4rSbCIpDn9OOP76d+p1HKiSLoweVJdQN8TBiASNYackzKxJdIweNvJyd2xN0hnyv7plVq2bNgJaJXZAqFGh55ld/EJM0pJEiHEvZs61EuTkWihFOJ+V+KmmCyRgPaU/TCIdUuvns+Ak60coABbHQFSk0U39P5DiUMgt93RliNZKL3lT8z+ulKrhycxYlqaIRmS8KUo5UjKZJoAETlCieaYKJYPpWREZYYKJ0XmUdgr348jJp12v2Ra1x36g2b4o4SnAEx3AKNlxCE+6gBQ4QyOAZXuHNeDJejHfjY966YhQzFfgD4/MHeBeSuw==</latexit>

s = Uhi�1 + b2

softmax



Multi-Layered RNN
Word 

embeddings
Input 
tokens

<latexit sha1_base64="QRlFKTdZFTH2TZmCLuq5ispBsxg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VPP65UrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+ien53Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wcOno2p</latexit>x1

Hidden 
states

<latexit sha1_base64="Vvgug9PlYclpnpFfGwe9WkGni6I=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOq7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH0q42Y</latexit>

h0

<latexit sha1_base64="Q69zUJ/7O7PPSb7TRfziid/XESo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOp7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH2L42Z</latexit>

h1

<latexit sha1_base64="AR8bw1iLV+h/TJ1WtHIGvCZC5c0=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYJUY9ELx4xyiOBDZkdemHC7OxmZtZICJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX6RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNStm7KFfvqqXadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AECKNqg==</latexit>x2
<latexit sha1_base64="+ICSjFUlmKarMSDpltF8Q3vQhPM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2lpoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgbjm5n/+IRK81g+mEmCfkSHkoecUWOl+1G/1i9X3Ko7B1klXk4qkKPZL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOiVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhFd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHplGwI3vLLq6Rdq3oX1fpdvdK4zuMowgmcwjl4cAkNuIUmtIDBEJ7hFd4c4bw4787HorXg5DPH8AfO5w/3s42a</latexit>

h2

<latexit sha1_base64="cSU7CoVmLHna2cc4Ty7sF+AtTUk=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPRi8cK9gPaUDbbSbt0swm7G7GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3HlFpHssHM07Qj+hA8pAzaqzUeupl/Nyb9Eplt+LOQJaJl5My5Kj3Sl/dfszSCKVhgmrd8dzE+BlVhjOBk2I31ZhQNqID7FgqaYTaz2bnTsipVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14bWfcZmkBiWbLwpTQUxMpr+TPlfIjBhbQpni9lbChlRRZmxCRRuCt/jyMmleVLzLSvW+Wq7d5HEU4BhO4Aw8uIIa3EEdGsBgBM/wCm9O4rw4787HvHXFyWeO4A+czx8EvY9f</latexit>xi�1
<latexit sha1_base64="pDZWGBPXx77VkDGf2hqTglUsVC0=">AAAB9HicbVBNSwMxEJ34WetX1aOXYBHqwbIrRT0WvXisYD+gXUo2zbah2eyaZItl6e/w4kERr/4Yb/4b03YP2vpg4PHeDDPz/FhwbRznG62srq1vbOa28ts7u3v7hYPDho4SRVmdRiJSLZ9oJrhkdcONYK1YMRL6gjX94e3Ub46Y0jySD2YcMy8kfckDTomxkteJB7z01E35uTs56xaKTtmZAS8TNyNFyFDrFr46vYgmIZOGCqJ123Vi46VEGU4Fm+Q7iWYxoUPSZ21LJQmZ9tLZ0RN8apUeDiJlSxo8U39PpCTUehz6tjMkZqAXvan4n9dOTHDtpVzGiWGSzhcFicAmwtMEcI8rRo0YW0Ko4vZWTAdEEWpsTnkbgrv48jJpXJTdy3LlvlKs3mRx5OAYTqAELlxBFe6gBnWg8AjP8ApvaIRe0Dv6mLeuoGzmCP4Aff4A5BeRiQ==</latexit>

�(xi�1)

…
…

<latexit sha1_base64="D6gPA/ewXkIAWPnvR+L6HN5Sghg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh6LXjxWsB/QhrLZTtqlm03Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzSRBP6JDyUPOqLFSe9TP+IU37ZcrbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n83PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwhs/4zJJDUq2WBSmgpiYzH4nA66QGTGxhDLF7a2EjaiizNiESjYEb/nlVdK6rHpX1dpDrVK/zeMowgmcwjl4cA11uIcGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx/sDo9P</latexit>

hi�1
MLP

softmax

…

<latexit sha1_base64="k5D2XwEqEkBZ9jjB5rq5r7V0dec=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbRU0mkqMeiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcis6H3rBac+vuHGiVeAWpQYHWsPo1GMUkFVQawrHWfc9NjJ9hZRjhdFYZpJommEzwmPYtlVhQ7WfzW2fozCojFMbKljRorv6eyLDQeioC2ymwifSyl4v/ef3UhDd+xmSSGirJYlGYcmRilD+ORkxRYvjUEkwUs7ciEmGFibHxVGwI3vLLq6RzWfeu6o2HRq15W8RRhhM4hQvw4BqacA8taAOBCJ7hFd4c4bw4787HorXkFDPH8AfO5w9W+I3K</latexit>

h0
1

<latexit sha1_base64="xLocNrBZNMTqJohrHyH5Jl5/PKo=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ6Kkkp6rHoxWMF+wFtKJvtplm6uwm7G6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvSDjTxnW/nbX1jc2t7dJOeXdv/+CwcnTc0XGqCG2TmMeqF2BNOZO0bZjhtJcoikXAaTeY3OV+94kqzWL5aKYJ9QUeSxYygk0uRRfD+rBSdWvuHGiVeAWpQoHWsPI1GMUkFVQawrHWfc9NjJ9hZRjhdFYepJommEzwmPYtlVhQ7WfzW2fo3CojFMbKljRorv6eyLDQeioC2ymwifSyl4v/ef3UhDd+xmSSGirJYlGYcmRilD+ORkxRYvjUEkwUs7ciEmGFibHxlG0I3vLLq6RTr3lXtcZDo9q8LeIowSmcwSV4cA1NuIcWtIFABM/wCm+OcF6cd+dj0brmFDMn8AfO5w9YfI3L</latexit>

h0
2

<latexit sha1_base64="8R/R338bTW8UPAcm1qiHbaZ1uRg=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPoxbArQT0GvXiMYB6QLGF2MkmGzM6uM71CWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3U795hPXRkTqAccx90M6UKIvGEUrtYan3VSce5NuseSW3RnIMvEyUoIMtW7xq9OLWBJyhUxSY9qeG6OfUo2CST4pdBLDY8pGdMDblioacuOns3sn5MQqPdKPtC2FZKb+nkhpaMw4DGxnSHFoFr2p+J/XTrB/7adCxQlyxeaL+okkGJHp86QnNGcox5ZQpoW9lbAh1ZShjahgQ/AWX14mjYuyd1mu3FdK1ZssjjwcwTGcgQdXUIU7qEEdGEh4hld4cx6dF+fd+Zi35pxs5hD+wPn8AU17j4A=</latexit>

h0
i�1

<latexit sha1_base64="lewjkfydVqx65o7c4p80NbDsL2o=">AAAB/XicbVDLSsNAFL3xWesrPnZuBosoiCUpRd0IRTcuK5i20IYwmU7aoZMHMxOhhuKvuHGhiFv/w51/47TNQlsPXDiccy/33uMnnEllWd/GwuLS8spqYa24vrG5tW3u7DZknApCHRLzWLR8LClnEXUUU5y2EkFx6HPa9Ac3Y7/5QIVkcXSvhgl1Q9yLWMAIVlryzH2JrpCD+sdexs7sETpFvlfxzJJVtiZA88TOSQly1D3zq9ONSRrSSBGOpWzbVqLcDAvFCKejYieVNMFkgHu0rWmEQyrdbHL9CB1ppYuCWOiKFJqovycyHEo5DH3dGWLVl7PeWPzPa6cquHQzFiWpohGZLgpSjlSMxlGgLhOUKD7UBBPB9K2I9LHAROnAijoEe/bledKolO3zcvWuWqpd53EU4AAO4QRsuIAa3EIdHCDwCM/wCm/Gk/FivBsf09YFI5/Zgz8wPn8A2/uS7A==</latexit>

s = Uh0
i�1 + b2

(learned or null)

<latexit sha1_base64="MGMFRZ/O/GkkTWyl838WYaqgdgs=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjBfsh7VKyabYNTbJLkhXL0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8c3Mbz9SpVkk780kpr7AQ8lCRrCx0kMvHrHyU9877xdLbsWdA60SLyMlyNDoF796g4gkgkpDONa667mx8VOsDCOcTgu9RNMYkzEe0q6lEguq/XR+8BSdWWWAwkjZkgbN1d8TKRZaT0RgOwU2I73szcT/vG5iwis/ZTJODJVksShMODIRmn2PBkxRYvjEEkwUs7ciMsIKE2MzKtgQvOWXV0nrouLVKrW7aql+ncWRhxM4hTJ4cAl1uIUGNIGAgGd4hTdHOS/Ou/OxaM052cwx/IHz+QPlyo/V</latexit>

�(x1)

<latexit sha1_base64="H42ZN9XU+IsYVGdXS8y6VqvPsJI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXspukeqx6MVjBfsh7VKyabYNTbJLkhXL0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8c3Mbz9SpVkk780kpr7AQ8lCRrCx0kMvHrHyU7963i+W3Io7B1olXkZKkKHRL371BhFJBJWGcKx113Nj46dYGUY4nRZ6iaYxJmM8pF1LJRZU++n84Ck6s8oAhZGyJQ2aq78nUiy0nojAdgpsRnrZm4n/ed3EhFd+ymScGCrJYlGYcGQiNPseDZiixPCJJZgoZm9FZIQVJsZmVLAheMsvr5JWteLVKrW7i1L9OosjDydwCmXw4BLqcAsNaAIBAc/wCm+Ocl6cd+dj0Zpzsplj+APn8wfnT4/W</latexit>

�(x2)



RNN Parameters

<latexit sha1_base64="MTPUGPRoDlggV42rQ0Grp+ijLjE=">AAACHHicbVDLSgMxFM3UV62vqks3wSLUTZnRoi6LblxWsQ/o1JLJpG1oJjMkd4QynQ9x46+4caGIGxeCf2P6WGjrgcDJOfdy7z1eJLgG2/62MkvLK6tr2fXcxubW9k5+d6+uw1hRVqOhCFXTI5oJLlkNOAjWjBQjgSdYwxtcjf3GA1Oah/IOhhFrB6QneZdTAkbq5E/dqM+LLvVDOMYul9gNCPQ9L7lN75PR5EOJSOrpCLvAA6axn3byBbtkT4AXiTMjBTRDtZP/dP2QxgGTQAXRuuXYEbQTooBTwdKcG2sWETogPdYyVBIzp51MjkvxkVF83A2VeRLwRP3dkZBA62HgmcrxtnreG4v/ea0YuhfthMsoBibpdFA3FhhCPE4K+1wxCmJoCKGKm10x7RNFKJg8cyYEZ/7kRVI/KTlnpfJNuVC5nMWRRQfoEBWRg85RBV2jKqohih7RM3pFb9aT9WK9Wx/T0ow169lHf2B9/QA+d6Ih</latexit>

�(·) 2 R|V|⇥d

<latexit sha1_base64="lewjkfydVqx65o7c4p80NbDsL2o=">AAAB/XicbVDLSsNAFL3xWesrPnZuBosoiCUpRd0IRTcuK5i20IYwmU7aoZMHMxOhhuKvuHGhiFv/w51/47TNQlsPXDiccy/33uMnnEllWd/GwuLS8spqYa24vrG5tW3u7DZknApCHRLzWLR8LClnEXUUU5y2EkFx6HPa9Ac3Y7/5QIVkcXSvhgl1Q9yLWMAIVlryzH2JrpCD+sdexs7sETpFvlfxzJJVtiZA88TOSQly1D3zq9ONSRrSSBGOpWzbVqLcDAvFCKejYieVNMFkgHu0rWmEQyrdbHL9CB1ppYuCWOiKFJqovycyHEo5DH3dGWLVl7PeWPzPa6cquHQzFiWpohGZLgpSjlSMxlGgLhOUKD7UBBPB9K2I9LHAROnAijoEe/bledKolO3zcvWuWqpd53EU4AAO4QRsuIAa3EIdHCDwCM/wCm/Gk/FivBsf09YFI5/Zgz8wPn8A2/uS7A==</latexit>

s = Uh0
i�1 + b2

<latexit sha1_base64="lpoWqmgHwCfA1fgC4v1AYRXinjg=">AAACCXicbVC7TsMwFHXKq5RXgJHFokIwVQmqgLGChbEg+pCaEDmO01p1nMh2kKooKwu/wsIAQqz8ARt/g9NmgJYjXenonHt17z1+wqhUlvVtVJaWV1bXquu1jc2t7R1zd68r41Rg0sExi0XfR5IwyklHUcVIPxEERT4jPX98Vfi9ByIkjfmdmiTEjdCQ05BipLTkmbDnEehQDp0IqZHvZ7f5fRZAR9GISBgc555ZtxrWFHCR2CWpgxJtz/xyghinEeEKMyTlwLYS5WZIKIoZyWtOKkmC8BgNyUBTjvQiN5t+ksMjrQQwjIUuruBU/T2RoUjKSeTrzuJeOe8V4n/eIFXhhZtRnqSKcDxbFKYMqhgWscCACoIVm2iCsKD6VohHSCCsdHg1HYI9//Ii6Z427LNG86ZZb12WcVTBATgEJ8AG56AFrkEbdAAGj+AZvII348l4Md6Nj1lrxShn9sEfGJ8/gvqZmQ==</latexit>

We 2 Rd⇥d0

<latexit sha1_base64="IffTGEeWODlD+1dqiKq81Cft9EA=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCMFUJqoCxgoWxIPqQmhA5jtNadZzIdpCqKAu/wsIAQqx8Bht/g9NmgJYjXenonHt17z1+wqhUlvVtVJaWV1bXquu1jc2t7R1zd68r41Rg0sExi0XfR5IwyklHUcVIPxEERT4jPX98Xfi9RyIkjfm9miTEjdCQ05BipLTkmQe+Z0OHcuhESI18P7vLH7LgJPfMutWwpoCLxC5JHZRoe+aXE8Q4jQhXmCEpB7aVKDdDQlHMSF5zUkkShMdoSAaachQR6WbTB3J4rJUAhrHQxRWcqr8nMhRJOYl83VmcKee9QvzPG6QqvHQzypNUEY5ni8KUQRXDIg0YUEGwYhNNEBZU3wrxCAmElc6spkOw519eJN2zhn3eaN42662rMo4qOARH4BTY4AK0wA1ogw7AIAfP4BW8GU/Gi/FufMxaK0Y5sw/+wPj8AdmLlfQ=</latexit>

b1 2 Rd0

<latexit sha1_base64="lr9Mm6puHdP/PMTUvQamb7eTlZQ=">AAACCnicbVC7TsMwFHXKq5RXgJHFUKEyVQmqgLGChbEg+pCaEDmO21p1nMh2kKooMwu/wsIAQqx8ARt/g9NmgJYjXenonHt17z1+zKhUlvVtlJaWV1bXyuuVjc2t7R1zd68jo0Rg0sYRi0TPR5IwyklbUcVILxYEhT4jXX98lfvdByIkjfidmsTEDdGQ0wHFSGnJMw+73gg6lEMnRGrk++ltdp8GNegoGhIJg1rmmVWrbk0BF4ldkCoo0PLMLyeIcBISrjBDUvZtK1ZuioSimJGs4iSSxAiP0ZD0NeVIL3LT6SsZPNZKAAeR0MUVnKq/J1IUSjkJfd2ZHyznvVz8z+snanDhppTHiSIczxYNEgZVBPNcYEAFwYpNNEFYUH0rxCMkEFY6vYoOwZ5/eZF0Tuv2Wb1x06g2L4s4yuAAHIETYINz0ATXoAXaAINH8AxewZvxZLwY78bHrLVkFDP74A+Mzx/xyZnN</latexit>

Wh 2 Rd0⇥d0

<latexit sha1_base64="5gmn1oSEIgY67AuUKtPwa+1epxE=">AAACE3icbVA9T8MwEHX4LOWrwMhiUSEQQ5WgChgrWBgLIm2lJlSO47RWHSeyHaQqzX9g4a+wMIAQKwsb/wY3zQAtTzrp6b073d3zYkalMs1vY2FxaXlltbRWXt/Y3Nqu7Oy2ZJQITGwcsUh0PCQJo5zYiipGOrEgKPQYaXvDq4nffiBC0ojfqVFM3BD1OQ0oRkpLvcqJDR3KoRMiNfC89Da7T/0j6CgaEgnHuYwRS1vZOOtVqmbNzAHniVWQKijQ7FW+HD/CSUi4wgxJ2bXMWLkpEopiRrKyk0gSIzxEfdLVlCO9003znzJ4qBUfBpHQxRXM1d8TKQqlHIWe7pwcKWe9ifif101UcOGmlMeJIhxPFwUJgyqCk4CgTwXBio00QVhQfSvEAyQQVjrGsg7Bmn15nrROa9ZZrX5TrzYuizhKYB8cgGNggXPQANegCWyAwSN4Bq/gzXgyXox342PaumAUM3vgD4zPHwjXnk8=</latexit>

U 2 Rd0⇥|V|
<latexit sha1_base64="KZVR0e7qmk+qxcbSSL628Nmjv8c=">AAACC3icbVC7TsMwFHV4lvIKMLJYrZCYqqSqgLGChbEg+pDaEDmu01p1nMh2kKo0Owu/wsIAQqz8ABt/g5NmgJYjWTo+517de48XMSqVZX0bK6tr6xubpa3y9s7u3r55cNiRYSwwaeOQhaLnIUkY5aStqGKkFwmCAo+Rrje5yvzuAxGShvxOTSPiBGjEqU8xUlpyzYrn1uGAcjgIkBp7XnKb3iez/IMRSzrpLHXNqlWzcsBlYhekCgq0XPNrMAxxHBCuMENS9m0rUk6ChKKYkbQ8iCWJEJ6gEelrylFApJPkt6TwRCtD6IdCP65grv7uSFAg5TTwdGW2pFz0MvE/rx8r/8JJKI9iRTieD/JjBlUIs2DgkAqCFZtqgrCgeleIx0ggrHR8ZR2CvXjyMunUa/ZZrXHTqDYvizhK4BhUwCmwwTlogmvQAm2AwSN4Bq/gzXgyXox342NeumIUPUfgD4zPH2f2m1Q=</latexit>

b2 2 R|V|

<latexit sha1_base64="YoDPmbJljiV3jpWMmk+zyCfb3WE=">AAACGXicbVDLSgMxFM3UV62vUZdugkVoEcuMSHUjFN24rGA7hc4QMmnaCc08SDJiGfobbvwVNy4Ucakr/8a0nYW2Hrhwcs695N7jJ5xJZVnfRmFpeWV1rbhe2tjc2t4xd/faMk4FoS0S81h0fCwpZxFtKaY47SSC4tDn1PGH1xPfuadCsji6U6OEeiEeRKzPCFZaQqYVIAYvoSvZIMSw4qAABihjJ/YYHkMHUegmAas8IFbVbx/ZVWSWrZo1BVwkdk7KIEcTmZ9uLyZpSCNFOJaya1uJ8jIsFCOcjktuKmmCyRAPaFfTCIdUetn0sjE80koP9mOhK1Jwqv6eyHAo5Sj0dWeIVSDnvYn4n9dNVf/Cy1iUpIpGZPZRP+VQxXASE+wxQYniI00wEUzvCkmABSZKh1nSIdjzJy+S9mnNrtfqt2flxlUeRxEcgENQATY4Bw1wA5qgBQh4BM/gFbwZT8aL8W58zFoLRj6zD/7A+PoB3H6dFg==</latexit>

hi = �(Whhi�1 +We�(xi) + b1)



RNN Parameters
<latexit sha1_base64="MTPUGPRoDlggV42rQ0Grp+ijLjE=">AAACHHicbVDLSgMxFM3UV62vqks3wSLUTZnRoi6LblxWsQ/o1JLJpG1oJjMkd4QynQ9x46+4caGIGxeCf2P6WGjrgcDJOfdy7z1eJLgG2/62MkvLK6tr2fXcxubW9k5+d6+uw1hRVqOhCFXTI5oJLlkNOAjWjBQjgSdYwxtcjf3GA1Oah/IOhhFrB6QneZdTAkbq5E/dqM+LLvVDOMYul9gNCPQ9L7lN75PR5EOJSOrpCLvAA6axn3byBbtkT4AXiTMjBTRDtZP/dP2QxgGTQAXRuuXYEbQTooBTwdKcG2sWETogPdYyVBIzp51MjkvxkVF83A2VeRLwRP3dkZBA62HgmcrxtnreG4v/ea0YuhfthMsoBibpdFA3FhhCPE4K+1wxCmJoCKGKm10x7RNFKJg8cyYEZ/7kRVI/KTlnpfJNuVC5nMWRRQfoEBWRg85RBV2jKqohih7RM3pFb9aT9WK9Wx/T0ow169lHf2B9/QA+d6Ih</latexit>

