
Lecture start: Tuesdays 9:35am 
Who’s talking? Prof. Tamara Broderick 
Questions? Ask on Piazza: “lecture (week) 13” folder 
Materials: slides, video will all be available on Canvas 
Live Zoom feed: https://mit.zoom.us/j/94238622313

6.036: Introduction to Machine 
Learning
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Last Time(s)
I. State machines & MDPs 
II. Actions change state of 

world and give reward 
III. Choosing “best” actions

Today’s Plan
I. Back to supervised 

learning 
II. Sequential data 
III. Recurrent neural 

networks

Final lecture! Thanks for joining us on this adventure!



Review
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•          : expected reward at horizon h with policy    starting 
at s
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<latexit sha1_base64="rp3BB1r6ZPPmJ2nARtMHgT1kHco=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSLUS9kVRY9FLx4r2A9otyWbZtvQbLIkWaUs+z+8eFDEq//Fm//GtN2Dtj4YeLw3w8y8IOZMG9f9dlZW19Y3Ngtbxe2d3b390sFhU8tEEdogkkvVDrCmnAnaMMxw2o4VxVHAaSsY30791iNVmknxYCYx9SM8FCxkBBsr9Zq9dJT1027Msoo+65fKbtWdAS0TLydlyFHvl766A0mSiApDONa647mx8VOsDCOcZsVuommMyRgPacdSgSOq/XR2dYZOrTJAoVS2hEEz9fdEiiOtJ1FgOyNsRnrRm4r/eZ3EhNd+ykScGCrIfFGYcGQkmkaABkxRYvjEEkwUs7ciMsIKE2ODKtoQvMWXl0nzvOpdVt37i3LtJo+jAMdwAhXw4ApqcAd1aAABBc/wCm/Ok/PivDsf89YVJ585gj9wPn8AYxCSbg==</latexit>

V h
⇡ (s) <latexit sha1_base64="j9JFVFD3Ckskm1EQysQQdgqvyJU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1EPjdE=</latexit>⇡
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•          : expected reward at horizon h with policy    starting 
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•              : expected reward of starting at s, making action 
a, and then making the “best” action for the h-1 steps left
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•          : expected reward at horizon h with policy    starting 
at s 
• Can compute value of a policy even if not optimal 

•              : expected reward of starting at s, making action 
a, and then making the “best” action for the h-1 steps left 
• Don’t specify a policy    in advance to compute Q. 

Rather, we typically use Q to figure out the “best” policy. 
• Reinforcement learning (RL): learning (to maximize 

rewards) by interacting with the world 
• Contrast with supervised learning
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a, and then making the “best” action for the h-1 steps left 
• Don’t specify a policy    in advance to compute Q. 

Rather, we typically use Q to figure out the “best” policy. 
• Reinforcement learning (RL): learning (to maximize 

rewards) by interacting with the world 
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starting at s, making action a, and then making the 
“best” action ever after) 

• Contrast with (any horizon) value iteration 
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• Idea: use all previous 

characters. But so far 
we’ve said                ; 
i.e. fixed dimension

<latexit sha1_base64="4zb9GlZPPcmuj6mTJ8WOnPdG8Zc=">AAACA3icbVDLSsNAFJ34rPUVdaebwSLUTUlE0WXRjcsq9gFNWiaTSTt0MgkzE7GEgBt/xY0LRdz6E+78GydtFtp64MLhnHu59x4vZlQqy/o2FhaXlldWS2vl9Y3NrW1zZ7clo0Rg0sQRi0THQ5IwyklTUcVIJxYEhR4jbW90lfvteyIkjfidGsfEDdGA04BipLTUN/cfemmVHmfQoRw6IVJDz0tvs17qZ32zYtWsCeA8sQtSAQUaffPL8SOchIQrzJCUXduKlZsioShmJCs7iSQxwiM0IF1NOQqJdNPJDxk80ooPg0jo4gpO1N8TKQqlHIee7syvlLNeLv7ndRMVXLgp5XGiCMfTRUHCoIpgHgj0qSBYsbEmCAuqb4V4iATCSsdW1iHYsy/Pk9ZJzT6rWTenlfplEUcJHIBDUAU2OAd1cA0aoAkweATP4BW8GU/Gi/FufExbF4xiZg/8gfH5A5ESl3w=</latexit>

x(i) 2 Rd



Text prediction: supervised learning
• Training data: lots of text 

• “what happens to a dream deferred”