�(·) 2 R|V|⇥d
<latexit sha1_base64="lpoWqmgHwCfA1fgC4v1AYRXinjg=">AAACCXicbVC7TsMwFHXKq5RXgJHFokIwVQmqgLGChbEg+pCaEDmO01p1nMh2kKooKwu/wsIAQqz8ARt/g9NmgJYjXenonHt17z1+wqhUlvVtVJaWV1bXquu1jc2t7R1zd68r41Rg0sExi0XfR5IwyklHUcVIPxEERT4jPX98Vfi9ByIkjfmdmiTEjdCQ05BipLTkmbDnEehQDp0IqZHvZ7f5fRZAR9GISBgc555ZtxrWFHCR2CWpgxJtz/xyghinEeEKMyTlwLYS5WZIKIoZyWtOKkmC8BgNyUBTjvQiN5t+ksMjrQQwjIUuruBU/T2RoUjKSeTrzuJeOe8V4n/eIFXhhZtRnqSKcDxbFKYMqhgWscCACoIVm2iCsKD6VohHSCCsdHg1HYI9//Ii6Z427LNG86ZZb12WcVTBATgEJ8AG56AFrkEbdAAGj+AZvII348l4Md6Nj1lrxShn9sEfGJ8/gvqZmQ==</latexit>

We 2 Rd⇥d0

<latexit sha1_base64="IffTGEeWODlD+1dqiKq81Cft9EA=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCMFUJqoCxgoWxIPqQmhA5jtNadZzIdpCqKAu/wsIAQqx8Bht/g9NmgJYjXenonHt17z1+wqhUlvVtVJaWV1bXquu1jc2t7R1zd68r41Rg0sExi0XfR5IwyklHUcVIPxEERT4jPX98Xfi9RyIkjfm9miTEjdCQ05BipLTkmQe+Z0OHcuhESI18P7vLH7LgJPfMutWwpoCLxC5JHZRoe+aXE8Q4jQhXmCEpB7aVKDdDQlHMSF5zUkkShMdoSAaachQR6WbTB3J4rJUAhrHQxRWcqr8nMhRJOYl83VmcKee9QvzPG6QqvHQzypNUEY5ni8KUQRXDIg0YUEGwYhNNEBZU3wrxCAmElc6spkOw519eJN2zhn3eaN42662rMo4qOARH4BTY4AK0wA1ogw7AIAfP4BW8GU/Gi/FufMxaK0Y5sw/+wPj8AdmLlfQ=</latexit>

b1 2 Rd0

<latexit sha1_base64="lr9Mm6puHdP/PMTUvQamb7eTlZQ=">AAACCnicbVC7TsMwFHXKq5RXgJHFUKEyVQmqgLGChbEg+pCaEDmO21p1nMh2kKooMwu/wsIAQqx8ARt/g9NmgJYjXenonHt17z1+zKhUlvVtlJaWV1bXyuuVjc2t7R1zd68jo0Rg0sYRi0TPR5IwyklbUcVILxYEhT4jXX98lfvdByIkjfidmsTEDdGQ0wHFSGnJMw+73gg6lEMnRGrk++ltdp8GNegoGhIJg1rmmVWrbk0BF4ldkCoo0PLMLyeIcBISrjBDUvZtK1ZuioSimJGs4iSSxAiP0ZD0NeVIL3LT6SsZPNZKAAeR0MUVnKq/J1IUSjkJfd2ZHyznvVz8z+snanDhppTHiSIczxYNEgZVBPNcYEAFwYpNNEFYUH0rxCMkEFY6vYoOwZ5/eZF0Tuv2Wb1x06g2L4s4yuAAHIETYINz0ATXoAXaAINH8AxewZvxZLwY78bHrLVkFDP74A+Mzx/xyZnN</latexit>

Wh 2 Rd0⇥d0

<latexit sha1_base64="5gmn1oSEIgY67AuUKtPwa+1epxE=">AAACE3icbVA9T8MwEHX4LOWrwMhiUSEQQ5WgChgrWBgLIm2lJlSO47RWHSeyHaQqzX9g4a+wMIAQKwsb/wY3zQAtTzrp6b073d3zYkalMs1vY2FxaXlltbRWXt/Y3Nqu7Oy2ZJQITGwcsUh0PCQJo5zYiipGOrEgKPQYaXvDq4nffiBC0ojfqVFM3BD1OQ0oRkpLvcqJDR3KoRMiNfC89Da7T/0j6CgaEgnHuYwRS1vZOOtVqmbNzAHniVWQKijQ7FW+HD/CSUi4wgxJ2bXMWLkpEopiRrKyk0gSIzxEfdLVlCO9003znzJ4qBUfBpHQxRXM1d8TKQqlHIWe7pwcKWe9ifif101UcOGmlMeJIhxPFwUJgyqCk4CgTwXBio00QVhQfSvEAyQQVjrGsg7Bmn15nrROa9ZZrX5TrzYuizhKYB8cgGNggXPQANegCWyAwSN4Bq/gzXgyXox342PaumAUM3vgD4zPHwjXnk8=</latexit>

U 2 Rd0⇥|V|
<latexit sha1_base64="KZVR0e7qmk+qxcbSSL628Nmjv8c=">AAACC3icbVC7TsMwFHV4lvIKMLJYrZCYqqSqgLGChbEg+pDaEDmu01p1nMh2kKo0Owu/wsIAQqz8ABt/g5NmgJYjWTo+517de48XMSqVZX0bK6tr6xubpa3y9s7u3r55cNiRYSwwaeOQhaLnIUkY5aStqGKkFwmCAo+Rrje5yvzuAxGShvxOTSPiBGjEqU8xUlpyzYrn1uGAcjgIkBp7XnKb3iez/IMRSzrpLHXNqlWzcsBlYhekCgq0XPNrMAxxHBCuMENS9m0rUk6ChKKYkbQ8iCWJEJ6gEelrylFApJPkt6TwRCtD6IdCP65grv7uSFAg5TTwdGW2pFz0MvE/rx8r/8JJKI9iRTieD/JjBlUIs2DgkAqCFZtqgrCgeleIx0ggrHR8ZR2CvXjyMunUa/ZZrXHTqDYvizhK4BhUwCmwwTlogmvQAm2AwSN4Bq/gzXgyXox342NeumIUPUfgD4zPH2f2m1Q=</latexit>

b2 2 R|V|

<latexit sha1_base64="mXvJlOZvzMU9Uzc6VgaRHFHpCLc=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCVgSpBFTBWsHQsiD6kJlSO47ZWHSeyHaQqyg+w8CssDCDEys7G3+C0GaDlSFc6Oude3XuPFzEqlWV9G4Wl5ZXVteJ6aWNza3vH3N1ryzAWmLRwyELR9ZAkjHLSUlQx0o0EQYHHSMcbX2d+54EISUN+pyYRcQM05HRAMVJa6ptHDehQDp0AqZHnJbfpfeJXODyF9gl0FA2IhKO0b5atqjUFXCR2TsogR7Nvfjl+iOOAcIUZkrJnW5FyEyQUxYykJSeWJEJ4jIakpylHeo+bTL9J4bFWfDgIhS6u4FT9PZGgQMpJ4OnO7Go572Xif14vVoNLN6E8ihXheLZoEDOoQphFA30qCFZsognCgupbIR4hgbDSAZZ0CPb8y4ukfVa1z6u1m1q5fpXHUQQH4BBUgA0uQB00QBO0AAaP4Bm8gjfjyXgx3o2PWWvByGf2wR8Ynz/UdJoo</latexit>

H 2 Rd(n�1)⇥h
<latexit sha1_base64="qaUmvHxNztGMTZCfuTR13UCzGcQ=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUlE1GXRjcsq9gFNLJPptB06mYSZiVhCfsWNC0Xc+iPu/BsnbRbaemDgcM693DMniDlT2nG+rdLK6tr6RnmzsrW9s7tn71fbKkokoS0S8Uh2A6woZ4K2NNOcdmNJcRhw2gkm17nfeaRSsUjc62lM/RCPBBsygrWR+naVII8J5IVYj4Mgvcsexn275tSdGdAycQtSgwLNvv3lDSKShFRowrFSPdeJtZ9iqRnhNKt4iaIxJhM8oj1DBQ6p8tNZ9gwdG2WAhpE0T2g0U39vpDhUahoGZjLPqBa9XPzP6yV6eOmnTMSJpoLMDw0TjnSE8iLQgElKNJ8agolkJisiYywx0aauiinBXfzyMmmf1t3z+tntWa1xVdRRhkM4ghNw4QIacANNaAGBJ3iGV3izMuvFerc+5qMlq9g5gD+wPn8AeGKUGA==</latexit>

c 2 Rh
<latexit sha1_base64="4dqLJOt6XkP6RHM5VSPkDg/Fp6Q=">AAACEnicbVA9T8MwEHXKVylfAUYWiwoJlipBFTBWsDAWRNpKTagc12mtOk5kO0hVmt/Awl9hYQAhViY2/g1O2gFannTS03t3urvnx4xKZVnfRmlpeWV1rbxe2djc2t4xd/daMkoEJg6OWCQ6PpKEUU4cRRUjnVgQFPqMtP3RVe63H4iQNOJ3ahwTL0QDTgOKkdJSzzxxoEs5dEOkhr6f3mb36RC6ioZEwkmhYsTSVjbJembVqlkF4CKxZ6QKZmj2zC+3H+EkJFxhhqTs2lasvBQJRTEjWcVNJIkRHqEB6WrKkd7ppcVLGTzSSh8GkdDFFSzU3xMpCqUch77uzI+U814u/ud1ExVceCnlcaIIx9NFQcKgimCeD+xTQbBiY00QFlTfCvEQCYSVTrGiQ7DnX14krdOafVar39SrjctZHGVwAA7BMbDBOWiAa9AEDsDgETyDV/BmPBkvxrvxMW0tGbOZffAHxucPpE6eIg==</latexit>

U 2 Rh⇥|V|
<latexit sha1_base64="Tdav5g4JUEtvo8PFEVtgflRxpb4=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0WoC0MiRV0W3bisYh/QxDKZTtqhk0mYmQglzV+48VfcuFDEre78G6dpF9p64MLhnHu59x4/ZlQq2/42CkvLK6trxfXSxubW9o65u9eUUSIwaeCIRaLtI0kY5aShqGKkHQuCQp+Rlj+8mvitByIkjfidGsXEC1Gf04BipLTUNa0WdCmHbojUwPfT2+w+7VX4iXMMXUVDIuE4tzBiaTMbZ12zbFt2DrhInBkpgxnqXfPL7UU4CQlXmCEpO44dKy9FQlHMSFZyE0lihIeoTzqacqR3emn+VwaPtNKDQSR0cQVz9fdEikIpR6GvOydHynlvIv7ndRIVXHgp5XGiCMfTRUHCoIrgJCTYo4JgxUaaICyovhXiARIIKx1lSYfgzL+8SJqnlnNmVW+q5drlLI4iOACHoAIccA5q4BrUQQNg8AiewSt4M56MF+Pd+Ji2FozZzD74A+PzB0qMn28=</latexit>

W 2 Rd(n�1)⇥|V|
<latexit sha1_base64="h3iJ/p9huF7meNWvs2udp59UCPU=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqhKEgLGChbEg+pDaUNmu01p1nMh2kKo0Kwu/wsIAQqz8ARt/g5NmgJYjWTo+517dew+OOFPacb6t0tLyyupaeb2ysbm1vWPv7rVUGEtCmyTkoexgpChngjY105x2IklRgDlt4/FV5rcfqFQsFHd6ElEvQEPBfEaQNlLfhhj2mIC9AOkRxsltep9M8w9BPGml07RvV52akwMuErcgVVCg0be/eoOQxAEVmnCkVNd1Iu0lSGpGOE0rvVjRCJExGtKuoQIFVHlJfkkKj4wygH4ozRMa5urvjgQFSk0CbCqzJdW8l4n/ed1Y+xdewkQUayrIbJAfc6hDmMUCB0xSovnEEEQkM7tCMkISEW3Cq5gQ3PmTF0nrpOae1U5vTqv1yyKOMjgAh+AYuOAc1ME1aIAmIOARPINX8GY9WS/Wu/UxKy1ZRc8++APr8wcu7Zqv</latexit>

b 2 R|V|

<latexit sha1_base64="wLzIDUJNpvUBmbTBp4UlhH+NgBc=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwISWRoi6LblxWsQ9oYplMJu3QySTMTISS5ifc+CtuXCjiVnDn3zhJu9DWAwNnzrmXe+/xYkalsqxvo7S0vLK6Vl6vbGxube+Yu3ttGSUCkxaOWCS6HpKEUU5aiipGurEgKPQY6Xijq9zvPBAhacTv1DgmbogGnAYUI6WlvnnixEMKHcqhEyI19Lz0NrtPJ8UHI5a2swl0FA2JhH7WN6tWzSoAF4k9I1UwQ7Nvfjl+hJOQcIUZkrJnW7FyUyQUxYxkFSeRJEZ4hAakpylHeo6bFldl8EgrPgwioR9XsFB/d6QolHIceroy31bOe7n4n9dLVHDhppTHiSIcTwcFCYMqgnlE0KeCYMXGmiAsqN4V4iESCCsdZEWHYM+fvEjapzX7rFa/qVcbl7M4yuAAHIJjYINz0ADXoAlaAINH8AxewZvxZLwY78bHtLRkzHr2wR8Ynz89Dp+E</latexit>

� 2 R|V|⇥d

Neural N-grams
n = 6 
|V| = 20,000 
d = 100 
h = 60

~13M parameters

RNN
|V| = 20,000 
d = 100 
d’ = 60

~2.1M parameters

Plus, we can (theoretically) 
keep information from any 

point in the past!



RNN: Scoring Sequences
Input 
tokens

Hidden 
states

<latexit sha1_base64="Vvgug9PlYclpnpFfGwe9WkGni6I=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOq7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH0q42Y</latexit>

h0 (learned or null)

<latexit sha1_base64="Q69zUJ/7O7PPSb7TRfziid/XESo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOp7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH2L42Z</latexit>

h1

<latexit sha1_base64="YoDPmbJljiV3jpWMmk+zyCfb3WE=">AAACGXicbVDLSgMxFM3UV62vUZdugkVoEcuMSHUjFN24rGA7hc4QMmnaCc08SDJiGfobbvwVNy4Ucakr/8a0nYW2Hrhwcs695N7jJ5xJZVnfRmFpeWV1rbhe2tjc2t4xd/faMk4FoS0S81h0fCwpZxFtKaY47SSC4tDn1PGH1xPfuadCsji6U6OEeiEeRKzPCFZaQqYVIAYvoSvZIMSw4qAABihjJ/YYHkMHUegmAas8IFbVbx/ZVWSWrZo1BVwkdk7KIEcTmZ9uLyZpSCNFOJaya1uJ8jIsFCOcjktuKmmCyRAPaFfTCIdUetn0sjE80koP9mOhK1Jwqv6eyHAo5Sj0dWeIVSDnvYn4n9dNVf/Cy1iUpIpGZPZRP+VQxXASE+wxQYniI00wEUzvCkmABSZKh1nSIdjzJy+S9mnNrtfqt2flxlUeRxEcgENQATY4Bw1wA5qgBQh4BM/gFbwZT8aL8W58zFoLRj6zD/7A+PoB3H6dFg==</latexit>

hi = �(Whhi�1 +We�(xi) + b1)

MLP

<latexit sha1_base64="jS20I38lrVcGzv/0mOjCUdmSobg=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0UQxJKUol6EohePFUxbaEPYbDft0s0HuxshhPpXvHhQxKs/xJv/xm2bg7Y+GHi8N8PMPD/hTCrL+jZWVtfWNzZLW+Xtnd29ffPgsC3jVBDqkJjHoutjSTmLqKOY4rSbCIpDn9OOP76d+p1HKiSLoweVJdQN8TBiASNYackzKxJdIweNvJyd2xN0hnyv7plVq2bNgJaJXZAqFGh55ld/EJM0pJEiHEvZs61EuTkWihFOJ+V+KmmCyRgPaU/TCIdUuvns+Ak60coABbHQFSk0U39P5DiUMgt93RliNZKL3lT8z+ulKrhycxYlqaIRmS8KUo5UjKZJoAETlCieaYKJYPpWREZYYKJ0XmUdgr348jJp12v2Ra1x36g2b4o4SnAEx3AKNlxCE+6gBQ4QyOAZXuHNeDJejHfjY966YhQzFfgD4/MHeBeSuw==</latexit>

s = Uhi�1 + b2

BOS

I

like

pizza

Word 
embeddings

<latexit sha1_base64="z5OCZYCqIFe3SaWNFcu+CnQ47Zk=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiRS1GWpG3dWtA9oQplMJ+3QyYOZG2kJ+RU3LhRx64+482+ctllo64ELh3Pu5d57vFhwBZb1baytb2xubRd2irt7+weH5lGpraJEUtaikYhk1yOKCR6yFnAQrBtLRgJPsI43vpn5nScmFY/CR5jGzA3IMOQ+pwS01DdLTjziFQfYBADSxt1Ddt43y1bVmgOvEjsnZZSj2Te/nEFEk4CFQAVRqmdbMbgpkcCpYFnRSRSLCR2TIetpGpKAKTed357hM60MsB9JXSHgufp7IiWBUtPA050BgZFa9mbif14vAf/aTXkYJ8BCuljkJwJDhGdB4AGXjIKYakKo5PpWTEdEEgo6rqIOwV5+eZW0L6r2ZbV2XyvXG3kcBXSCTlEF2egK1dEtaqIWomiCntErejMy48V4Nz4WrWtGPnOM/sD4/AGzj5Q7</latexit>

�(BOS)

<latexit sha1_base64="pnoNgZGpvMyQKP6TiYLQZQnL/LM=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBDiJexKUI9BL3qLYB6QXcPspJMMmX0w06uGJf/hxYMiXv0Xb/6Nk2QPmljQUFR1093lx1JotO1va2l5ZXVtPbeR39za3tkt7O03dJQoDnUeyUi1fKZBihDqKFBCK1bAAl9C0x9eTfzmAygtovAORzF4AeuHoic4QyPdu/FAlFyEJ0xvxiedQtEu21PQReJkpEgy1DqFL7cb8SSAELlkWrcdO0YvZQoFlzDOu4mGmPEh60Pb0JAFoL10evWYHhulS3uRMhUinaq/J1IWaD0KfNMZMBzoeW8i/ue1E+xdeKkI4wQh5LNFvURSjOgkAtoVCjjKkSGMK2FupXzAFONogsqbEJz5lxdJ47TsnJUrt5Vi9TKLI0cOyREpEYeckyq5JjVSJ5wo8kxeyZv1aL1Y79bHrHXJymYOyB9Ynz9ERZJf</latexit>

�(I)

<latexit sha1_base64="01opeESlquto088SFMjFW3bP52s=">AAAB+nicbVBNS8NAEN34WetXqkcvwSLUS0mkqMeiF48V7Ac0oWy2k3bp5oPdiVpif4oXD4p49Zd489+4bXPQ1gcDj/dmmJnnJ4IrtO1vY2V1bX1js7BV3N7Z3ds3SwctFaeSQZPFIpYdnyoQPIImchTQSSTQ0BfQ9kfXU799D1LxOLrDcQJeSAcRDzijqKWeWXKTIa+4CI+YCT6CyWnPLNtVewZrmTg5KZMcjZ755fZjloYQIRNUqa5jJ+hlVCJnAiZFN1WQUDaiA+hqGtEQlJfNTp9YJ1rpW0EsdUVozdTfExkNlRqHvu4MKQ7VojcV//O6KQaXXsajJEWI2HxRkAoLY2uag9XnEhiKsSaUSa5vtdiQSspQp1XUITiLLy+T1lnVOa/Wbmvl+lUeR4EckWNSIQ65IHVyQxqkSRh5IM/klbwZT8aL8W58zFtXjHzmkPyB8fkDTTGUCg==</latexit>

�(like)

<latexit sha1_base64="NZ5r9yyCp093CjqKK3hxiaQJbDM=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRahXkoiRT0WvXisYD+gCWWz3bRLN5uwO5G2IX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zM82POFNj2t1HY2Nza3inulvb2Dw6PzONyW0WJJLRFIh7Jro8V5UzQFjDgtBtLikOf044/vpv7nScqFYvEI0xj6oV4KFjACAYt9c2yG49Y1QU6gTRmsxnOLvpmxa7ZC1jrxMlJBeVo9s0vdxCRJKQCCMdK9Rw7Bi/FEhjhNCu5iaIxJmM8pD1NBQ6p8tLF7Zl1rpWBFURSlwBrof6eSHGo1DT0dWeIYaRWvbn4n9dLILjxUibiBKggy0VBwi2IrHkQ1oBJSoBPNcFEMn2rRUZYYgI6rpIOwVl9eZ20L2vOVa3+UK80bvM4iugUnaEqctA1aqB71EQtRNAEPaNX9GZkxovxbnwsWwtGPnOC/sD4/AFJYpSd</latexit>

�(pizza)

softmax

p(I)



RNN: Scoring Sequences
Input 
tokens

Hidden 
states

<latexit sha1_base64="Vvgug9PlYclpnpFfGwe9WkGni6I=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOq7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH0q42Y</latexit>

h0 (learned or null)

<latexit sha1_base64="Q69zUJ/7O7PPSb7TRfziid/XESo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOp7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH2L42Z</latexit>

h1

<latexit sha1_base64="+ICSjFUlmKarMSDpltF8Q3vQhPM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2lpoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgbjm5n/+IRK81g+mEmCfkSHkoecUWOl+1G/1i9X3Ko7B1klXk4qkKPZL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOiVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhFd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHplGwI3vLLq6Rdq3oX1fpdvdK4zuMowgmcwjl4cAkNuIUmtIDBEJ7hFd4c4bw4787HorXg5DPH8AfO5w/3s42a</latexit>

h2

MLP

<latexit sha1_base64="jS20I38lrVcGzv/0mOjCUdmSobg=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0UQxJKUol6EohePFUxbaEPYbDft0s0HuxshhPpXvHhQxKs/xJv/xm2bg7Y+GHi8N8PMPD/hTCrL+jZWVtfWNzZLW+Xtnd29ffPgsC3jVBDqkJjHoutjSTmLqKOY4rSbCIpDn9OOP76d+p1HKiSLoweVJdQN8TBiASNYackzKxJdIweNvJyd2xN0hnyv7plVq2bNgJaJXZAqFGh55ld/EJM0pJEiHEvZs61EuTkWihFOJ+V+KmmCyRgPaU/TCIdUuvns+Ak60coABbHQFSk0U39P5DiUMgt93RliNZKL3lT8z+ulKrhycxYlqaIRmS8KUo5UjKZJoAETlCieaYKJYPpWREZYYKJ0XmUdgr348jJp12v2Ra1x36g2b4o4SnAEx3AKNlxCE+6gBQ4QyOAZXuHNeDJejHfjY966YhQzFfgD4/MHeBeSuw==</latexit>

s = Uhi�1 + b2

BOS

I

like

pizza

Word 
embeddings

<latexit sha1_base64="z5OCZYCqIFe3SaWNFcu+CnQ47Zk=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiRS1GWpG3dWtA9oQplMJ+3QyYOZG2kJ+RU3LhRx64+482+ctllo64ELh3Pu5d57vFhwBZb1baytb2xubRd2irt7+weH5lGpraJEUtaikYhk1yOKCR6yFnAQrBtLRgJPsI43vpn5nScmFY/CR5jGzA3IMOQ+pwS01DdLTjziFQfYBADSxt1Ddt43y1bVmgOvEjsnZZSj2Te/nEFEk4CFQAVRqmdbMbgpkcCpYFnRSRSLCR2TIetpGpKAKTed357hM60MsB9JXSHgufp7IiWBUtPA050BgZFa9mbif14vAf/aTXkYJ8BCuljkJwJDhGdB4AGXjIKYakKo5PpWTEdEEgo6rqIOwV5+eZW0L6r2ZbV2XyvXG3kcBXSCTlEF2egK1dEtaqIWomiCntErejMy48V4Nz4WrWtGPnOM/sD4/AGzj5Q7</latexit>

�(BOS)

<latexit sha1_base64="pnoNgZGpvMyQKP6TiYLQZQnL/LM=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBDiJexKUI9BL3qLYB6QXcPspJMMmX0w06uGJf/hxYMiXv0Xb/6Nk2QPmljQUFR1093lx1JotO1va2l5ZXVtPbeR39za3tkt7O03dJQoDnUeyUi1fKZBihDqKFBCK1bAAl9C0x9eTfzmAygtovAORzF4AeuHoic4QyPdu/FAlFyEJ0xvxiedQtEu21PQReJkpEgy1DqFL7cb8SSAELlkWrcdO0YvZQoFlzDOu4mGmPEh60Pb0JAFoL10evWYHhulS3uRMhUinaq/J1IWaD0KfNMZMBzoeW8i/ue1E+xdeKkI4wQh5LNFvURSjOgkAtoVCjjKkSGMK2FupXzAFONogsqbEJz5lxdJ47TsnJUrt5Vi9TKLI0cOyREpEYeckyq5JjVSJ5wo8kxeyZv1aL1Y79bHrHXJymYOyB9Ynz9ERZJf</latexit>

�(I)

<latexit sha1_base64="01opeESlquto088SFMjFW3bP52s=">AAAB+nicbVBNS8NAEN34WetXqkcvwSLUS0mkqMeiF48V7Ac0oWy2k3bp5oPdiVpif4oXD4p49Zd489+4bXPQ1gcDj/dmmJnnJ4IrtO1vY2V1bX1js7BV3N7Z3ds3SwctFaeSQZPFIpYdnyoQPIImchTQSSTQ0BfQ9kfXU799D1LxOLrDcQJeSAcRDzijqKWeWXKTIa+4CI+YCT6CyWnPLNtVewZrmTg5KZMcjZ755fZjloYQIRNUqa5jJ+hlVCJnAiZFN1WQUDaiA+hqGtEQlJfNTp9YJ1rpW0EsdUVozdTfExkNlRqHvu4MKQ7VojcV//O6KQaXXsajJEWI2HxRkAoLY2uag9XnEhiKsSaUSa5vtdiQSspQp1XUITiLLy+T1lnVOa/Wbmvl+lUeR4EckWNSIQ65IHVyQxqkSRh5IM/klbwZT8aL8W58zFtXjHzmkPyB8fkDTTGUCg==</latexit>

�(like)

<latexit sha1_base64="NZ5r9yyCp093CjqKK3hxiaQJbDM=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRahXkoiRT0WvXisYD+gCWWz3bRLN5uwO5G2IX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zM82POFNj2t1HY2Nza3inulvb2Dw6PzONyW0WJJLRFIh7Jro8V5UzQFjDgtBtLikOf044/vpv7nScqFYvEI0xj6oV4KFjACAYt9c2yG49Y1QU6gTRmsxnOLvpmxa7ZC1jrxMlJBeVo9s0vdxCRJKQCCMdK9Rw7Bi/FEhjhNCu5iaIxJmM8pD1NBQ6p8tLF7Zl1rpWBFURSlwBrof6eSHGo1DT0dWeIYaRWvbn4n9dLILjxUibiBKggy0VBwi2IrHkQ1oBJSoBPNcFEMn2rRUZYYgI6rpIOwVl9eZ20L2vOVa3+UK80bvM4iugUnaEqctA1aqB71EQtRNAEPaNX9GZkxovxbnwsWwtGPnOC/sD4/AFJYpSd</latexit>

�(pizza)

softmax

p(like)

p(I)



RNN: Scoring Sequences
Input 
tokens

Hidden 
states

<latexit sha1_base64="Vvgug9PlYclpnpFfGwe9WkGni6I=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOq7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH0q42Y</latexit>

h0 (learned or null)

<latexit sha1_base64="Q69zUJ/7O7PPSb7TRfziid/XESo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOp7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH2L42Z</latexit>

h1

<latexit sha1_base64="+ICSjFUlmKarMSDpltF8Q3vQhPM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2lpoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgbjm5n/+IRK81g+mEmCfkSHkoecUWOl+1G/1i9X3Ko7B1klXk4qkKPZL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOiVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhFd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHplGwI3vLLq6Rdq3oX1fpdvdK4zuMowgmcwjl4cAkNuIUmtIDBEJ7hFd4c4bw4787HorXg5DPH8AfO5w/3s42a</latexit>

h2

MLP

<latexit sha1_base64="jS20I38lrVcGzv/0mOjCUdmSobg=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0UQxJKUol6EohePFUxbaEPYbDft0s0HuxshhPpXvHhQxKs/xJv/xm2bg7Y+GHi8N8PMPD/hTCrL+jZWVtfWNzZLW+Xtnd29ffPgsC3jVBDqkJjHoutjSTmLqKOY4rSbCIpDn9OOP76d+p1HKiSLoweVJdQN8TBiASNYackzKxJdIweNvJyd2xN0hnyv7plVq2bNgJaJXZAqFGh55ld/EJM0pJEiHEvZs61EuTkWihFOJ+V+KmmCyRgPaU/TCIdUuvns+Ak60coABbHQFSk0U39P5DiUMgt93RliNZKL3lT8z+ulKrhycxYlqaIRmS8KUo5UjKZJoAETlCieaYKJYPpWREZYYKJ0XmUdgr348jJp12v2Ra1x36g2b4o4SnAEx3AKNlxCE+6gBQ4QyOAZXuHNeDJejHfjY966YhQzFfgD4/MHeBeSuw==</latexit>

s = Uhi�1 + b2

BOS

I

like

<latexit sha1_base64="ETa/0iF58Af8pmAcy+yXcpU+Tso=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTS/ah/3i9X3Ko7B/lLvJxUIEejX/7sDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5scqAhLG2pZDM1Z8TGY2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyX9I6q3oX1dpdrVK/zuMowhEcwyl4cAl1uIUGNIHBEJ7gBV4d6Tw7b877orXg5DOH8AvOxzf5N42b</latexit>

h3

pizza

Word 
embeddings

<latexit sha1_base64="z5OCZYCqIFe3SaWNFcu+CnQ47Zk=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiRS1GWpG3dWtA9oQplMJ+3QyYOZG2kJ+RU3LhRx64+482+ctllo64ELh3Pu5d57vFhwBZb1baytb2xubRd2irt7+weH5lGpraJEUtaikYhk1yOKCR6yFnAQrBtLRgJPsI43vpn5nScmFY/CR5jGzA3IMOQ+pwS01DdLTjziFQfYBADSxt1Ddt43y1bVmgOvEjsnZZSj2Te/nEFEk4CFQAVRqmdbMbgpkcCpYFnRSRSLCR2TIetpGpKAKTed357hM60MsB9JXSHgufp7IiWBUtPA050BgZFa9mbif14vAf/aTXkYJ8BCuljkJwJDhGdB4AGXjIKYakKo5PpWTEdEEgo6rqIOwV5+eZW0L6r2ZbV2XyvXG3kcBXSCTlEF2egK1dEtaqIWomiCntErejMy48V4Nz4WrWtGPnOM/sD4/AGzj5Q7</latexit>

�(BOS)

<latexit sha1_base64="pnoNgZGpvMyQKP6TiYLQZQnL/LM=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBDiJexKUI9BL3qLYB6QXcPspJMMmX0w06uGJf/hxYMiXv0Xb/6Nk2QPmljQUFR1093lx1JotO1va2l5ZXVtPbeR39za3tkt7O03dJQoDnUeyUi1fKZBihDqKFBCK1bAAl9C0x9eTfzmAygtovAORzF4AeuHoic4QyPdu/FAlFyEJ0xvxiedQtEu21PQReJkpEgy1DqFL7cb8SSAELlkWrcdO0YvZQoFlzDOu4mGmPEh60Pb0JAFoL10evWYHhulS3uRMhUinaq/J1IWaD0KfNMZMBzoeW8i/ue1E+xdeKkI4wQh5LNFvURSjOgkAtoVCjjKkSGMK2FupXzAFONogsqbEJz5lxdJ47TsnJUrt5Vi9TKLI0cOyREpEYeckyq5JjVSJ5wo8kxeyZv1aL1Y79bHrHXJymYOyB9Ynz9ERZJf</latexit>

�(I)

<latexit sha1_base64="01opeESlquto088SFMjFW3bP52s=">AAAB+nicbVBNS8NAEN34WetXqkcvwSLUS0mkqMeiF48V7Ac0oWy2k3bp5oPdiVpif4oXD4p49Zd489+4bXPQ1gcDj/dmmJnnJ4IrtO1vY2V1bX1js7BV3N7Z3ds3SwctFaeSQZPFIpYdnyoQPIImchTQSSTQ0BfQ9kfXU799D1LxOLrDcQJeSAcRDzijqKWeWXKTIa+4CI+YCT6CyWnPLNtVewZrmTg5KZMcjZ755fZjloYQIRNUqa5jJ+hlVCJnAiZFN1WQUDaiA+hqGtEQlJfNTp9YJ1rpW0EsdUVozdTfExkNlRqHvu4MKQ7VojcV//O6KQaXXsajJEWI2HxRkAoLY2uag9XnEhiKsSaUSa5vtdiQSspQp1XUITiLLy+T1lnVOa/Wbmvl+lUeR4EckWNSIQ65IHVyQxqkSRh5IM/klbwZT8aL8W58zFtXjHzmkPyB8fkDTTGUCg==</latexit>

�(like)

<latexit sha1_base64="NZ5r9yyCp093CjqKK3hxiaQJbDM=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRahXkoiRT0WvXisYD+gCWWz3bRLN5uwO5G2IX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zM82POFNj2t1HY2Nza3inulvb2Dw6PzONyW0WJJLRFIh7Jro8V5UzQFjDgtBtLikOf044/vpv7nScqFYvEI0xj6oV4KFjACAYt9c2yG49Y1QU6gTRmsxnOLvpmxa7ZC1jrxMlJBeVo9s0vdxCRJKQCCMdK9Rw7Bi/FEhjhNCu5iaIxJmM8pD1NBQ6p8tLF7Zl1rpWBFURSlwBrof6eSHGo1DT0dWeIYaRWvbn4n9dLILjxUibiBKggy0VBwi2IrHkQ1oBJSoBPNcFEMn2rRUZYYgI6rpIOwVl9eZ20L2vOVa3+UK80bvM4iugUnaEqctA1aqB71EQtRNAEPaNX9GZkxovxbnwsWwtGPnOC/sD4/AFJYpSd</latexit>

�(pizza)

softmax

p(pizza)

p(I)

p(like)



RNN: Scoring Sequences
Input 
tokens

Hidden 
states

<latexit sha1_base64="Vvgug9PlYclpnpFfGwe9WkGni6I=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOq7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH0q42Y</latexit>

h0 (learned or null)

<latexit sha1_base64="Q69zUJ/7O7PPSb7TRfziid/XESo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOp7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH2L42Z</latexit>

h1

<latexit sha1_base64="+ICSjFUlmKarMSDpltF8Q3vQhPM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2lpoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgbjm5n/+IRK81g+mEmCfkSHkoecUWOl+1G/1i9X3Ko7B1klXk4qkKPZL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOiVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhFd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHplGwI3vLLq6Rdq3oX1fpdvdK4zuMowgmcwjl4cAkNuIUmtIDBEJ7hFd4c4bw4787HorXg5DPH8AfO5w/3s42a</latexit>

h2

MLP

<latexit sha1_base64="jS20I38lrVcGzv/0mOjCUdmSobg=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0UQxJKUol6EohePFUxbaEPYbDft0s0HuxshhPpXvHhQxKs/xJv/xm2bg7Y+GHi8N8PMPD/hTCrL+jZWVtfWNzZLW+Xtnd29ffPgsC3jVBDqkJjHoutjSTmLqKOY4rSbCIpDn9OOP76d+p1HKiSLoweVJdQN8TBiASNYackzKxJdIweNvJyd2xN0hnyv7plVq2bNgJaJXZAqFGh55ld/EJM0pJEiHEvZs61EuTkWihFOJ+V+KmmCyRgPaU/TCIdUuvns+Ak60coABbHQFSk0U39P5DiUMgt93RliNZKL3lT8z+ulKrhycxYlqaIRmS8KUo5UjKZJoAETlCieaYKJYPpWREZYYKJ0XmUdgr348jJp12v2Ra1x36g2b4o4SnAEx3AKNlxCE+6gBQ4QyOAZXuHNeDJejHfjY966YhQzFfgD4/MHeBeSuw==</latexit>

s = Uhi�1 + b2

BOS

I

like

<latexit sha1_base64="ETa/0iF58Af8pmAcy+yXcpU+Tso=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTS/ah/3i9X3Ko7B/lLvJxUIEejX/7sDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5scqAhLG2pZDM1Z8TGY2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyX9I6q3oX1dpdrVK/zuMowhEcwyl4cAl1uIUGNIHBEJ7gBV4d6Tw7b877orXg5DOH8AvOxzf5N42b</latexit>

h3

pizza

Word 
embeddings

<latexit sha1_base64="z5OCZYCqIFe3SaWNFcu+CnQ47Zk=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiRS1GWpG3dWtA9oQplMJ+3QyYOZG2kJ+RU3LhRx64+482+ctllo64ELh3Pu5d57vFhwBZb1baytb2xubRd2irt7+weH5lGpraJEUtaikYhk1yOKCR6yFnAQrBtLRgJPsI43vpn5nScmFY/CR5jGzA3IMOQ+pwS01DdLTjziFQfYBADSxt1Ddt43y1bVmgOvEjsnZZSj2Te/nEFEk4CFQAVRqmdbMbgpkcCpYFnRSRSLCR2TIetpGpKAKTed357hM60MsB9JXSHgufp7IiWBUtPA050BgZFa9mbif14vAf/aTXkYJ8BCuljkJwJDhGdB4AGXjIKYakKo5PpWTEdEEgo6rqIOwV5+eZW0L6r2ZbV2XyvXG3kcBXSCTlEF2egK1dEtaqIWomiCntErejMy48V4Nz4WrWtGPnOM/sD4/AGzj5Q7</latexit>

�(BOS)

<latexit sha1_base64="pnoNgZGpvMyQKP6TiYLQZQnL/LM=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBDiJexKUI9BL3qLYB6QXcPspJMMmX0w06uGJf/hxYMiXv0Xb/6Nk2QPmljQUFR1093lx1JotO1va2l5ZXVtPbeR39za3tkt7O03dJQoDnUeyUi1fKZBihDqKFBCK1bAAl9C0x9eTfzmAygtovAORzF4AeuHoic4QyPdu/FAlFyEJ0xvxiedQtEu21PQReJkpEgy1DqFL7cb8SSAELlkWrcdO0YvZQoFlzDOu4mGmPEh60Pb0JAFoL10evWYHhulS3uRMhUinaq/J1IWaD0KfNMZMBzoeW8i/ue1E+xdeKkI4wQh5LNFvURSjOgkAtoVCjjKkSGMK2FupXzAFONogsqbEJz5lxdJ47TsnJUrt5Vi9TKLI0cOyREpEYeckyq5JjVSJ5wo8kxeyZv1aL1Y79bHrHXJymYOyB9Ynz9ERZJf</latexit>

�(I)

<latexit sha1_base64="01opeESlquto088SFMjFW3bP52s=">AAAB+nicbVBNS8NAEN34WetXqkcvwSLUS0mkqMeiF48V7Ac0oWy2k3bp5oPdiVpif4oXD4p49Zd489+4bXPQ1gcDj/dmmJnnJ4IrtO1vY2V1bX1js7BV3N7Z3ds3SwctFaeSQZPFIpYdnyoQPIImchTQSSTQ0BfQ9kfXU799D1LxOLrDcQJeSAcRDzijqKWeWXKTIa+4CI+YCT6CyWnPLNtVewZrmTg5KZMcjZ755fZjloYQIRNUqa5jJ+hlVCJnAiZFN1WQUDaiA+hqGtEQlJfNTp9YJ1rpW0EsdUVozdTfExkNlRqHvu4MKQ7VojcV//O6KQaXXsajJEWI2HxRkAoLY2uag9XnEhiKsSaUSa5vtdiQSspQp1XUITiLLy+T1lnVOa/Wbmvl+lUeR4EckWNSIQ65IHVyQxqkSRh5IM/klbwZT8aL8W58zFtXjHzmkPyB8fkDTTGUCg==</latexit>

�(like)

<latexit sha1_base64="NZ5r9yyCp093CjqKK3hxiaQJbDM=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRahXkoiRT0WvXisYD+gCWWz3bRLN5uwO5G2IX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zM82POFNj2t1HY2Nza3inulvb2Dw6PzONyW0WJJLRFIh7Jro8V5UzQFjDgtBtLikOf044/vpv7nScqFYvEI0xj6oV4KFjACAYt9c2yG49Y1QU6gTRmsxnOLvpmxa7ZC1jrxMlJBeVo9s0vdxCRJKQCCMdK9Rw7Bi/FEhjhNCu5iaIxJmM8pD1NBQ6p8tLF7Zl1rpWBFURSlwBrof6eSHGo1DT0dWeIYaRWvbn4n9dLILjxUibiBKggy0VBwi2IrHkQ1oBJSoBPNcFEMn2rRUZYYgI6rpIOwVl9eZ20L2vOVa3+UK80bvM4iugUnaEqctA1aqB71EQtRNAEPaNX9GZkxovxbnwsWwtGPnOC/sD4/AFJYpSd</latexit>

�(pizza)

softmax

p(EOS)

p(I)

p(like)

<latexit sha1_base64="AUVkrDYewO5qTZ9Lfm31D1Ydir4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOrX+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqt5ltXZfq9Rv8jiKcAKncA4eXEEd7qABTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QP6u42c</latexit>

h4

p(pizza)



RNN: Generating Sequences
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<latexit sha1_base64="Vvgug9PlYclpnpFfGwe9WkGni6I=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOq7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH0q42Y</latexit>

h0 (learned or null)

<latexit sha1_base64="Q69zUJ/7O7PPSb7TRfziid/XESo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOp7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH2L42Z</latexit>

h1

<latexit sha1_base64="YoDPmbJljiV3jpWMmk+zyCfb3WE=">AAACGXicbVDLSgMxFM3UV62vUZdugkVoEcuMSHUjFN24rGA7hc4QMmnaCc08SDJiGfobbvwVNy4Ucakr/8a0nYW2Hrhwcs695N7jJ5xJZVnfRmFpeWV1rbhe2tjc2t4xd/faMk4FoS0S81h0fCwpZxFtKaY47SSC4tDn1PGH1xPfuadCsji6U6OEeiEeRKzPCFZaQqYVIAYvoSvZIMSw4qAABihjJ/YYHkMHUegmAas8IFbVbx/ZVWSWrZo1BVwkdk7KIEcTmZ9uLyZpSCNFOJaya1uJ8jIsFCOcjktuKmmCyRAPaFfTCIdUetn0sjE80koP9mOhK1Jwqv6eyHAo5Sj0dWeIVSDnvYn4n9dNVf/Cy1iUpIpGZPZRP+VQxXASE+wxQYniI00wEUzvCkmABSZKh1nSIdjzJy+S9mnNrtfqt2flxlUeRxEcgENQATY4Bw1wA5qgBQh4BM/gFbwZT8aL8W58zFoLRj6zD/7A+PoB3H6dFg==</latexit>

hi = �(Whhi�1 +We�(xi) + b1)

MLP

<latexit sha1_base64="jS20I38lrVcGzv/0mOjCUdmSobg=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0UQxJKUol6EohePFUxbaEPYbDft0s0HuxshhPpXvHhQxKs/xJv/xm2bg7Y+GHi8N8PMPD/hTCrL+jZWVtfWNzZLW+Xtnd29ffPgsC3jVBDqkJjHoutjSTmLqKOY4rSbCIpDn9OOP76d+p1HKiSLoweVJdQN8TBiASNYackzKxJdIweNvJyd2xN0hnyv7plVq2bNgJaJXZAqFGh55ld/EJM0pJEiHEvZs61EuTkWihFOJ+V+KmmCyRgPaU/TCIdUuvns+Ak60coABbHQFSk0U39P5DiUMgt93RliNZKL3lT8z+ulKrhycxYlqaIRmS8KUo5UjKZJoAETlCieaYKJYPpWREZYYKJ0XmUdgr348jJp12v2Ra1x36g2b4o4SnAEx3AKNlxCE+6gBQ4QyOAZXuHNeDJejHfjY966YhQzFfgD4/MHeBeSuw==</latexit>

s = Uhi�1 + b2

BOS

Word 
embeddings

<latexit sha1_base64="z5OCZYCqIFe3SaWNFcu+CnQ47Zk=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiRS1GWpG3dWtA9oQplMJ+3QyYOZG2kJ+RU3LhRx64+482+ctllo64ELh3Pu5d57vFhwBZb1baytb2xubRd2irt7+weH5lGpraJEUtaikYhk1yOKCR6yFnAQrBtLRgJPsI43vpn5nScmFY/CR5jGzA3IMOQ+pwS01DdLTjziFQfYBADSxt1Ddt43y1bVmgOvEjsnZZSj2Te/nEFEk4CFQAVRqmdbMbgpkcCpYFnRSRSLCR2TIetpGpKAKTed357hM60MsB9JXSHgufp7IiWBUtPA050BgZFa9mbif14vAf/aTXkYJ8BCuljkJwJDhGdB4AGXjIKYakKo5PpWTEdEEgo6rqIOwV5+eZW0L6r2ZbV2XyvXG3kcBXSCTlEF2egK1dEtaqIWomiCntErejMy48V4Nz4WrWtGPnOM/sD4/AGzj5Q7</latexit>

�(BOS)

softmax

sample

The
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The

<latexit sha1_base64="UaNFAhzil9fwMc3nkwPOaVyKyaE=">AAAB+XicbVBNS8NAEN3Ur1q/oh69BItQLyWRoh6LXjxW6Bc0oWy2k3bp5oPdSbGE/hMvHhTx6j/x5r9x2+agrQ8GHu/NMDPPTwRXaNvfRmFjc2t7p7hb2ts/ODwyj0/aKk4lgxaLRSy7PlUgeAQt5Cigm0igoS+g44/v535nAlLxOGriNAEvpMOIB5xR1FLfNN1kxCsuwhNmzRHMLvtm2a7aC1jrxMlJmeRo9M0vdxCzNIQImaBK9Rw7QS+jEjkTMCu5qYKEsjEdQk/TiIagvGxx+cy60MrACmKpK0Jrof6eyGio1DT0dWdIcaRWvbn4n9dLMbj1Mh4lKULElouCVFgYW/MYrAGXwFBMNaFMcn2rxUZUUoY6rJIOwVl9eZ20r6rOdbX2WCvX7/I4iuSMnJMKccgNqZMH0iAtwsiEPJNX8mZkxovxbnwsWwtGPnNK/sD4/AFZF5N8</latexit>

�(The)
<latexit sha1_base64="YoDPmbJljiV3jpWMmk+zyCfb3WE=">AAACGXicbVDLSgMxFM3UV62vUZdugkVoEcuMSHUjFN24rGA7hc4QMmnaCc08SDJiGfobbvwVNy4Ucakr/8a0nYW2Hrhwcs695N7jJ5xJZVnfRmFpeWV1rbhe2tjc2t4xd/faMk4FoS0S81h0fCwpZxFtKaY47SSC4tDn1PGH1xPfuadCsji6U6OEeiEeRKzPCFZaQqYVIAYvoSvZIMSw4qAABihjJ/YYHkMHUegmAas8IFbVbx/ZVWSWrZo1BVwkdk7KIEcTmZ9uLyZpSCNFOJaya1uJ8jIsFCOcjktuKmmCyRAPaFfTCIdUetn0sjE80koP9mOhK1Jwqv6eyHAo5Sj0dWeIVSDnvYn4n9dNVf/Cy1iUpIpGZPZRP+VQxXASE+wxQYniI00wEUzvCkmABSZKh1nSIdjzJy+S9mnNrtfqt2flxlUeRxEcgENQATY4Bw1wA5qgBQh4BM/gFbwZT8aL8W58zFoLRj6zD/7A+PoB3H6dFg==</latexit>

hi = �(Whhi�1 +We�(xi) + b1)<latexit sha1_base64="+ICSjFUlmKarMSDpltF8Q3vQhPM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2lpoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgbjm5n/+IRK81g+mEmCfkSHkoecUWOl+1G/1i9X3Ko7B1klXk4qkKPZL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOiVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhFd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHplGwI3vLLq6Rdq3oX1fpdvdK4zuMowgmcwjl4cAkNuIUmtIDBEJ7hFd4c4bw4787HorXg5DPH8AfO5w/3s42a</latexit>

h2

MLP

<latexit sha1_base64="jS20I38lrVcGzv/0mOjCUdmSobg=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0UQxJKUol6EohePFUxbaEPYbDft0s0HuxshhPpXvHhQxKs/xJv/xm2bg7Y+GHi8N8PMPD/hTCrL+jZWVtfWNzZLW+Xtnd29ffPgsC3jVBDqkJjHoutjSTmLqKOY4rSbCIpDn9OOP76d+p1HKiSLoweVJdQN8TBiASNYackzKxJdIweNvJyd2xN0hnyv7plVq2bNgJaJXZAqFGh55ld/EJM0pJEiHEvZs61EuTkWihFOJ+V+KmmCyRgPaU/TCIdUuvns+Ak60coABbHQFSk0U39P5DiUMgt93RliNZKL3lT8z+ulKrhycxYlqaIRmS8KUo5UjKZJoAETlCieaYKJYPpWREZYYKJ0XmUdgr348jJp12v2Ra1x36g2b4o4SnAEx3AKNlxCE+6gBQ4QyOAZXuHNeDJejHfjY966YhQzFfgD4/MHeBeSuw==</latexit>

s = Uhi�1 + b2

softmax

following

<latexit sha1_base64="Q69zUJ/7O7PPSb7TRfziid/XESo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOp7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH2L42Z</latexit>

h1



RNN: Generating Sequences
Input 
tokens

Hidden 
states

Word 
embeddings

sample

MLP

<latexit sha1_base64="jS20I38lrVcGzv/0mOjCUdmSobg=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0UQxJKUol6EohePFUxbaEPYbDft0s0HuxshhPpXvHhQxKs/xJv/xm2bg7Y+GHi8N8PMPD/hTCrL+jZWVtfWNzZLW+Xtnd29ffPgsC3jVBDqkJjHoutjSTmLqKOY4rSbCIpDn9OOP76d+p1HKiSLoweVJdQN8TBiASNYackzKxJdIweNvJyd2xN0hnyv7plVq2bNgJaJXZAqFGh55ld/EJM0pJEiHEvZs61EuTkWihFOJ+V+KmmCyRgPaU/TCIdUuvns+Ak60coABbHQFSk0U39P5DiUMgt93RliNZKL3lT8z+ulKrhycxYlqaIRmS8KUo5UjKZJoAETlCieaYKJYPpWREZYYKJ0XmUdgr348jJp12v2Ra1x36g2b4o4SnAEx3AKNlxCE+6gBQ4QyOAZXuHNeDJejHfjY966YhQzFfgD4/MHeBeSuw==</latexit>

s = Uhi�1 + b2

softmax

sections

following

<latexit sha1_base64="x8lKz4ZWNBi1q9pwhWZ84FW+RK8=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL8Ei1EtJpKjHohePFewHtKFstpt26WY37E7UEnvwr3jxoIhX/4Y3/43bNgdtfTDweG+GmXlBzJkG1/22ckvLK6tr+fXCxubW9o69u9fQMlGE1onkUrUCrClngtaBAaetWFEcBZw2g+HVxG/eUaWZFLcwiqkf4b5gISMYjNS1DzrxgJU6QB8gDSXn8p6J/vikaxfdsjuFs0i8jBRRhlrX/ur0JEkiKoBwrHXbc2PwU6yAEU7HhU6iaYzJEPdp21CBI6r9dHr/2Dk2Ss8JpTIlwJmqvydSHGk9igLTGWEY6HlvIv7ntRMIL/yUiTgBKshsUZhwB6QzCcPpMUUJ8JEhmChmbnXIACtMwERWMCF48y8vksZp2TsrV24qxeplFkceHaIjVEIeOkdVdI1qqI4IekTP6BW9WU/Wi/Vufcxac1Y2s4/+wPr8AXjalmg=</latexit>

�(following)

<latexit sha1_base64="+ICSjFUlmKarMSDpltF8Q3vQhPM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2lpoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgbjm5n/+IRK81g+mEmCfkSHkoecUWOl+1G/1i9X3Ko7B1klXk4qkKPZL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOiVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhFd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHplGwI3vLLq6Rdq3oX1fpdvdK4zuMowgmcwjl4cAkNuIUmtIDBEJ7hFd4c4bw4787HorXg5DPH8AfO5w/3s42a</latexit>

h2

<latexit sha1_base64="BLD423yzviVm46txMjJh8ZFY7jc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTS/ah/3i9X3Ko7B/lLvJxUIEejX/7sDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5scqAhLG2pZDM1Z8TGY2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyX9I6q3q1au3uolK/zuMowhEcwyl4cAl1uIUGNIHBEJ7gBV4d6Tw7b877orXg5DOH8AvOxzf5242d</latexit>

h3



During training, we always compute the 
probability of each observed token by 

conditioning on its observed prefix. This is 
also called “teacher forcing”.

Training an RNN
• We have some training dataset  

• We want to find the parameters of our neural model θ that 
maximize the likelihood of this dataset 

• Train using gradient descent in log-probability space

<latexit sha1_base64="i/IqWY+09SGBF6SHEJ75mdWbw0M=">AAACEXicbVDLSgMxFM3UV62vUZdugkXoqsxIUTeFoi7cCBXsAzrjkEnTNjTzIMmIJcwvuPFX3LhQxK07d/6NmXYW2nogcDj33Jt7jx8zKqRlfRuFpeWV1bXiemljc2t7x9zda4so4Zi0cMQi3vWRIIyGpCWpZKQbc4ICn5GOP77I6p17wgWNwls5iYkboGFIBxQjqSXPrDgBkiOMmLpMYR06CjqR9mfj1EMKndRTtG6nd9eeWbaq1hRwkdg5KYMcTc/8cvoRTgISSsyQED3biqWrEJcUM5KWnESQGOExGpKepiEKiHDV9KIUHmmlDwcR1y+UcKr+7lAoEGIS+NqZ7S/ma5n4X62XyMGZq2gYJ5KEePbRIGFQRjCLB/YpJ1iyiSYIc6p3hXiEOMJSh1jSIdjzJy+S9nHVPqnWbmrlxnkeRxEcgENQATY4BQ1wBZqgBTB4BM/gFbwZT8aL8W58zKwFI+/ZB39gfP4ADuWdLA==</latexit>

D = {x}Mi=1

<latexit sha1_base64="MTPUGPRoDlggV42rQ0Grp+ijLjE=">AAACHHicbVDLSgMxFM3UV62vqks3wSLUTZnRoi6LblxWsQ/o1JLJpG1oJjMkd4QynQ9x46+4caGIGxeCf2P6WGjrgcDJOfdy7z1eJLgG2/62MkvLK6tr2fXcxubW9k5+d6+uw1hRVqOhCFXTI5oJLlkNOAjWjBQjgSdYwxtcjf3GA1Oah/IOhhFrB6QneZdTAkbq5E/dqM+LLvVDOMYul9gNCPQ9L7lN75PR5EOJSOrpCLvAA6axn3byBbtkT4AXiTMjBTRDtZP/dP2QxgGTQAXRuuXYEbQTooBTwdKcG2sWETogPdYyVBIzp51MjkvxkVF83A2VeRLwRP3dkZBA62HgmcrxtnreG4v/ea0YuhfthMsoBibpdFA3FhhCPE4K+1wxCmJoCKGKm10x7RNFKJg8cyYEZ/7kRVI/KTlnpfJNuVC5nMWRRQfoEBWRg85RBV2jKqohih7RM3pFb9aT9WK9Wx/T0ow169lHf2B9/QA+d6Ih</latexit>

�(·) 2 R|V|⇥d
<latexit sha1_base64="lpoWqmgHwCfA1fgC4v1AYRXinjg=">AAACCXicbVC7TsMwFHXKq5RXgJHFokIwVQmqgLGChbEg+pCaEDmO01p1nMh2kKooKwu/wsIAQqz8ARt/g9NmgJYjXenonHt17z1+wqhUlvVtVJaWV1bXquu1jc2t7R1zd68r41Rg0sExi0XfR5IwyklHUcVIPxEERT4jPX98Vfi9ByIkjfmdmiTEjdCQ05BipLTkmbDnEehQDp0IqZHvZ7f5fRZAR9GISBgc555ZtxrWFHCR2CWpgxJtz/xyghinEeEKMyTlwLYS5WZIKIoZyWtOKkmC8BgNyUBTjvQiN5t+ksMjrQQwjIUuruBU/T2RoUjKSeTrzuJeOe8V4n/eIFXhhZtRnqSKcDxbFKYMqhgWscCACoIVm2iCsKD6VohHSCCsdHg1HYI9//Ii6Z427LNG86ZZb12WcVTBATgEJ8AG56AFrkEbdAAGj+AZvII348l4Md6Nj1lrxShn9sEfGJ8/gvqZmQ==</latexit>

We 2 Rd⇥d0

<latexit sha1_base64="IffTGEeWODlD+1dqiKq81Cft9EA=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCMFUJqoCxgoWxIPqQmhA5jtNadZzIdpCqKAu/wsIAQqx8Bht/g9NmgJYjXenonHt17z1+wqhUlvVtVJaWV1bXquu1jc2t7R1zd68r41Rg0sExi0XfR5IwyklHUcVIPxEERT4jPX98Xfi9RyIkjfm9miTEjdCQ05BipLTkmQe+Z0OHcuhESI18P7vLH7LgJPfMutWwpoCLxC5JHZRoe+aXE8Q4jQhXmCEpB7aVKDdDQlHMSF5zUkkShMdoSAaachQR6WbTB3J4rJUAhrHQxRWcqr8nMhRJOYl83VmcKee9QvzPG6QqvHQzypNUEY5ni8KUQRXDIg0YUEGwYhNNEBZU3wrxCAmElc6spkOw519eJN2zhn3eaN42662rMo4qOARH4BTY4AK0wA1ogw7AIAfP4BW8GU/Gi/FufMxaK0Y5sw/+wPj8AdmLlfQ=</latexit>

b1 2 Rd0

<latexit sha1_base64="lr9Mm6puHdP/PMTUvQamb7eTlZQ=">AAACCnicbVC7TsMwFHXKq5RXgJHFUKEyVQmqgLGChbEg+pCaEDmO21p1nMh2kKooMwu/wsIAQqx8ARt/g9NmgJYjXenonHt17z1+zKhUlvVtlJaWV1bXyuuVjc2t7R1zd68jo0Rg0sYRi0TPR5IwyklbUcVILxYEhT4jXX98lfvdByIkjfidmsTEDdGQ0wHFSGnJMw+73gg6lEMnRGrk++ltdp8GNegoGhIJg1rmmVWrbk0BF4ldkCoo0PLMLyeIcBISrjBDUvZtK1ZuioSimJGs4iSSxAiP0ZD0NeVIL3LT6SsZPNZKAAeR0MUVnKq/J1IUSjkJfd2ZHyznvVz8z+snanDhppTHiSIczxYNEgZVBPNcYEAFwYpNNEFYUH0rxCMkEFY6vYoOwZ5/eZF0Tuv2Wb1x06g2L4s4yuAAHIETYINz0ATXoAXaAINH8AxewZvxZLwY78bHrLVkFDP74A+Mzx/xyZnN</latexit>

Wh 2 Rd0⇥d0

<latexit sha1_base64="5gmn1oSEIgY67AuUKtPwa+1epxE=">AAACE3icbVA9T8MwEHX4LOWrwMhiUSEQQ5WgChgrWBgLIm2lJlSO47RWHSeyHaQqzX9g4a+wMIAQKwsb/wY3zQAtTzrp6b073d3zYkalMs1vY2FxaXlltbRWXt/Y3Nqu7Oy2ZJQITGwcsUh0PCQJo5zYiipGOrEgKPQYaXvDq4nffiBC0ojfqVFM3BD1OQ0oRkpLvcqJDR3KoRMiNfC89Da7T/0j6CgaEgnHuYwRS1vZOOtVqmbNzAHniVWQKijQ7FW+HD/CSUi4wgxJ2bXMWLk pEopiRrKyk0gSIzxEfdLVlCO9003znzJ4qBUfBpHQxRXM1d8TKQqlHIWe7pwcKWe9ifif101UcOGmlMeJIhxPFwUJgyqCk4CgTwXBio00QVhQfSvEAyQQVjrGsg7Bmn15nrROa9ZZrX5TrzYuizhKYB8cgGNggXPQANegCWyAwSN4Bq/gzXgyXox342PaumAUM3vgD4zPHwjXnk8=</latexit>

U 2 Rd0⇥|V|
<latexit sha1_base64="KZVR0e7qmk+qxcbSSL628Nmjv8c=">AAACC3icbVC7TsMwFHV4lvIKMLJYrZCYqqSqgLGChbEg+pDaEDmu01p1nMh2kKo0Owu/wsIAQqz8ABt/g5NmgJYjWTo+517de48XMSqVZX0bK6tr6xubpa3y9s7u3r55cNiRYSwwaeOQhaLnIUkY5aStqGKkFwmCAo+Rrje5yvzuAxGShvxOTSPiBGjEqU8xUlpyzYrn1uGAcjgIkBp7XnKb3iez/IMRSzrpLHXNqlWzcsBlYhekCgq0XPNrMAxxHBCuMENS9m0rUk6ChKKYkbQ8iCWJEJ6gEelrylFApJPkt6TwRCtD6IdCP65grv7uSFAg5TTwdGW2pFz0MvE/rx8r/8JJKI9iRTieD/JjBlUIs2DgkAqCFZtqgrCgeleIx0ggrHR8ZR2CvXjyMunUa/ZZrXHTqDYvizhK4BhUwCmwwTlogmvQAm2AwSN4Bq/gzXgyXox342NeumIUPUfgD4zPH2f2m1Q=</latexit>

b2 2 R|V|

<latexit sha1_base64="bL4zTZmwypN7mAJx5sHUN3jplJU="></latexit>

✓⇤ = argmin
✓

0

@�
X

x2D

|x|X

i=1

log p(xi | x1, . . . , xi�1; ✓)

1

A



RNNs solve many of  
our problems!

• What if we’ve never seen a sequence before? 

• What if we’ve never seen its prefix before? 

• Model is tiny compared to count-based or neural n-grams 

• Using word embeddings allows learning from similarity 

• Persistent hidden state makes it robust to intervening 
words 

• Can theoretically handle long-distance dependencies



But are they perfect?

• Vanishing gradients

<latexit sha1_base64="Vvgug9PlYclpnpFfGwe9WkGni6I=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOq7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH0q42Y</latexit>

h0
<latexit sha1_base64="Q69zUJ/7O7PPSb7TRfziid/XESo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOp7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH2L42Z</latexit>

h1

<latexit sha1_base64="+ICSjFUlmKarMSDpltF8Q3vQhPM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2lpoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgbjm5n/+IRK81g+mEmCfkSHkoecUWOl+1G/1i9X3Ko7B1klXk4qkKPZL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOiVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhFd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHplGwI3vLLq6Rdq3oX1fpdvdK4zuMowgmcwjl4cAkNuIUmtIDBEJ7hFd4c4bw4787HorXg5DPH8AfO5w/3s42a</latexit>

h2

MLP

BOS

I

like

<latexit sha1_base64="ETa/0iF58Af8pmAcy+yXcpU+Tso=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTS/ah/3i9X3Ko7B/lLvJxUIEejX/7sDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5scqAhLG2pZDM1Z8TGY2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyX9I6q3oX1dpdrVK/zuMowhEcwyl4cAl1uIUGNIHBEJ7gBV4d6Tw7b877orXg5DOH8AvOxzf5N42b</latexit>

h3

pizza

<latexit sha1_base64="z5OCZYCqIFe3SaWNFcu+CnQ47Zk=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiRS1GWpG3dWtA9oQplMJ+3QyYOZG2kJ+RU3LhRx64+482+ctllo64ELh3Pu5d57vFhwBZb1baytb2xubRd2irt7+weH5lGpraJEUtaikYhk1yOKCR6yFnAQrBtLRgJPsI43vpn5nScmFY/CR5jGzA3IMOQ+pwS01DdLTjziFQfYBADSxt1Ddt43y1bVmgOvEjsnZZSj2Te/nEFEk4CFQAVRqmdbMbgpkcCpYFnRSRSLCR2TIetpGpKAKTed357hM60MsB9JXSHgufp7IiWBUtPA050BgZFa9mbif14vAf/aTXkYJ8BCuljkJwJDhGdB4AGXjIKYakKo5PpWTEdEEgo6rqIOwV5+eZW0L6r2ZbV2XyvXG3kcBXSCTlEF2egK1dEtaqIWomiCntErejMy48V4Nz4WrWtGPnOM/sD4/AGzj5Q7</latexit>

�(BOS)

<latexit sha1_base64="pnoNgZGpvMyQKP6TiYLQZQnL/LM=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBDiJexKUI9BL3qLYB6QXcPspJMMmX0w06uGJf/hxYMiXv0Xb/6Nk2QPmljQUFR1093lx1JotO1va2l5ZXVtPbeR39za3tkt7O03dJQoDnUeyUi1fKZBihDqKFBCK1bAAl9C0x9eTfzmAygtovAORzF4AeuHoic4QyPdu/FAlFyEJ0xvxiedQtEu21PQReJkpEgy1DqFL7cb8SSAELlkWrcdO0YvZQoFlzDOu4mGmPEh60Pb0JAFoL10evWYHhulS3uRMhUinaq/J1IWaD0KfNMZMBzoeW8i/ue1E+xdeKkI4wQh5LNFvURSjOgkAtoVCjjKkSGMK2FupXzAFONogsqbEJz5lxdJ47TsnJUrt5Vi9TKLI0cOyREpEYeckyq5JjVSJ5wo8kxeyZv1aL1Y79bHrHXJymYOyB9Ynz9ERZJf</latexit>

�(I)
<latexit sha1_base64="01opeESlquto088SFMjFW3bP52s=">AAAB+nicbVBNS8NAEN34WetXqkcvwSLUS0mkqMeiF48V7Ac0oWy2k3bp5oPdiVpif4oXD4p49Zd489+4bXPQ1gcDj/dmmJnnJ4IrtO1vY2V1bX1js7BV3N7Z3ds3SwctFaeSQZPFIpYdnyoQPIImchTQSSTQ0BfQ9kfXU799D1LxOLrDcQJeSAcRDzijqKWeWXKTIa+4CI+YCT6CyWnPLNtVewZrmTg5KZMcjZ755fZjloYQIRNUqa5jJ+hlVCJnAiZFN1WQUDaiA+hqGtEQlJfNTp9YJ1rpW0EsdUVozdTfExkNlRqHvu4MKQ7VojcV//O6KQaXXsajJEWI2HxRkAoLY2uag9XnEhiKsSaUSa5vtdiQSspQp1XUITiLLy+T1lnVOa/Wbmvl+lUeR4EckWNSIQ65IHVyQxqkSRh5IM/klbwZT8aL8W58zFtXjHzmkPyB8fkDTTGUCg==</latexit>

�(like)

<latexit sha1_base64="NZ5r9yyCp093CjqKK3hxiaQJbDM=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRahXkoiRT0WvXisYD+gCWWz3bRLN5uwO5G2IX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zM82POFNj2t1HY2Nza3inulvb2Dw6PzONyW0WJJLRFIh7Jro8V5UzQFjDgtBtLikOf044/vpv7nScqFYvEI0xj6oV4KFjACAYt9c2yG49Y1QU6gTRmsxnOLvpmxa7ZC1jrxMlJBeVo9s0vdxCRJKQCCMdK9Rw7Bi/FEhjhNCu5iaIxJmM8pD1NBQ6p8tLF7Zl1rpWBFURSlwBrof6eSHGo1DT0dWeIYaRWvbn4n9dLILjxUibiBKggy0VBwi2IrHkQ1oBJSoBPNcFEMn2rRUZYYgI6rpIOwVl9eZ20L2vOVa3+UK80bvM4iugUnaEqctA1aqB71EQtRNAEPaNX9GZkxovxbnwsWwtGPnOC/sD4/AFJYpSd</latexit>

�(pizza)

softmax
p(EOS)

<latexit sha1_base64="AUVkrDYewO5qTZ9Lfm31D1Ydir4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOrX+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqt5ltXZfq9Rv8jiKcAKncA4eXEEd7qABTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QP6u42c</latexit>

h4

<latexit sha1_base64="WJDmFTUH107p7jQn3Q3nTIq0TqY="></latexit>

L(xn | x1, . . . , xn�1) = � log p(xn | x1, . . . , xn�1; ✓)

?
<latexit sha1_base64="TKOFNH7ZqVFPH74C0zjYT5ZxVz0="></latexit>

�L(xn | x1, . . . , xn�1)

�h1



Vanishing Gradients

<latexit sha1_base64="Vvgug9PlYclpnpFfGwe9WkGni6I=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOq7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH0q42Y</latexit>

h0
<latexit sha1_base64="Q69zUJ/7O7PPSb7TRfziid/XESo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOp7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH2L42Z</latexit>

h1

<latexit sha1_base64="+ICSjFUlmKarMSDpltF8Q3vQhPM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2lpoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgbjm5n/+IRK81g+mEmCfkSHkoecUWOl+1G/1i9X3Ko7B1klXk4qkKPZL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOiVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhFd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHplGwI3vLLq6Rdq3oX1fpdvdK4zuMowgmcwjl4cAkNuIUmtIDBEJ7hFd4c4bw4787HorXg5DPH8AfO5w/3s42a</latexit>

h2

MLP

BOS

I

like

<latexit sha1_base64="ETa/0iF58Af8pmAcy+yXcpU+Tso=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTS/ah/3i9X3Ko7B/lLvJxUIEejX/7sDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5scqAhLG2pZDM1Z8TGY2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyX9I6q3oX1dpdrVK/zuMowhEcwyl4cAl1uIUGNIHBEJ7gBV4d6Tw7b877orXg5DOH8AvOxzf5N42b</latexit>

h3

pizza

<latexit sha1_base64="z5OCZYCqIFe3SaWNFcu+CnQ47Zk=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiRS1GWpG3dWtA9oQplMJ+3QyYOZG2kJ+RU3LhRx64+482+ctllo64ELh3Pu5d57vFhwBZb1baytb2xubRd2irt7+weH5lGpraJEUtaikYhk1yOKCR6yFnAQrBtLRgJPsI43vpn5nScmFY/CR5jGzA3IMOQ+pwS01DdLTjziFQfYBADSxt1Ddt43y1bVmgOvEjsnZZSj2Te/nEFEk4CFQAVRqmdbMbgpkcCpYFnRSRSLCR2TIetpGpKAKTed357hM60MsB9JXSHgufp7IiWBUtPA050BgZFa9mbif14vAf/aTXkYJ8BCuljkJwJDhGdB4AGXjIKYakKo5PpWTEdEEgo6rqIOwV5+eZW0L6r2ZbV2XyvXG3kcBXSCTlEF2egK1dEtaqIWomiCntErejMy48V4Nz4WrWtGPnOM/sD4/AGzj5Q7</latexit>

�(BOS)

<latexit sha1_base64="pnoNgZGpvMyQKP6TiYLQZQnL/LM=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBDiJexKUI9BL3qLYB6QXcPspJMMmX0w06uGJf/hxYMiXv0Xb/6Nk2QPmljQUFR1093lx1JotO1va2l5ZXVtPbeR39za3tkt7O03dJQoDnUeyUi1fKZBihDqKFBCK1bAAl9C0x9eTfzmAygtovAORzF4AeuHoic4QyPdu/FAlFyEJ0xvxiedQtEu21PQReJkpEgy1DqFL7cb8SSAELlkWrcdO0YvZQoFlzDOu4mGmPEh60Pb0JAFoL10evWYHhulS3uRMhUinaq/J1IWaD0KfNMZMBzoeW8i/ue1E+xdeKkI4wQh5LNFvURSjOgkAtoVCjjKkSGMK2FupXzAFONogsqbEJz5lxdJ47TsnJUrt5Vi9TKLI0cOyREpEYeckyq5JjVSJ5wo8kxeyZv1aL1Y79bHrHXJymYOyB9Ynz9ERZJf</latexit>

�(I)
<latexit sha1_base64="01opeESlquto088SFMjFW3bP52s=">AAAB+nicbVBNS8NAEN34WetXqkcvwSLUS0mkqMeiF48V7Ac0oWy2k3bp5oPdiVpif4oXD4p49Zd489+4bXPQ1gcDj/dmmJnnJ4IrtO1vY2V1bX1js7BV3N7Z3ds3SwctFaeSQZPFIpYdnyoQPIImchTQSSTQ0BfQ9kfXU799D1LxOLrDcQJeSAcRDzijqKWeWXKTIa+4CI+YCT6CyWnPLNtVewZrmTg5KZMcjZ755fZjloYQIRNUqa5jJ+hlVCJnAiZFN1WQUDaiA+hqGtEQlJfNTp9YJ1rpW0EsdUVozdTfExkNlRqHvu4MKQ7VojcV//O6KQaXXsajJEWI2HxRkAoLY2uag9XnEhiKsSaUSa5vtdiQSspQp1XUITiLLy+T1lnVOa/Wbmvl+lUeR4EckWNSIQ65IHVyQxqkSRh5IM/klbwZT8aL8W58zFtXjHzmkPyB8fkDTTGUCg==</latexit>

�(like)

<latexit sha1_base64="NZ5r9yyCp093CjqKK3hxiaQJbDM=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRahXkoiRT0WvXisYD+gCWWz3bRLN5uwO5G2IX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zM82POFNj2t1HY2Nza3inulvb2Dw6PzONyW0WJJLRFIh7Jro8V5UzQFjDgtBtLikOf044/vpv7nScqFYvEI0xj6oV4KFjACAYt9c2yG49Y1QU6gTRmsxnOLvpmxa7ZC1jrxMlJBeVo9s0vdxCRJKQCCMdK9Rw7Bi/FEhjhNCu5iaIxJmM8pD1NBQ6p8tLF7Zl1rpWBFURSlwBrof6eSHGo1DT0dWeIYaRWvbn4n9dLILjxUibiBKggy0VBwi2IrHkQ1oBJSoBPNcFEMn2rRUZYYgI6rpIOwVl9eZ20L2vOVa3+UK80bvM4iugUnaEqctA1aqB71EQtRNAEPaNX9GZkxovxbnwsWwtGPnOC/sD4/AFJYpSd</latexit>

�(pizza)

softmax
p(EOS)

<latexit sha1_base64="AUVkrDYewO5qTZ9Lfm31D1Ydir4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOrX+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqt5ltXZfq9Rv8jiKcAKncA4eXEEd7qABTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QP6u42c</latexit>

h4

=
<latexit sha1_base64="TKOFNH7ZqVFPH74C0zjYT5ZxVz0="></latexit>

�L(xn | x1, . . . , xn�1)

�h1

<latexit sha1_base64="m/qjgLnwh0mbmozF8A+7k7IQDkw="></latexit>

�h2

�h1
⇥ �L(xn | x1, . . . , xn�1)

�h2

Chain rule

<latexit sha1_base64="WJDmFTUH107p7jQn3Q3nTIq0TqY="></latexit>

L(xn | x1, . . . , xn�1) = � log p(xn | x1, . . . , xn�1; ✓)



Vanishing Gradients

<latexit sha1_base64="Vvgug9PlYclpnpFfGwe9WkGni6I=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOq7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH0q42Y</latexit>

h0
<latexit sha1_base64="Q69zUJ/7O7PPSb7TRfziid/XESo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOp7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH2L42Z</latexit>

h1

<latexit sha1_base64="+ICSjFUlmKarMSDpltF8Q3vQhPM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2lpoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgbjm5n/+IRK81g+mEmCfkSHkoecUWOl+1G/1i9X3Ko7B1klXk4qkKPZL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOiVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhFd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHplGwI3vLLq6Rdq3oX1fpdvdK4zuMowgmcwjl4cAkNuIUmtIDBEJ7hFd4c4bw4787HorXg5DPH8AfO5w/3s42a</latexit>

h2

MLP

BOS

I

like

<latexit sha1_base64="ETa/0iF58Af8pmAcy+yXcpU+Tso=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTS/ah/3i9X3Ko7B/lLvJxUIEejX/7sDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5scqAhLG2pZDM1Z8TGY2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyX9I6q3oX1dpdrVK/zuMowhEcwyl4cAl1uIUGNIHBEJ7gBV4d6Tw7b877orXg5DOH8AvOxzf5N42b</latexit>

h3

pizza

<latexit sha1_base64="z5OCZYCqIFe3SaWNFcu+CnQ47Zk=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiRS1GWpG3dWtA9oQplMJ+3QyYOZG2kJ+RU3LhRx64+482+ctllo64ELh3Pu5d57vFhwBZb1baytb2xubRd2irt7+weH5lGpraJEUtaikYhk1yOKCR6yFnAQrBtLRgJPsI43vpn5nScmFY/CR5jGzA3IMOQ+pwS01DdLTjziFQfYBADSxt1Ddt43y1bVmgOvEjsnZZSj2Te/nEFEk4CFQAVRqmdbMbgpkcCpYFnRSRSLCR2TIetpGpKAKTed357hM60MsB9JXSHgufp7IiWBUtPA050BgZFa9mbif14vAf/aTXkYJ8BCuljkJwJDhGdB4AGXjIKYakKo5PpWTEdEEgo6rqIOwV5+eZW0L6r2ZbV2XyvXG3kcBXSCTlEF2egK1dEtaqIWomiCntErejMy48V4Nz4WrWtGPnOM/sD4/AGzj5Q7</latexit>

�(BOS)

<latexit sha1_base64="pnoNgZGpvMyQKP6TiYLQZQnL/LM=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBDiJexKUI9BL3qLYB6QXcPspJMMmX0w06uGJf/hxYMiXv0Xb/6Nk2QPmljQUFR1093lx1JotO1va2l5ZXVtPbeR39za3tkt7O03dJQoDnUeyUi1fKZBihDqKFBCK1bAAl9C0x9eTfzmAygtovAORzF4AeuHoic4QyPdu/FAlFyEJ0xvxiedQtEu21PQReJkpEgy1DqFL7cb8SSAELlkWrcdO0YvZQoFlzDOu4mGmPEh60Pb0JAFoL10evWYHhulS3uRMhUinaq/J1IWaD0KfNMZMBzoeW8i/ue1E+xdeKkI4wQh5LNFvURSjOgkAtoVCjjKkSGMK2FupXzAFONogsqbEJz5lxdJ47TsnJUrt5Vi9TKLI0cOyREpEYeckyq5JjVSJ5wo8kxeyZv1aL1Y79bHrHXJymYOyB9Ynz9ERZJf</latexit>

�(I)
<latexit sha1_base64="01opeESlquto088SFMjFW3bP52s=">AAAB+nicbVBNS8NAEN34WetXqkcvwSLUS0mkqMeiF48V7Ac0oWy2k3bp5oPdiVpif4oXD4p49Zd489+4bXPQ1gcDj/dmmJnnJ4IrtO1vY2V1bX1js7BV3N7Z3ds3SwctFaeSQZPFIpYdnyoQPIImchTQSSTQ0BfQ9kfXU799D1LxOLrDcQJeSAcRDzijqKWeWXKTIa+4CI+YCT6CyWnPLNtVewZrmTg5KZMcjZ755fZjloYQIRNUqa5jJ+hlVCJnAiZFN1WQUDaiA+hqGtEQlJfNTp9YJ1rpW0EsdUVozdTfExkNlRqHvu4MKQ7VojcV//O6KQaXXsajJEWI2HxRkAoLY2uag9XnEhiKsSaUSa5vtdiQSspQp1XUITiLLy+T1lnVOa/Wbmvl+lUeR4EckWNSIQ65IHVyQxqkSRh5IM/klbwZT8aL8W58zFtXjHzmkPyB8fkDTTGUCg==</latexit>

�(like)

<latexit sha1_base64="NZ5r9yyCp093CjqKK3hxiaQJbDM=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRahXkoiRT0WvXisYD+gCWWz3bRLN5uwO5G2IX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zM82POFNj2t1HY2Nza3inulvb2Dw6PzONyW0WJJLRFIh7Jro8V5UzQFjDgtBtLikOf044/vpv7nScqFYvEI0xj6oV4KFjACAYt9c2yG49Y1QU6gTRmsxnOLvpmxa7ZC1jrxMlJBeVo9s0vdxCRJKQCCMdK9Rw7Bi/FEhjhNCu5iaIxJmM8pD1NBQ6p8tLF7Zl1rpWBFURSlwBrof6eSHGo1DT0dWeIYaRWvbn4n9dLILjxUibiBKggy0VBwi2IrHkQ1oBJSoBPNcFEMn2rRUZYYgI6rpIOwVl9eZ20L2vOVa3+UK80bvM4iugUnaEqctA1aqB71EQtRNAEPaNX9GZkxovxbnwsWwtGPnOC/sD4/AFJYpSd</latexit>

�(pizza)

softmax
p(EOS)

<latexit sha1_base64="AUVkrDYewO5qTZ9Lfm31D1Ydir4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOrX+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqt5ltXZfq9Rv8jiKcAKncA4eXEEd7qABTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QP6u42c</latexit>

h4

<latexit sha1_base64="OOYWpREmlzY3W1GRqCd2aNq7lZY="></latexit>

�h3

�h2
⇥ �L(xn | x1, . . . , xn�1)

�h3

=
<latexit sha1_base64="TKOFNH7ZqVFPH74C0zjYT5ZxVz0="></latexit>

�L(xn | x1, . . . , xn�1)

�h1

<latexit sha1_base64="m/qjgLnwh0mbmozF8A+7k7IQDkw="></latexit>

�h2

�h1
⇥ �L(xn | x1, . . . , xn�1)

�h2

Chain rule

<latexit sha1_base64="WJDmFTUH107p7jQn3Q3nTIq0TqY="></latexit>

L(xn | x1, . . . , xn�1) = � log p(xn | x1, . . . , xn�1; ✓)



Vanishing Gradients

<latexit sha1_base64="Vvgug9PlYclpnpFfGwe9WkGni6I=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOq7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH0q42Y</latexit>

h0
<latexit sha1_base64="Q69zUJ/7O7PPSb7TRfziid/XESo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOp7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH2L42Z</latexit>

h1

<latexit sha1_base64="+ICSjFUlmKarMSDpltF8Q3vQhPM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2lpoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgbjm5n/+IRK81g+mEmCfkSHkoecUWOl+1G/1i9X3Ko7B1klXk4qkKPZL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOiVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhFd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHplGwI3vLLq6Rdq3oX1fpdvdK4zuMowgmcwjl4cAkNuIUmtIDBEJ7hFd4c4bw4787HorXg5DPH8AfO5w/3s42a</latexit>

h2

MLP

BOS

I

like

<latexit sha1_base64="ETa/0iF58Af8pmAcy+yXcpU+Tso=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTS/ah/3i9X3Ko7B/lLvJxUIEejX/7sDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5scqAhLG2pZDM1Z8TGY2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyX9I6q3oX1dpdrVK/zuMowhEcwyl4cAl1uIUGNIHBEJ7gBV4d6Tw7b877orXg5DOH8AvOxzf5N42b</latexit>

h3

pizza

<latexit sha1_base64="z5OCZYCqIFe3SaWNFcu+CnQ47Zk=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiRS1GWpG3dWtA9oQplMJ+3QyYOZG2kJ+RU3LhRx64+482+ctllo64ELh3Pu5d57vFhwBZb1baytb2xubRd2irt7+weH5lGpraJEUtaikYhk1yOKCR6yFnAQrBtLRgJPsI43vpn5nScmFY/CR5jGzA3IMOQ+pwS01DdLTjziFQfYBADSxt1Ddt43y1bVmgOvEjsnZZSj2Te/nEFEk4CFQAVRqmdbMbgpkcCpYFnRSRSLCR2TIetpGpKAKTed357hM60MsB9JXSHgufp7IiWBUtPA050BgZFa9mbif14vAf/aTXkYJ8BCuljkJwJDhGdB4AGXjIKYakKo5PpWTEdEEgo6rqIOwV5+eZW0L6r2ZbV2XyvXG3kcBXSCTlEF2egK1dEtaqIWomiCntErejMy48V4Nz4WrWtGPnOM/sD4/AGzj5Q7</latexit>

�(BOS)

<latexit sha1_base64="pnoNgZGpvMyQKP6TiYLQZQnL/LM=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBDiJexKUI9BL3qLYB6QXcPspJMMmX0w06uGJf/hxYMiXv0Xb/6Nk2QPmljQUFR1093lx1JotO1va2l5ZXVtPbeR39za3tkt7O03dJQoDnUeyUi1fKZBihDqKFBCK1bAAl9C0x9eTfzmAygtovAORzF4AeuHoic4QyPdu/FAlFyEJ0xvxiedQtEu21PQReJkpEgy1DqFL7cb8SSAELlkWrcdO0YvZQoFlzDOu4mGmPEh60Pb0JAFoL10evWYHhulS3uRMhUinaq/J1IWaD0KfNMZMBzoeW8i/ue1E+xdeKkI4wQh5LNFvURSjOgkAtoVCjjKkSGMK2FupXzAFONogsqbEJz5lxdJ47TsnJUrt5Vi9TKLI0cOyREpEYeckyq5JjVSJ5wo8kxeyZv1aL1Y79bHrHXJymYOyB9Ynz9ERZJf</latexit>

�(I)
<latexit sha1_base64="01opeESlquto088SFMjFW3bP52s=">AAAB+nicbVBNS8NAEN34WetXqkcvwSLUS0mkqMeiF48V7Ac0oWy2k3bp5oPdiVpif4oXD4p49Zd489+4bXPQ1gcDj/dmmJnnJ4IrtO1vY2V1bX1js7BV3N7Z3ds3SwctFaeSQZPFIpYdnyoQPIImchTQSSTQ0BfQ9kfXU799D1LxOLrDcQJeSAcRDzijqKWeWXKTIa+4CI+YCT6CyWnPLNtVewZrmTg5KZMcjZ755fZjloYQIRNUqa5jJ+hlVCJnAiZFN1WQUDaiA+hqGtEQlJfNTp9YJ1rpW0EsdUVozdTfExkNlRqHvu4MKQ7VojcV//O6KQaXXsajJEWI2HxRkAoLY2uag9XnEhiKsSaUSa5vtdiQSspQp1XUITiLLy+T1lnVOa/Wbmvl+lUeR4EckWNSIQ65IHVyQxqkSRh5IM/klbwZT8aL8W58zFtXjHzmkPyB8fkDTTGUCg==</latexit>

�(like)

<latexit sha1_base64="NZ5r9yyCp093CjqKK3hxiaQJbDM=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRahXkoiRT0WvXisYD+gCWWz3bRLN5uwO5G2IX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zM82POFNj2t1HY2Nza3inulvb2Dw6PzONyW0WJJLRFIh7Jro8V5UzQFjDgtBtLikOf044/vpv7nScqFYvEI0xj6oV4KFjACAYt9c2yG49Y1QU6gTRmsxnOLvpmxa7ZC1jrxMlJBeVo9s0vdxCRJKQCCMdK9Rw7Bi/FEhjhNCu5iaIxJmM8pD1NBQ6p8tLF7Zl1rpWBFURSlwBrof6eSHGo1DT0dWeIYaRWvbn4n9dLILjxUibiBKggy0VBwi2IrHkQ1oBJSoBPNcFEMn2rRUZYYgI6rpIOwVl9eZ20L2vOVa3+UK80bvM4iugUnaEqctA1aqB71EQtRNAEPaNX9GZkxovxbnwsWwtGPnOC/sD4/AFJYpSd</latexit>

�(pizza)

softmax
p(EOS)

<latexit sha1_base64="AUVkrDYewO5qTZ9Lfm31D1Ydir4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOrX+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqt5ltXZfq9Rv8jiKcAKncA4eXEEd7qABTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QP6u42c</latexit>

h4

=
<latexit sha1_base64="TKOFNH7ZqVFPH74C0zjYT5ZxVz0="></latexit>

�L(xn | x1, . . . , xn�1)

�h1

<latexit sha1_base64="m/qjgLnwh0mbmozF8A+7k7IQDkw="></latexit>

�h2

�h1
⇥ �L(xn | x1, . . . , xn�1)

�h2

Chain rule

<latexit sha1_base64="WJDmFTUH107p7jQn3Q3nTIq0TqY="></latexit>

L(xn | x1, . . . , xn�1) = � log p(xn | x1, . . . , xn�1; ✓)

<latexit sha1_base64="2M0Nh1FoWKkVLy43wWTqvigycb4="></latexit>

�h4

�h3
⇥ �L(xn | x1, . . . , xn�1)

�h4

<latexit sha1_base64="OOYWpREmlzY3W1GRqCd2aNq7lZY="></latexit>

�h3

�h2
⇥ �L(xn | x1, . . . , xn�1)

�h3



Vanishing Gradients

<latexit sha1_base64="Vvgug9PlYclpnpFfGwe9WkGni6I=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOq7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH0q42Y</latexit>

h0
<latexit sha1_base64="Q69zUJ/7O7PPSb7TRfziid/XESo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOp7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH2L42Z</latexit>

h1

<latexit sha1_base64="+ICSjFUlmKarMSDpltF8Q3vQhPM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2lpoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgbjm5n/+IRK81g+mEmCfkSHkoecUWOl+1G/1i9X3Ko7B1klXk4qkKPZL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOiVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhFd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHplGwI3vLLq6Rdq3oX1fpdvdK4zuMowgmcwjl4cAkNuIUmtIDBEJ7hFd4c4bw4787HorXg5DPH8AfO5w/3s42a</latexit>

h2

MLP

BOS

I

like

<latexit sha1_base64="ETa/0iF58Af8pmAcy+yXcpU+Tso=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTS/ah/3i9X3Ko7B/lLvJxUIEejX/7sDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5scqAhLG2pZDM1Z8TGY2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyX9I6q3oX1dpdrVK/zuMowhEcwyl4cAl1uIUGNIHBEJ7gBV4d6Tw7b877orXg5DOH8AvOxzf5N42b</latexit>

h3

pizza

<latexit sha1_base64="z5OCZYCqIFe3SaWNFcu+CnQ47Zk=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiRS1GWpG3dWtA9oQplMJ+3QyYOZG2kJ+RU3LhRx64+482+ctllo64ELh3Pu5d57vFhwBZb1baytb2xubRd2irt7+weH5lGpraJEUtaikYhk1yOKCR6yFnAQrBtLRgJPsI43vpn5nScmFY/CR5jGzA3IMOQ+pwS01DdLTjziFQfYBADSxt1Ddt43y1bVmgOvEjsnZZSj2Te/nEFEk4CFQAVRqmdbMbgpkcCpYFnRSRSLCR2TIetpGpKAKTed357hM60MsB9JXSHgufp7IiWBUtPA050BgZFa9mbif14vAf/aTXkYJ8BCuljkJwJDhGdB4AGXjIKYakKo5PpWTEdEEgo6rqIOwV5+eZW0L6r2ZbV2XyvXG3kcBXSCTlEF2egK1dEtaqIWomiCntErejMy48V4Nz4WrWtGPnOM/sD4/AGzj5Q7</latexit>

�(BOS)

<latexit sha1_base64="pnoNgZGpvMyQKP6TiYLQZQnL/LM=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBDiJexKUI9BL3qLYB6QXcPspJMMmX0w06uGJf/hxYMiXv0Xb/6Nk2QPmljQUFR1093lx1JotO1va2l5ZXVtPbeR39za3tkt7O03dJQoDnUeyUi1fKZBihDqKFBCK1bAAl9C0x9eTfzmAygtovAORzF4AeuHoic4QyPdu/FAlFyEJ0xvxiedQtEu21PQReJkpEgy1DqFL7cb8SSAELlkWrcdO0YvZQoFlzDOu4mGmPEh60Pb0JAFoL10evWYHhulS3uRMhUinaq/J1IWaD0KfNMZMBzoeW8i/ue1E+xdeKkI4wQh5LNFvURSjOgkAtoVCjjKkSGMK2FupXzAFONogsqbEJz5lxdJ47TsnJUrt5Vi9TKLI0cOyREpEYeckyq5JjVSJ5wo8kxeyZv1aL1Y79bHrHXJymYOyB9Ynz9ERZJf</latexit>

�(I)
<latexit sha1_base64="01opeESlquto088SFMjFW3bP52s=">AAAB+nicbVBNS8NAEN34WetXqkcvwSLUS0mkqMeiF48V7Ac0oWy2k3bp5oPdiVpif4oXD4p49Zd489+4bXPQ1gcDj/dmmJnnJ4IrtO1vY2V1bX1js7BV3N7Z3ds3SwctFaeSQZPFIpYdnyoQPIImchTQSSTQ0BfQ9kfXU799D1LxOLrDcQJeSAcRDzijqKWeWXKTIa+4CI+YCT6CyWnPLNtVewZrmTg5KZMcjZ755fZjloYQIRNUqa5jJ+hlVCJnAiZFN1WQUDaiA+hqGtEQlJfNTp9YJ1rpW0EsdUVozdTfExkNlRqHvu4MKQ7VojcV//O6KQaXXsajJEWI2HxRkAoLY2uag9XnEhiKsSaUSa5vtdiQSspQp1XUITiLLy+T1lnVOa/Wbmvl+lUeR4EckWNSIQ65IHVyQxqkSRh5IM/klbwZT8aL8W58zFtXjHzmkPyB8fkDTTGUCg==</latexit>

�(like)

<latexit sha1_base64="NZ5r9yyCp093CjqKK3hxiaQJbDM=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRahXkoiRT0WvXisYD+gCWWz3bRLN5uwO5G2IX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zM82POFNj2t1HY2Nza3inulvb2Dw6PzONyW0WJJLRFIh7Jro8V5UzQFjDgtBtLikOf044/vpv7nScqFYvEI0xj6oV4KFjACAYt9c2yG49Y1QU6gTRmsxnOLvpmxa7ZC1jrxMlJBeVo9s0vdxCRJKQCCMdK9Rw7Bi/FEhjhNCu5iaIxJmM8pD1NBQ6p8tLF7Zl1rpWBFURSlwBrof6eSHGo1DT0dWeIYaRWvbn4n9dLILjxUibiBKggy0VBwi2IrHkQ1oBJSoBPNcFEMn2rRUZYYgI6rpIOwVl9eZ20L2vOVa3+UK80bvM4iugUnaEqctA1aqB71EQtRNAEPaNX9GZkxovxbnwsWwtGPnOC/sD4/AFJYpSd</latexit>

�(pizza)

softmax
p(EOS)

<latexit sha1_base64="AUVkrDYewO5qTZ9Lfm31D1Ydir4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOrX+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqt5ltXZfq9Rv8jiKcAKncA4eXEEd7qABTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QP6u42c</latexit>

h4

=
<latexit sha1_base64="TKOFNH7ZqVFPH74C0zjYT5ZxVz0="></latexit>

�L(xn | x1, . . . , xn�1)

�h1

<latexit sha1_base64="m/qjgLnwh0mbmozF8A+7k7IQDkw="></latexit>

�h2

�h1
⇥ �L(xn | x1, . . . , xn�1)

�h2

<latexit sha1_base64="WJDmFTUH107p7jQn3Q3nTIq0TqY="></latexit>

L(xn | x1, . . . , xn�1) = � log p(xn | x1, . . . , xn�1; ✓)

<latexit sha1_base64="2M0Nh1FoWKkVLy43wWTqvigycb4="></latexit>

�h4

�h3
⇥ �L(xn | x1, . . . , xn�1)

�h4

<latexit sha1_base64="OOYWpREmlzY3W1GRqCd2aNq7lZY="></latexit>

�h3

�h2
⇥ �L(xn | x1, . . . , xn�1)

�h3

<latexit sha1_base64="EguGRPk0vYFZ0eB7gbNXu467s8c="></latexit>

�hi

�hi�1
= diag (�0(f(hi�1)))Wh

<latexit sha1_base64="aDiFGH5o86KW/149GIj/oME+3Pw="></latexit>

�L(xi | x1, . . . , xi�1)

�hj
=

�L(xi | x1, . . . , xi�1)

�hi

Y

j<ti

�ht

�ht�1

<latexit sha1_base64="EguGRPk0vYFZ0eB7gbNXu467s8c="></latexit>

�hi

�hi�1
= diag (�0(f(hi�1)))Wh

<latexit sha1_base64="aDiFGH5o86KW/149GIj/oME+3Pw="></latexit>

�L(xi | x1, . . . , xi�1)

�hj
=

�L(xi | x1, . . . , xi�1)

�hi

Y

j<ti

�ht

�ht�1

<latexit sha1_base64="YoDPmbJljiV3jpWMmk+zyCfb3WE=">AAACGXicbVDLSgMxFM3UV62vUZdugkVoEcuMSHUjFN24rGA7hc4QMmnaCc08SDJiGfobbvwVNy4Ucakr/8a0nYW2Hrhwcs695N7jJ5xJZVnfRmFpeWV1rbhe2tjc2t4xd/faMk4FoS0S81h0fCwpZxFtKaY47SSC4tDn1PGH1xPfuadCsji6U6OEeiEeRKzPCFZaQqYVIAYvoSvZIMSw4qAABihjJ/YYHkMHUegmAas8IFbVbx/ZVWSWrZo1BVwkdk7KIEcTmZ9uLyZpSCNFOJaya1uJ8jIsFCOcjktuKmmCyRAPaFfTCIdUetn0sjE80koP9mOhK1Jwqv6eyHAo5Sj0dWeIVSDnvYn4n9dNVf/Cy1iUpIpGZPZRP+VQxXASE+wxQYniI00wEUzvCkmABSZKh1nSIdjzJy+S9mnNrtfqt2flxlUeRxEcgENQATY4Bw1wA5qgBQh4BM/gFbwZT8aL8W58zFoLRj6zD/7A+PoB3H6dFg==</latexit>

hi = �(Whhi�1 +We�(xi) + b1)
<latexit sha1_base64="rPRh72y9odiiS1Ciyc5QoSldbO4=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VoEUMiUt0IRTcuK9gHtCFMppNm6GQSZiZiCf0LN/6KGxeKuNWdf+O0zUJbLwycx73cucdPGJXKtr+NwtLyyupacb20sbm1vWPu7rVknApMmjhmsej4SBJGOWkqqhjpJIKgyGek7Q+vJ377nghJY36nRglxIzTgNKAYKS15phVUQi+jJ864Ci9h2wthTuGxZgT2kpBWHjxa1dz3HM8s25Y9LbgInByUQV4Nz/zq9WOcRoQrzJCUXcdOlJshoShmZFzqpZIkCA/RgHQ15Cgi0s2md43hkVb6MIiFflzBqfp7IkORlKPI150RUqGc9ybif143VcGFm1GepIpwPFsUpAyqGE5Cgn0qCFZspAHCguq/QhwigbDSUZZ0CM78yYugdWo5Nat2e1auX+VxFMEBOAQV4IBzUAc3oAGaAINH8AxewZvxZLwY78bHrLVg5DP74E8Znz8s0Zwx</latexit>

f(hi�1) = Whhi�1 +We�(xi) + b1



If the values of 
the weight matrix 
are too small, 
gradients will get 
exponentially 
small

Vanishing Gradients

<latexit sha1_base64="Vvgug9PlYclpnpFfGwe9WkGni6I=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOq7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH0q42Y</latexit>

h0
<latexit sha1_base64="Q69zUJ/7O7PPSb7TRfziid/XESo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOp7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH2L42Z</latexit>

h1

<latexit sha1_base64="+ICSjFUlmKarMSDpltF8Q3vQhPM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2lpoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgbjm5n/+IRK81g+mEmCfkSHkoecUWOl+1G/1i9X3Ko7B1klXk4qkKPZL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOiVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhFd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHplGwI3vLLq6Rdq3oX1fpdvdK4zuMowgmcwjl4cAkNuIUmtIDBEJ7hFd4c4bw4787HorXg5DPH8AfO5w/3s42a</latexit>

h2

MLP

BOS

I

like

<latexit sha1_base64="ETa/0iF58Af8pmAcy+yXcpU+Tso=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTS/ah/3i9X3Ko7B/lLvJxUIEejX/7sDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5scqAhLG2pZDM1Z8TGY2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyX9I6q3oX1dpdrVK/zuMowhEcwyl4cAl1uIUGNIHBEJ7gBV4d6Tw7b877orXg5DOH8AvOxzf5N42b</latexit>

h3

pizza

<latexit sha1_base64="z5OCZYCqIFe3SaWNFcu+CnQ47Zk=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiRS1GWpG3dWtA9oQplMJ+3QyYOZG2kJ+RU3LhRx64+482+ctllo64ELh3Pu5d57vFhwBZb1baytb2xubRd2irt7+weH5lGpraJEUtaikYhk1yOKCR6yFnAQrBtLRgJPsI43vpn5nScmFY/CR5jGzA3IMOQ+pwS01DdLTjziFQfYBADSxt1Ddt43y1bVmgOvEjsnZZSj2Te/nEFEk4CFQAVRqmdbMbgpkcCpYFnRSRSLCR2TIetpGpKAKTed357hM60MsB9JXSHgufp7IiWBUtPA050BgZFa9mbif14vAf/aTXkYJ8BCuljkJwJDhGdB4AGXjIKYakKo5PpWTEdEEgo6rqIOwV5+eZW0L6r2ZbV2XyvXG3kcBXSCTlEF2egK1dEtaqIWomiCntErejMy48V4Nz4WrWtGPnOM/sD4/AGzj5Q7</latexit>

�(BOS)

<latexit sha1_base64="pnoNgZGpvMyQKP6TiYLQZQnL/LM=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBDiJexKUI9BL3qLYB6QXcPspJMMmX0w06uGJf/hxYMiXv0Xb/6Nk2QPmljQUFR1093lx1JotO1va2l5ZXVtPbeR39za3tkt7O03dJQoDnUeyUi1fKZBihDqKFBCK1bAAl9C0x9eTfzmAygtovAORzF4AeuHoic4QyPdu/FAlFyEJ0xvxiedQtEu21PQReJkpEgy1DqFL7cb8SSAELlkWrcdO0YvZQoFlzDOu4mGmPEh60Pb0JAFoL10evWYHhulS3uRMhUinaq/J1IWaD0KfNMZMBzoeW8i/ue1E+xdeKkI4wQh5LNFvURSjOgkAtoVCjjKkSGMK2FupXzAFONogsqbEJz5lxdJ47TsnJUrt5Vi9TKLI0cOyREpEYeckyq5JjVSJ5wo8kxeyZv1aL1Y79bHrHXJymYOyB9Ynz9ERZJf</latexit>

�(I)
<latexit sha1_base64="01opeESlquto088SFMjFW3bP52s=">AAAB+nicbVBNS8NAEN34WetXqkcvwSLUS0mkqMeiF48V7Ac0oWy2k3bp5oPdiVpif4oXD4p49Zd489+4bXPQ1gcDj/dmmJnnJ4IrtO1vY2V1bX1js7BV3N7Z3ds3SwctFaeSQZPFIpYdnyoQPIImchTQSSTQ0BfQ9kfXU799D1LxOLrDcQJeSAcRDzijqKWeWXKTIa+4CI+YCT6CyWnPLNtVewZrmTg5KZMcjZ755fZjloYQIRNUqa5jJ+hlVCJnAiZFN1WQUDaiA+hqGtEQlJfNTp9YJ1rpW0EsdUVozdTfExkNlRqHvu4MKQ7VojcV//O6KQaXXsajJEWI2HxRkAoLY2uag9XnEhiKsSaUSa5vtdiQSspQp1XUITiLLy+T1lnVOa/Wbmvl+lUeR4EckWNSIQ65IHVyQxqkSRh5IM/klbwZT8aL8W58zFtXjHzmkPyB8fkDTTGUCg==</latexit>

�(like)

<latexit sha1_base64="NZ5r9yyCp093CjqKK3hxiaQJbDM=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRahXkoiRT0WvXisYD+gCWWz3bRLN5uwO5G2IX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zM82POFNj2t1HY2Nza3inulvb2Dw6PzONyW0WJJLRFIh7Jro8V5UzQFjDgtBtLikOf044/vpv7nScqFYvEI0xj6oV4KFjACAYt9c2yG49Y1QU6gTRmsxnOLvpmxa7ZC1jrxMlJBeVo9s0vdxCRJKQCCMdK9Rw7Bi/FEhjhNCu5iaIxJmM8pD1NBQ6p8tLF7Zl1rpWBFURSlwBrof6eSHGo1DT0dWeIYaRWvbn4n9dLILjxUibiBKggy0VBwi2IrHkQ1oBJSoBPNcFEMn2rRUZYYgI6rpIOwVl9eZ20L2vOVa3+UK80bvM4iugUnaEqctA1aqB71EQtRNAEPaNX9GZkxovxbnwsWwtGPnOC/sD4/AFJYpSd</latexit>

�(pizza)

softmax
p(EOS)

<latexit sha1_base64="AUVkrDYewO5qTZ9Lfm31D1Ydir4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOrX+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqt5ltXZfq9Rv8jiKcAKncA4eXEEd7qABTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QP6u42c</latexit>

h4

=
<latexit sha1_base64="TKOFNH7ZqVFPH74C0zjYT5ZxVz0="></latexit>

�L(xn | x1, . . . , xn�1)

�h1

<latexit sha1_base64="m/qjgLnwh0mbmozF8A+7k7IQDkw="></latexit>

�h2

�h1
⇥ �L(xn | x1, . . . , xn�1)

�h2

<latexit sha1_base64="WJDmFTUH107p7jQn3Q3nTIq0TqY="></latexit>

L(xn | x1, . . . , xn�1) = � log p(xn | x1, . . . , xn�1; ✓)

<latexit sha1_base64="2M0Nh1FoWKkVLy43wWTqvigycb4="></latexit>

�h4

�h3
⇥ �L(xn | x1, . . . , xn�1)

�h4

<latexit sha1_base64="OOYWpREmlzY3W1GRqCd2aNq7lZY="></latexit>

�h3

�h2
⇥ �L(xn | x1, . . . , xn�1)

�h3

<latexit sha1_base64="aDiFGH5o86KW/149GIj/oME+3Pw="></latexit>

�L(xi | x1, . . . , xi�1)

�hj
=

�L(xi | x1, . . . , xi�1)

�hi

Y

j<ti

�ht

�ht�1

<latexit sha1_base64="EguGRPk0vYFZ0eB7gbNXu467s8c="></latexit>

�hi

�hi�1
= diag (�0(f(hi�1)))Wh

<latexit sha1_base64="6yzdJDQhmzK0XjjaEyiiZmeFmcw="></latexit> Y

j<ti

Wh

Y

j<ti

diag(�0(f(hi�1))

<latexit sha1_base64="p6dvaBObvmQItsf+M99CF8TytzI="></latexit>

W i�j
h

Y

j<ti

diag(�0(f(hi�1))



RNN Problems

• Vanishing gradients: gradient signal from many 
timesteps in the future is negligible compared to gradient 
signal from nearby tokens

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 …

Example from Stanford cs224n



RNN Problems

• Vanishing gradients: gradient signal from many 
timesteps in the future is negligible compared to gradient 
signal from nearby tokens 

• Exploding gradients: if the activations are too big, the 
gradients become too big, and the values of the weights 
become too big, eventually getting values closer to ∞ 

• Can solve using gradient clipping (if the norm of the 
gradient is greater than a threshold, clamp its value or 
scale it down)



Hidden state is updated the same way at every 
step. The update doesn’t depend on the new 
information coming from xi

Long Short-Term Memory
<latexit sha1_base64="D6gPA/ewXkIAWPnvR+L6HN5Sghg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh6LXjxWsB/QhrLZTtqlm03Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzSRBP6JDyUPOqLFSe9TP+IU37ZcrbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n83PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwhs/4zJJDUq2WBSmgpiYzH4nA66QGTGxhDLF7a2EjaiizNiESjYEb/nlVdK6rHpX1dpDrVK/zeMowgmcwjl4cA11uIcGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx/sDo9P</latexit>

hi�1

<latexit sha1_base64="KRokkjaRfqow4ZXJKKHmahOSn10=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOrzfrniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa2Lqler1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gBLwo3T</latexit>

hi

<latexit sha1_base64="YoDPmbJljiV3jpWMmk+zyCfb3WE=">AAACGXicbVDLSgMxFM3UV62vUZdugkVoEcuMSHUjFN24rGA7hc4QMmnaCc08SDJiGfobbvwVNy4Ucakr/8a0nYW2Hrhwcs695N7jJ5xJZVnfRmFpeWV1rbhe2tjc2t4xd/faMk4FoS0S81h0fCwpZxFtKaY47SSC4tDn1PGH1xPfuadCsji6U6OEeiEeRKzPCFZaQqYVIAYvoSvZIMSw4qAABihjJ/YYHkMHUegmAas8IFbVbx/ZVWSWrZo1BVwkdk7KIEcTmZ9uLyZpSCNFOJaya1uJ8jIsFCOcjktuKmmCyRAPaFfTCIdUetn0sjE80koP9mOhK1Jwqv6eyHAo5Sj0dWeIVSDnvYn4n9dNVf/Cy1iUpIpGZPZRP+VQxXASE+wxQYniI00wEUzvCkmABSZKh1nSIdjzJy+S9mnNrtfqt2flxlUeRxEcgENQATY4Bw1wA5qgBQh4BM/gFbwZT8aL8W58zFoLRj6zD/7A+PoB3H6dFg==</latexit>

hi = �(Whhi�1 +We�(xi) + b1)

<latexit sha1_base64="1nOh/k7a8HKHiMeBSo52MnYpGYs=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qkneqWyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Ci b5pNhNDU8oG9EB71iqaMSNn81OnZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9G/SF5ozlGNLKNPC3krYkGrK0KZTtCF4iy8vk+Z5xatWqncX5dp1HkcBjuEEzsCDS6jBLdShAQwG8Ayv8OZI58V5dz7mrStOPnMEf+B8/gBkIo3j</latexit>xi

<latexit sha1_base64="qRhb1xFGYZYtvTXyIkaoqR/nlOg=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjBfsh7VKyabYNTbJLkhXL0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8c3Mbz9SpVkk780kpr7AQ8lCRrCx0kMvHrHyU5+d94slt+LOgVaJl5ESZGj0i1+9QUQSQaUhHGvd9dzY+ClWhhFOp4VeommMyRgPaddSiQXVfjo/eIrOrDJAYaRsSYPm6u+JFAutJyKwnQKbkV72ZuJ/Xjcx4ZWfMhknhkqyWBQmHJkIzb5HA6YoMXxiCSaK2VsRGWGFibEZFWwI3vLLq6R1UfFqldpdtVS/zuLIwwmcQhk8uIQ63EIDmkBAwDO8wpujnBfn3flYtOacbOYY/sD5/AE68ZAN</latexit>

�(xi)

Basic RNN



Long Short-Term Memory
<latexit sha1_base64="D6gPA/ewXkIAWPnvR+L6HN5Sghg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh6LXjxWsB/QhrLZTtqlm03Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzSRBP6JDyUPOqLFSe9TP+IU37ZcrbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n83PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwhs/4zJJDUq2WBSmgpiYzH4nA66QGTGxhDLF7a2EjaiizNiESjYEb/nlVdK6rHpX1dpDrVK/zeMowgmcwjl4cA11uIcGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx/sDo9P</latexit>

hi�1

<latexit sha1_base64="1nOh/k7a8HKHiMeBSo52MnYpGYs=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qkneqWyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Ci b5pNhNDU8oG9EB71iqaMSNn81OnZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9G/SF5ozlGNLKNPC3krYkGrK0KZTtCF4iy8vk+Z5xatWqncX5dp1HkcBjuEEzsCDS6jBLdShAQwG8Ayv8OZI58V5dz7mrStOPnMEf+B8/gBkIo3j</latexit>xi

<latexit sha1_base64="qRhb1xFGYZYtvTXyIkaoqR/nlOg=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjBfsh7VKyabYNTbJLkhXL0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8c3Mbz9SpVkk780kpr7AQ8lCRrCx0kMvHrHyU5+d94slt+LOgVaJl5ESZGj0i1+9QUQSQaUhHGvd9dzY+ClWhhFOp4VeommMyRgPaddSiQXVfjo/eIrOrDJAYaRsSYPm6u+JFAutJyKwnQKbkV72ZuJ/Xjcx4ZWfMhknhkqyWBQmHJkIzb5HA6YoMXxiCSaK2VsRGWGFibEZFWwI3vLLq6R1UfFqldpdtVS/zuLIwwmcQhk8uIQ63EIDmkBAwDO8wpujnBfn3flYtOacbOYY/sD5/AE68ZAN</latexit>

�(xi)

LSTM
<latexit sha1_base64="M0JOvZbU6NA9lupyNVdFdZFP8Gk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURqR6LXjxWsB/QhrLZTtqlm03Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzSRBP6JDyUPOqLFSm/UzfuFN++WKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/Nzp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms9/JgCtkRkwsoUxxeythI6ooMzahkg3BW355lbQuq16tWnu4qtRv8ziKcAKncA4eXEMd7qEBTWAwhmd4hTcncV6cd+dj0Vpw8plj+APn8wflAI9M</latexit>ci�1 Cell memory: same 

size as hidden state
New cell content: information 
added from new token

<latexit sha1_base64="OLmoGNj5YL1jgcatKRLNXpo+HnM=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUDabTbt0sxt2J0IJ/RlePCji1V/jzX/jts1Bqw8GHu/NMDMvTAU36HlfTmltfWNzq7xd2dnd2z+oHh51jMo0ZW2qhNK9kBgmuGRt5ChYL9WMJKFg3XByO/e7j0wbruQDTlMWJGQkecwpQSv1B8hFxHI6G/JhtebVvQXcv8QvSA0KtIbVz0GkaJYwiVQQY/q+l2KQE42cCjarDDLDUkInZMT6lkqSMBPki5Nn7plVIjdW2pZEd6H+nMhJYsw0CW1nQnBsVr25+J/XzzC+DnIu0wyZpMtFcSZcVO78fzfimlEUU0sI1dze6tIx0YSiTaliQ/BXX/5LOhd1v1Fv3F/WmjdFHGU4gVM4Bx+uoAl30II2UFDwBC/w6qDz7Lw578vWklPMHMMvOB/fqBCRhA==</latexit>

c̃i
<latexit sha1_base64="9014JPUTZ+Prqm9DzNPJXlLidSM="></latexit>

c̃i = tanh (Wchi�1 + Ucxi + bc)



Long Short-Term Memory
<latexit sha1_base64="D6gPA/ewXkIAWPnvR+L6HN5Sghg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh6LXjxWsB/QhrLZTtqlm03Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzSRBP6JDyUPOqLFSe9TP+IU37ZcrbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n83PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwhs/4zJJDUq2WBSmgpiYzH4nA66QGTGxhDLF7a2EjaiizNiESjYEb/nlVdK6rHpX1dpDrVK/zeMowgmcwjl4cA11uIcGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx/sDo9P</latexit>

hi�1

<latexit sha1_base64="1nOh/k7a8HKHiMeBSo52MnYpGYs=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qkneqWyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Ci b5pNhNDU8oG9EB71iqaMSNn81OnZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9G/SF5ozlGNLKNPC3krYkGrK0KZTtCF4iy8vk+Z5xatWqncX5dp1HkcBjuEEzsCDS6jBLdShAQwG8Ayv8OZI58V5dz7mrStOPnMEf+B8/gBkIo3j</latexit>xi

<latexit sha1_base64="qRhb1xFGYZYtvTXyIkaoqR/nlOg=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjBfsh7VKyabYNTbJLkhXL0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8c3Mbz9SpVkk780kpr7AQ8lCRrCx0kMvHrHyU5+d94slt+LOgVaJl5ESZGj0i1+9QUQSQaUhHGvd9dzY+ClWhhFOp4VeommMyRgPaddSiQXVfjo/eIrOrDJAYaRsSYPm6u+JFAutJyKwnQKbkV72ZuJ/Xjcx4ZWfMhknhkqyWBQmHJkIzb5HA6YoMXxiCSaK2VsRGWGFibEZFWwI3vLLq6R1UfFqldpdtVS/zuLIwwmcQhk8uIQ63EIDmkBAwDO8wpujnBfn3flYtOacbOYY/sD5/AE68ZAN</latexit>

�(xi)

LSTM
<latexit sha1_base64="M0JOvZbU6NA9lupyNVdFdZFP8Gk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURqR6LXjxWsB/QhrLZTtqlm03Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzSRBP6JDyUPOqLFSm/UzfuFN++WKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/Nzp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms9/JgCtkRkwsoUxxeythI6ooMzahkg3BW355lbQuq16tWnu4qtRv8ziKcAKncA4eXEMd7qEBTWAwhmd4hTcncV6cd+dj0Vpw8plj+APn8wflAI9M</latexit>ci�1 Cell memory: same 

size as hidden state

<latexit sha1_base64="1QhavJBwEDmou4sL96qGQgmeiCs=">AAACE3icbVDLSgMxFM34rPU16tJNsAjVYpkRqW6EohuXFZy20JYhk2ba0CQzJBmxDP0HN/6KGxeKuHXjzr8xbWehrQcunJxzL7n3BDGjSjvOt7WwuLS8sppby69vbG5t2zu7dRUlEhMPRyySzQApwqggnqaakWYsCeIBI41gcD32G/dEKhqJOz2MSYejnqAhxUgbybePQ5/CS9hWtMcRLDb8EPb9lJ64I1iCnnk9GL8EAz888u2CU3YmgPPEzUgBZKj59le7G+GEE6ExQ0q1XCfWnRRJTTEjo3w7USRGeIB6pGWoQJyoTjq5aQQPjdKFYSRNCQ0n6u+JFHGlhjwwnRzpvpr1xuJ/XivR4UUnpSJONBF4+lGYMKgjOA4IdqkkWLOhIQhLanaFuI8kwtrEmDchuLMnz5P6admtlCu3Z4XqVRZHDuyDA1AELjgHVXADasADGDyCZ/AK3qwn68V6tz6mrQtWNrMH/sD6/AEDSJsc</latexit>

fi = �(Wfhi�1 + Ufxi + bf )

<latexit sha1_base64="u5M1CNyuvJ+/CCVNZn6zxjN1mOc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh7Av+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBIto3R</latexit>

fi

“Forget” gate: what information 
should be removed from or kept 
in the memory?

New cell content: information 
added from new token

<latexit sha1_base64="OLmoGNj5YL1jgcatKRLNXpo+HnM=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUDabTbt0sxt2J0IJ/RlePCji1V/jzX/jts1Bqw8GHu/NMDMvTAU36HlfTmltfWNzq7xd2dnd2z+oHh51jMo0ZW2qhNK9kBgmuGRt5ChYL9WMJKFg3XByO/e7j0wbruQDTlMWJGQkecwpQSv1B8hFxHI6G/JhtebVvQXcv8QvSA0KtIbVz0GkaJYwiVQQY/q+l2KQE42cCjarDDLDUkInZMT6lkqSMBPki5Nn7plVIjdW2pZEd6H+nMhJYsw0CW1nQnBsVr25+J/XzzC+DnIu0wyZpMtFcSZcVO78fzfimlEUU0sI1dze6tIx0YSiTaliQ/BXX/5LOhd1v1Fv3F/WmjdFHGU4gVM4Bx+uoAl30II2UFDwBC/w6qDz7Lw578vWklPMHMMvOB/fqBCRhA==</latexit>

c̃i
<latexit sha1_base64="9014JPUTZ+Prqm9DzNPJXlLidSM="></latexit>

c̃i = tanh (Wchi�1 + Ucxi + bc)



Long Short-Term Memory
<latexit sha1_base64="D6gPA/ewXkIAWPnvR+L6HN5Sghg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh6LXjxWsB/QhrLZTtqlm03Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzSRBP6JDyUPOqLFSe9TP+IU37ZcrbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n83PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwhs/4zJJDUq2WBSmgpiYzH4nA66QGTGxhDLF7a2EjaiizNiESjYEb/nlVdK6rHpX1dpDrVK/zeMowgmcwjl4cA11uIcGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx/sDo9P</latexit>

hi�1

<latexit sha1_base64="1nOh/k7a8HKHiMeBSo52MnYpGYs=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qkneqWyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Ci b5pNhNDU8oG9EB71iqaMSNn81OnZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9G/SF5ozlGNLKNPC3krYkGrK0KZTtCF4iy8vk+Z5xatWqncX5dp1HkcBjuEEzsCDS6jBLdShAQwG8Ayv8OZI58V5dz7mrStOPnMEf+B8/gBkIo3j</latexit>xi

<latexit sha1_base64="qRhb1xFGYZYtvTXyIkaoqR/nlOg=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjBfsh7VKyabYNTbJLkhXL0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8c3Mbz9SpVkk780kpr7AQ8lCRrCx0kMvHrHyU5+d94slt+LOgVaJl5ESZGj0i1+9QUQSQaUhHGvd9dzY+ClWhhFOp4VeommMyRgPaddSiQXVfjo/eIrOrDJAYaRsSYPm6u+JFAutJyKwnQKbkV72ZuJ/Xjcx4ZWfMhknhkqyWBQmHJkIzb5HA6YoMXxiCSaK2VsRGWGFibEZFWwI3vLLq6R1UfFqldpdtVS/zuLIwwmcQhk8uIQ63EIDmkBAwDO8wpujnBfn3flYtOacbOYY/sD5/AE68ZAN</latexit>

�(xi)

LSTM
<latexit sha1_base64="M0JOvZbU6NA9lupyNVdFdZFP8Gk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURqR6LXjxWsB/QhrLZTtqlm03Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzSRBP6JDyUPOqLFSm/UzfuFN++WKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/Nzp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms9/JgCtkRkwsoUxxeythI6ooMzahkg3BW355lbQuq16tWnu4qtRv8ziKcAKncA4eXEMd7qEBTWAwhmd4hTcncV6cd+dj0Vpw8plj+APn8wflAI9M</latexit>ci�1 Cell memory: same 

size as hidden state

<latexit sha1_base64="1QhavJBwEDmou4sL96qGQgmeiCs=">AAACE3icbVDLSgMxFM34rPU16tJNsAjVYpkRqW6EohuXFZy20JYhk2ba0CQzJBmxDP0HN/6KGxeKuHXjzr8xbWehrQcunJxzL7n3BDGjSjvOt7WwuLS8sppby69vbG5t2zu7dRUlEhMPRyySzQApwqggnqaakWYsCeIBI41gcD32G/dEKhqJOz2MSYejnqAhxUgbybePQ5/CS9hWtMcRLDb8EPb9lJ64I1iCnnk9GL8EAz888u2CU3YmgPPEzUgBZKj59le7G+GEE6ExQ0q1XCfWnRRJTTEjo3w7USRGeIB6pGWoQJyoTjq5aQQPjdKFYSRNCQ0n6u+JFHGlhjwwnRzpvpr1xuJ/XivR4UUnpSJONBF4+lGYMKgjOA4IdqkkWLOhIQhLanaFuI8kwtrEmDchuLMnz5P6admtlCu3Z4XqVRZHDuyDA1AELjgHVXADasADGDyCZ/AK3qwn68V6tz6mrQtWNrMH/sD6/AEDSJsc</latexit>

fi = �(Wfhi�1 + Ufxi + bf )

<latexit sha1_base64="u5M1CNyuvJ+/CCVNZn6zxjN1mOc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh7Av+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBIto3R</latexit>

fi

“Forget” gate: what information 
should be removed from or kept 
in the memory?

New cell content: information 
added from new token

<latexit sha1_base64="OLmoGNj5YL1jgcatKRLNXpo+HnM=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUDabTbt0sxt2J0IJ/RlePCji1V/jzX/jts1Bqw8GHu/NMDMvTAU36HlfTmltfWNzq7xd2dnd2z+oHh51jMo0ZW2qhNK9kBgmuGRt5ChYL9WMJKFg3XByO/e7j0wbruQDTlMWJGQkecwpQSv1B8hFxHI6G/JhtebVvQXcv8QvSA0KtIbVz0GkaJYwiVQQY/q+l2KQE42cCjarDDLDUkInZMT6lkqSMBPki5Nn7plVIjdW2pZEd6H+nMhJYsw0CW1nQnBsVr25+J/XzzC+DnIu0wyZpMtFcSZcVO78fzfimlEUU0sI1dze6tIx0YSiTaliQ/BXX/5LOhd1v1Fv3F/WmjdFHGU4gVM4Bx+uoAl30II2UFDwBC/w6qDz7Lw578vWklPMHMMvOB/fqBCRhA==</latexit>

c̃i
<latexit sha1_base64="9014JPUTZ+Prqm9DzNPJXlLidSM="></latexit>

c̃i = tanh (Wchi�1 + Ucxi + bc)

“Input” gate: what new 
information should be added to 
the memory?

<latexit sha1_base64="VjaChj9VWptbNv8xX4VyD0oneCA=">AAACH3icbVDLSgMxFM3UV62vqks3wSJUimVGpLoRim5cVrAP6AxDJs20oZkHyR2xDP0TN/6KGxeKiLv+jWk7C209cOHknHu5uceLBVdgmhMjt7K6tr6R3yxsbe/s7hX3D1oqSiRlTRqJSHY8opjgIWsCB8E6sWQk8ARre8Pbqd9+ZFLxKHyAUcycgPRD7nNKQEtuscZdjq+xrXg/INgWzIcybmtt4Kb8zBrjCm7q15OuCvZcbkveH8CpWyyZVXMGvEysjJRQhoZb/LZ7EU0CFgIVRKmuZcbgpEQCp4KNC3aiWEzokPRZV9OQBEw56ey+MT7RSg/7kdQVAp6pvydSEig1CjzdGRAYqEVvKv7ndRPwr5yUh3ECLKTzRX4iMER4GhbucckoiJEmhEqu/4rpgEhCQUda0CFYiycvk9Z51apVa/cXpfpNFkceHaFjVEYWukR1dIcaqIkoekav6B19GC/Gm/FpfM1bc0Y2c4j+wJj8AJp0oEE=</latexit>

ii = � (Wihi�1 + Uixi + bi)
<latexit sha1_base64="aEchhAFUg+LympIj93Uncis+LgA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB9EX/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6tWqtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP01IjdQ=</latexit>

ii



Information to forget  
or keep

New information to add

Long Short-Term Memory
<latexit sha1_base64="D6gPA/ewXkIAWPnvR+L6HN5Sghg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh6LXjxWsB/QhrLZTtqlm03Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzSRBP6JDyUPOqLFSe9TP+IU37ZcrbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n83PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwhs/4zJJDUq2WBSmgpiYzH4nA66QGTGxhDLF7a2EjaiizNiESjYEb/nlVdK6rHpX1dpDrVK/zeMowgmcwjl4cA11uIcGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx/sDo9P</latexit>

hi�1

<latexit sha1_base64="1nOh/k7a8HKHiMeBSo52MnYpGYs=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qkneqWyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Ci b5pNhNDU8oG9EB71iqaMSNn81OnZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9G/SF5ozlGNLKNPC3krYkGrK0KZTtCF4iy8vk+Z5xatWqncX5dp1HkcBjuEEzsCDS6jBLdShAQwG8Ayv8OZI58V5dz7mrStOPnMEf+B8/gBkIo3j</latexit>xi

<latexit sha1_base64="qRhb1xFGYZYtvTXyIkaoqR/nlOg=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjBfsh7VKyabYNTbJLkhXL0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8c3Mbz9SpVkk780kpr7AQ8lCRrCx0kMvHrHyU5+d94slt+LOgVaJl5ESZGj0i1+9QUQSQaUhHGvd9dzY+ClWhhFOp4VeommMyRgPaddSiQXVfjo/eIrOrDJAYaRsSYPm6u+JFAutJyKwnQKbkV72ZuJ/Xjcx4ZWfMhknhkqyWBQmHJkIzb5HA6YoMXxiCSaK2VsRGWGFibEZFWwI3vLLq6R1UfFqldpdtVS/zuLIwwmcQhk8uIQ63EIDmkBAwDO8wpujnBfn3flYtOacbOYY/sD5/AE68ZAN</latexit>

�(xi)

LSTM
<latexit sha1_base64="M0JOvZbU6NA9lupyNVdFdZFP8Gk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURqR6LXjxWsB/QhrLZTtqlm03Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzSRBP6JDyUPOqLFSm/UzfuFN++WKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/Nzp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms9/JgCtkRkwsoUxxeythI6ooMzahkg3BW355lbQuq16tWnu4qtRv8ziKcAKncA4eXEMd7qEBTWAwhmd4hTcncV6cd+dj0Vpw8plj+APn8wflAI9M</latexit>ci�1 Cell memory: same 

size as hidden state

<latexit sha1_base64="1QhavJBwEDmou4sL96qGQgmeiCs=">AAACE3icbVDLSgMxFM34rPU16tJNsAjVYpkRqW6EohuXFZy20JYhk2ba0CQzJBmxDP0HN/6KGxeKuHXjzr8xbWehrQcunJxzL7n3BDGjSjvOt7WwuLS8sppby69vbG5t2zu7dRUlEhMPRyySzQApwqggnqaakWYsCeIBI41gcD32G/dEKhqJOz2MSYejnqAhxUgbybePQ5/CS9hWtMcRLDb8EPb9lJ64I1iCnnk9GL8EAz888u2CU3YmgPPEzUgBZKj59le7G+GEE6ExQ0q1XCfWnRRJTTEjo3w7USRGeIB6pGWoQJyoTjq5aQQPjdKFYSRNCQ0n6u+JFHGlhjwwnRzpvpr1xuJ/XivR4UUnpSJONBF4+lGYMKgjOA4IdqkkWLOhIQhLanaFuI8kwtrEmDchuLMnz5P6admtlCu3Z4XqVRZHDuyDA1AELjgHVXADasADGDyCZ/AK3qwn68V6tz6mrQtWNrMH/sD6/AEDSJsc</latexit>

fi = �(Wfhi�1 + Ufxi + bf )

<latexit sha1_base64="u5M1CNyuvJ+/CCVNZn6zxjN1mOc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh7Av+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBIto3R</latexit>

fi

“Forget” gate: what information 
should be removed from or kept 
in the memory?

New cell content: information 
added from new token

<latexit sha1_base64="OLmoGNj5YL1jgcatKRLNXpo+HnM=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUDabTbt0sxt2J0IJ/RlePCji1V/jzX/jts1Bqw8GHu/NMDMvTAU36HlfTmltfWNzq7xd2dnd2z+oHh51jMo0ZW2qhNK9kBgmuGRt5ChYL9WMJKFg3XByO/e7j0wbruQDTlMWJGQkecwpQSv1B8hFxHI6G/JhtebVvQXcv8QvSA0KtIbVz0GkaJYwiVQQY/q+l2KQE42cCjarDDLDUkInZMT6lkqSMBPki5Nn7plVIjdW2pZEd6H+nMhJYsw0CW1nQnBsVr25+J/XzzC+DnIu0wyZpMtFcSZcVO78fzfimlEUU0sI1dze6tIx0YSiTaliQ/BXX/5LOhd1v1Fv3F/WmjdFHGU4gVM4Bx+uoAl30II2UFDwBC/w6qDz7Lw578vWklPMHMMvOB/fqBCRhA==</latexit>

c̃i
<latexit sha1_base64="9014JPUTZ+Prqm9DzNPJXlLidSM="></latexit>

c̃i = tanh (Wchi�1 + Ucxi + bc)

“Input” gate: what new 
information should be added to 
the memory?

<latexit sha1_base64="VjaChj9VWptbNv8xX4VyD0oneCA=">AAACH3icbVDLSgMxFM3UV62vqks3wSJUimVGpLoRim5cVrAP6AxDJs20oZkHyR2xDP0TN/6KGxeKiLv+jWk7C209cOHknHu5uceLBVdgmhMjt7K6tr6R3yxsbe/s7hX3D1oqSiRlTRqJSHY8opjgIWsCB8E6sWQk8ARre8Pbqd9+ZFLxKHyAUcycgPRD7nNKQEtuscZdjq+xrXg/INgWzIcybmtt4Kb8zBrjCm7q15OuCvZcbkveH8CpWyyZVXMGvEysjJRQhoZb/LZ7EU0CFgIVRKmuZcbgpEQCp4KNC3aiWEzokPRZV9OQBEw56ey+MT7RSg/7kdQVAp6pvydSEig1CjzdGRAYqEVvKv7ndRPwr5yUh3ECLKTzRX4iMER4GhbucckoiJEmhEqu/4rpgEhCQUda0CFYiycvk9Z51apVa/cXpfpNFkceHaFjVEYWukR1dIcaqIkoekav6B19GC/Gm/FpfM1bc0Y2c4j+wJj8AJp0oEE=</latexit>

ii = � (Wihi�1 + Uixi + bi)
<latexit sha1_base64="aEchhAFUg+LympIj93Uncis+LgA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB9EX/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6tWqtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP01IjdQ=</latexit>

ii <latexit sha1_base64="MpIiyNeRcFsWJfwo797tQ0VerTc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB9YX/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6tWqtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP0Qkjc4=</latexit>ci
<latexit sha1_base64="LnmLBpgllKFvkVW/K1sj3MqIGVY=">AAACGXicbVDLSsNAFJ34rPUVdelmsAiCWBKR6kYounFZwT6gCWFyM2mHTh7MTIQS+htu/BU3LhRxqSv/xmkbRFsP3MvhnHuZucdPOZPKsr6MhcWl5ZXV0lp5fWNza9vc2W3JJBNAm5DwRHR8IilnMW0qpjjtpIKSyOe07Q+ux377ngrJkvhODVPqRqQXs5ABUVryTAs8hi8x090BJgA7ivGA5jDSyjHG4Y8BXs5O7JFnVqyqNQGeJ3ZBKqhAwzM/nCCBLKKxAk6k7NpWqtycCMWA01HZySRNCQxIj3Y1jUlEpZtPLhvhQ60EOEyErljhifp7IyeRlMPI15MRUX05643F/7xupsILN2dxmikaw/ShMONYJXgcEw6YoKD4UBMCgum/YugTQUDpMMs6BHv25HnSOq3atWrt9qxSvyriKKF9dICOkI3OUR3doAZqIkAP6Am9oFfj0Xg23oz36eiCUezsoT8wPr8BZlmetA==</latexit>

ci = ii � c̃i + fi � ci�1



Information to forget  
or keep

New information to add

Long Short-Term Memory
<latexit sha1_base64="D6gPA/ewXkIAWPnvR+L6HN5Sghg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh6LXjxWsB/QhrLZTtqlm03Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzSRBP6JDyUPOqLFSe9TP+IU37ZcrbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n83PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwhs/4zJJDUq2WBSmgpiYzH4nA66QGTGxhDLF7a2EjaiizNiESjYEb/nlVdK6rHpX1dpDrVK/zeMowgmcwjl4cA11uIcGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx/sDo9P</latexit>

hi�1

<latexit sha1_base64="1nOh/k7a8HKHiMeBSo52MnYpGYs=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qkneqWyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Ci b5pNhNDU8oG9EB71iqaMSNn81OnZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9G/SF5ozlGNLKNPC3krYkGrK0KZTtCF4iy8vk+Z5xatWqncX5dp1HkcBjuEEzsCDS6jBLdShAQwG8Ayv8OZI58V5dz7mrStOPnMEf+B8/gBkIo3j</latexit>xi

<latexit sha1_base64="qRhb1xFGYZYtvTXyIkaoqR/nlOg=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjBfsh7VKyabYNTbJLkhXL0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8c3Mbz9SpVkk780kpr7AQ8lCRrCx0kMvHrHyU5+d94slt+LOgVaJl5ESZGj0i1+9QUQSQaUhHGvd9dzY+ClWhhFOp4VeommMyRgPaddSiQXVfjo/eIrOrDJAYaRsSYPm6u+JFAutJyKwnQKbkV72ZuJ/Xjcx4ZWfMhknhkqyWBQmHJkIzb5HA6YoMXxiCSaK2VsRGWGFibEZFWwI3vLLq6R1UfFqldpdtVS/zuLIwwmcQhk8uIQ63EIDmkBAwDO8wpujnBfn3flYtOacbOYY/sD5/AE68ZAN</latexit>

�(xi)

LSTM
<latexit sha1_base64="M0JOvZbU6NA9lupyNVdFdZFP8Gk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURqR6LXjxWsB/QhrLZTtqlm03Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzSRBP6JDyUPOqLFSm/UzfuFN++WKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/Nzp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms9/JgCtkRkwsoUxxeythI6ooMzahkg3BW355lbQuq16tWnu4qtRv8ziKcAKncA4eXEMd7qEBTWAwhmd4hTcncV6cd+dj0Vpw8plj+APn8wflAI9M</latexit>ci�1 Cell memory: same 

size as hidden state

<latexit sha1_base64="1QhavJBwEDmou4sL96qGQgmeiCs=">AAACE3icbVDLSgMxFM34rPU16tJNsAjVYpkRqW6EohuXFZy20JYhk2ba0CQzJBmxDP0HN/6KGxeKuHXjzr8xbWehrQcunJxzL7n3BDGjSjvOt7WwuLS8sppby69vbG5t2zu7dRUlEhMPRyySzQApwqggnqaakWYsCeIBI41gcD32G/dEKhqJOz2MSYejnqAhxUgbybePQ5/CS9hWtMcRLDb8EPb9lJ64I1iCnnk9GL8EAz888u2CU3YmgPPEzUgBZKj59le7G+GEE6ExQ0q1XCfWnRRJTTEjo3w7USRGeIB6pGWoQJyoTjq5aQQPjdKFYSRNCQ0n6u+JFHGlhjwwnRzpvpr1xuJ/XivR4UUnpSJONBF4+lGYMKgjOA4IdqkkWLOhIQhLanaFuI8kwtrEmDchuLMnz5P6admtlCu3Z4XqVRZHDuyDA1AELjgHVXADasADGDyCZ/AK3qwn68V6tz6mrQtWNrMH/sD6/AEDSJsc</latexit>

fi = �(Wfhi�1 + Ufxi + bf )

<latexit sha1_base64="u5M1CNyuvJ+/CCVNZn6zxjN1mOc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh7Av+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBIto3R</latexit>

fi

“Forget” gate: what information 
should be removed from or kept 
in the memory?

New cell content: information 
added from new token

<latexit sha1_base64="OLmoGNj5YL1jgcatKRLNXpo+HnM=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUDabTbt0sxt2J0IJ/RlePCji1V/jzX/jts1Bqw8GHu/NMDMvTAU36HlfTmltfWNzq7xd2dnd2z+oHh51jMo0ZW2qhNK9kBgmuGRt5ChYL9WMJKFg3XByO/e7j0wbruQDTlMWJGQkecwpQSv1B8hFxHI6G/JhtebVvQXcv8QvSA0KtIbVz0GkaJYwiVQQY/q+l2KQE42cCjarDDLDUkInZMT6lkqSMBPki5Nn7plVIjdW2pZEd6H+nMhJYsw0CW1nQnBsVr25+J/XzzC+DnIu0wyZpMtFcSZcVO78fzfimlEUU0sI1dze6tIx0YSiTaliQ/BXX/5LOhd1v1Fv3F/WmjdFHGU4gVM4Bx+uoAl30II2UFDwBC/w6qDz7Lw578vWklPMHMMvOB/fqBCRhA==</latexit>

c̃i
<latexit sha1_base64="9014JPUTZ+Prqm9DzNPJXlLidSM="></latexit>

c̃i = tanh (Wchi�1 + Ucxi + bc)

“Input” gate: what new 
information should be added to 
the memory?

<latexit sha1_base64="VjaChj9VWptbNv8xX4VyD0oneCA=">AAACH3icbVDLSgMxFM3UV62vqks3wSJUimVGpLoRim5cVrAP6AxDJs20oZkHyR2xDP0TN/6KGxeKiLv+jWk7C209cOHknHu5uceLBVdgmhMjt7K6tr6R3yxsbe/s7hX3D1oqSiRlTRqJSHY8opjgIWsCB8E6sWQk8ARre8Pbqd9+ZFLxKHyAUcycgPRD7nNKQEtuscZdjq+xrXg/INgWzIcybmtt4Kb8zBrjCm7q15OuCvZcbkveH8CpWyyZVXMGvEysjJRQhoZb/LZ7EU0CFgIVRKmuZcbgpEQCp4KNC3aiWEzokPRZV9OQBEw56ey+MT7RSg/7kdQVAp6pvydSEig1CjzdGRAYqEVvKv7ndRPwr5yUh3ECLKTzRX4iMER4GhbucckoiJEmhEqu/4rpgEhCQUda0CFYiycvk9Z51apVa/cXpfpNFkceHaFjVEYWukR1dIcaqIkoekav6B19GC/Gm/FpfM1bc0Y2c4j+wJj8AJp0oEE=</latexit>

ii = � (Wihi�1 + Uixi + bi)
<latexit sha1_base64="aEchhAFUg+LympIj93Uncis+LgA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB9EX/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6tWqtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP01IjdQ=</latexit>

ii <latexit sha1_base64="MpIiyNeRcFsWJfwo797tQ0VerTc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB9YX/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6tWqtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP0Qkjc4=</latexit>ci
<latexit sha1_base64="LnmLBpgllKFvkVW/K1sj3MqIGVY=">AAACGXicbVDLSsNAFJ34rPUVdelmsAiCWBKR6kYounFZwT6gCWFyM2mHTh7MTIQS+htu/BU3LhRxqSv/xmkbRFsP3MvhnHuZucdPOZPKsr6MhcWl5ZXV0lp5fWNza9vc2W3JJBNAm5DwRHR8IilnMW0qpjjtpIKSyOe07Q+ux377ngrJkvhODVPqRqQXs5ABUVryTAs8hi8x090BJgA7ivGA5jDSyjHG4Y8BXs5O7JFnVqyqNQGeJ3ZBKqhAwzM/nCCBLKKxAk6k7NpWqtycCMWA01HZySRNCQxIj3Y1jUlEpZtPLhvhQ60EOEyErljhifp7IyeRlMPI15MRUX05643F/7xupsILN2dxmikaw/ShMONYJXgcEw6YoKD4UBMCgum/YugTQUDpMMs6BHv25HnSOq3atWrt9qxSvyriKKF9dICOkI3OUR3doAZqIkAP6Am9oFfj0Xg23oz36eiCUezsoT8wPr8BZlmetA==</latexit>

ci = ii � c̃i + fi � ci�1

“Output” gate: what information 
from the memory should be put in 
the new hidden state?

<latexit sha1_base64="aEchhAFUg+LympIj93Uncis+LgA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB9EX/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6tWqtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP01IjdQ=</latexit>

ii

<latexit sha1_base64="fviXRKChDpUqVgDnkErSx0p84mI=">AAACE3icbVDLSgMxFM34rPU16tJNsAjVYpkRqW6EohuXFZy20JYhk2ba0GQyJBmxDP0HN/6KGxeKuHXjzr8xbWehrQcunJxzL7n3BDGjSjvOt7WwuLS8sppby69vbG5t2zu7dSUSiYmHBROyGSBFGI2Ip6lmpBlLgnjASCMYXI/9xj2RioroTg9j0uGoF9GQYqSN5NvHwqfwErYV7XEEiw1fwL6f0hN3BEvQM68H45dg4Isj3y44ZWcCOE/cjBRAhppvf7W7AiecRBozpFTLdWLdSZHUFDMyyrcTRWKEB6hHWoZGiBPVSSc3jeChUbowFNJUpOFE/T2RIq7UkAemkyPdV7PeWPzPayU6vOikNIoTTSI8/ShMGNQCjgOCXSoJ1mxoCMKSml0h7iOJsDYx5k0I7uzJ86R+WnYr5crtWaF6lcWRA/vgABSBC85BFdyAGvAABo/gGbyCN+vJerHerY9p64KVzeyBP7A+fwA8lptA</latexit>

oi = �(Wohi�1 + Uoxi + bo)
<latexit sha1_base64="orYJCZ727NsHDPZkhgPuOjKNjLY=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmgckS5idzCZD5rHMzAphySd48aCIV7/Im3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LRThIaCjyULGYEWyc9qD7rlyt+1Z8DrZIgJxXI0eiXv3oDRVJBpSUcG9MN/MSGGdaWEU6npV5qaILJGA9p11GJBTVhNj91is6cMkCx0q6kRXP190SGhTETEblOge3ILHsz8T+vm9r4OsyYTFJLJVksilOOrEKzv9GAaUosnziCiWbuVkRGWGNiXTolF0Kw/PIqaV1Ug1q1dn9Zqd/kcRThBE7hHAK4gjrcQQOaQGAIz/AKbx73Xrx372PRWvDymWP4A+/zB1Zsjdo=</latexit>oi

<latexit sha1_base64="gaNf0i60DXvF1qCJrm+VafQitkI=">AAACB3icbVDLSgMxFM34rPU16lKQYBHqpsyIVDdC0Y3LCvYBnWHIpJlOaCYZkoxQhu7c+CtuXCji1l9w59+YtrPQ1gP3cjjnXpJ7wpRRpR3n21paXlldWy9tlDe3tnd27b39thKZxKSFBROyGyJFGOWkpalmpJtKgpKQkU44vJn4nQciFRX8Xo9S4idowGlEMdJGCuyjOKDwCgrTPUwlhp5GPIZViI1yCgO74tScKeAicQtSAQWagf3l9QXOEsI1Zkipnuuk2s+R1BQzMi57mSIpwkM0ID1DOUqI8vPpHWN4YpQ+jIQ0xTWcqr83cpQoNUpCM5kgHat5byL+5/UyHV36OeVppgnHs4eijEEt4CQU2KeSYM1GhiAsqfkrxDGSCGsTXdmE4M6fvEjaZzW3XqvfnVca10UcJXAIjkEVuOACNMAtaIIWwOARPINX8GY9WS/Wu/UxG12yip0D8AfW5w9GZJcG</latexit>

hi = oi � tanh(ci)

<latexit sha1_base64="KRokkjaRfqow4ZXJKKHmahOSn10=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOrzfrniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa2Lqler1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gBLwo3T</latexit>

hi

New hidden state: get some 
information from “long-term” 
memory to serve as the 
“working memory” for this 
timestep

Vanishing gradients: no 
longer a problem, because 

we can keep around 
information indefinitely



Long Short-Term Memory
<latexit sha1_base64="D6gPA/ewXkIAWPnvR+L6HN5Sghg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh6LXjxWsB/QhrLZTtqlm03Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzSRBP6JDyUPOqLFSe9TP+IU37ZcrbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n83PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwhs/4zJJDUq2WBSmgpiYzH4nA66QGTGxhDLF7a2EjaiizNiESjYEb/nlVdK6rHpX1dpDrVK/zeMowgmcwjl4cA11uIcGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx/sDo9P</latexit>

hi�1

<latexit sha1_base64="1nOh/k7a8HKHiMeBSo52MnYpGYs=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qkneqWyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Ci b5pNhNDU8oG9EB71iqaMSNn81OnZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9G/SF5ozlGNLKNPC3krYkGrK0KZTtCF4iy8vk+Z5xatWqncX5dp1HkcBjuEEzsCDS6jBLdShAQwG8Ayv8OZI58V5dz7mrStOPnMEf+B8/gBkIo3j</latexit>xi

<latexit sha1_base64="qRhb1xFGYZYtvTXyIkaoqR/nlOg=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjBfsh7VKyabYNTbJLkhXL0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8c3Mbz9SpVkk780kpr7AQ8lCRrCx0kMvHrHyU5+d94slt+LOgVaJl5ESZGj0i1+9QUQSQaUhHGvd9dzY+ClWhhFOp4VeommMyRgPaddSiQXVfjo/eIrOrDJAYaRsSYPm6u+JFAutJyKwnQKbkV72ZuJ/Xjcx4ZWfMhknhkqyWBQmHJkIzb5HA6YoMXxiCSaK2VsRGWGFibEZFWwI3vLLq6R1UfFqldpdtVS/zuLIwwmcQhk8uIQ63EIDmkBAwDO8wpujnBfn3flYtOacbOYY/sD5/AE68ZAN</latexit>

�(xi)

LSTM
<latexit sha1_base64="M0JOvZbU6NA9lupyNVdFdZFP8Gk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURqR6LXjxWsB/QhrLZTtqlm03Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzSRBP6JDyUPOqLFSm/UzfuFN++WKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/Nzp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms9/JgCtkRkwsoUxxeythI6ooMzahkg3BW355lbQuq16tWnu4qtRv8ziKcAKncA4eXEMd7qEBTWAwhmd4hTcncV6cd+dj0Vpw8plj+APn8wflAI9M</latexit>ci�1 Cell memory: same 

size as hidden state

<latexit sha1_base64="KRokkjaRfqow4ZXJKKHmahOSn10=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOrzfrniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa2Lqler1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gBLwo3T</latexit>

hi
<latexit sha1_base64="MpIiyNeRcFsWJfwo797tQ0VerTc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB9YX/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6tWqtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP0Qkjc4=</latexit>ci

LSTM Cell

MLP

<latexit sha1_base64="jS20I38lrVcGzv/0mOjCUdmSobg=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0UQxJKUol6EohePFUxbaEPYbDft0s0HuxshhPpXvHhQxKs/xJv/xm2bg7Y+GHi8N8PMPD/hTCrL+jZWVtfWNzZLW+Xtnd29ffPgsC3jVBDqkJjHoutjSTmLqKOY4rSbCIpDn9OOP76d+p1HKiSLoweVJdQN8TBiASNYackzKxJdIweNvJyd2xN0hnyv7plVq2bNgJaJXZAqFGh55ld/EJM0pJEiHEvZs61EuTkWihFOJ+V+KmmCyRgPaU/TCIdUuvns+Ak60coABbHQFSk0U39P5DiUMgt93RliNZKL3lT8z+ulKrhycxYlqaIRmS8KUo5UjKZJoAETlCieaYKJYPpWREZYYKJ0XmUdgr348jJp12v2Ra1x36g2b4o4SnAEx3AKNlxCE+6gBQ4QyOAZXuHNeDJejHfjY966YhQzFfgD4/MHeBeSuw==</latexit>

s = Uhi�1 + b2

softmax