4

features label
w h
wh a
wha t
what _
what_ h

what_h a
what_ha p

what_hap p
what_happ e

• Classification with 27 
classes 

• How to featurize? 
• Idea: use all previous 

characters. But so far 
we’ve said                ; 
i.e. fixed dimension  

• Idea: just use last 
character. But lose info

<latexit sha1_base64="4zb9GlZPPcmuj6mTJ8WOnPdG8Zc=">AAACA3icbVDLSsNAFJ34rPUVdaebwSLUTUlE0WXRjcsq9gFNWiaTSTt0MgkzE7GEgBt/xY0LRdz6E+78GydtFtp64MLhnHu59x4vZlQqy/o2FhaXlldWS2vl9Y3NrW1zZ7clo0Rg0sQRi0THQ5IwyklTUcVIJxYEhR4jbW90lfvteyIkjfidGsfEDdGA04BipLTUN/cfemmVHmfQoRw6IVJDz0tvs17qZ32zYtWsCeA8sQtSAQUaffPL8SOchIQrzJCUXduKlZsioShmJCs7iSQxwiM0IF1NOQqJdNPJDxk80ooPg0jo4gpO1N8TKQqlHIee7syvlLNeLv7ndRMVXLgp5XGiCMfTRUHCoIpgHgj0qSBYsbEmCAuqb4V4iATCSsdW1iHYsy/Pk9ZJzT6rWTenlfplEUcJHIBDUAU2OAd1cA0aoAkweATP4BW8GU/Gi/FufExbF4xiZg/8gfH5A5ESl3w=</latexit>

x(i) 2 Rd



Text prediction: supervised learning
• Training data: lots of text 

• “what happens to a dream deferred”

4

features label
w h
wh a
wha t
what _
what_ h

what_h a
what_ha p

what_hap p
what_happ e

• Classification with 27 
classes 

• How to featurize? 
• Idea: use all previous 

characters. But so far 
we’ve said                ; 
i.e. fixed dimension  

• Idea: just use last 
character. But lose info 

• Idea: use last m 
characters

<latexit sha1_base64="4zb9GlZPPcmuj6mTJ8WOnPdG8Zc=">AAACA3icbVDLSsNAFJ34rPUVdaebwSLUTUlE0WXRjcsq9gFNWiaTSTt0MgkzE7GEgBt/xY0LRdz6E+78GydtFtp64MLhnHu59x4vZlQqy/o2FhaXlldWS2vl9Y3NrW1zZ7clo0Rg0sQRi0THQ5IwyklTUcVIJxYEhR4jbW90lfvteyIkjfidGsfEDdGA04BipLTUN/cfemmVHmfQoRw6IVJDz0tvs17qZ32zYtWsCeA8sQtSAQUaffPL8SOchIQrzJCUXduKlZsioShmJCs7iSQxwiM0IF1NOQqJdNPJDxk80ooPg0jo4gpO1N8TKQqlHIee7syvlLNeLv7ndRMVXLgp5XGiCMfTRUHCoIpgHgj0qSBYsbEmCAuqb4V4iATCSsdW1iHYsy/Pk9ZJzT6rWTenlfplEUcJHIBDUAU2OAd1cA0aoAkweATP4BW8GU/Gi/FufExbF4xiZg/8gfH5A5ESl3w=</latexit>

x(i) 2 Rd



Text prediction: supervised learning
• Training data: lots of text 

• “what happens to a dream deferred”

4

features label
w h
wh a
wha t
what _
what_ h

what_h a
what_ha p

what_hap p
what_happ e

• Classification with 27 
classes 

• How to featurize? 
• Idea: use all previous 

characters. But so far 
we’ve said                ; 
i.e. fixed dimension  

• Idea: just use last 
character. But lose info 

• Idea: use last m = 3 
characters

<latexit sha1_base64="4zb9GlZPPcmuj6mTJ8WOnPdG8Zc=">AAACA3icbVDLSsNAFJ34rPUVdaebwSLUTUlE0WXRjcsq9gFNWiaTSTt0MgkzE7GEgBt/xY0LRdz6E+78GydtFtp64MLhnHu59x4vZlQqy/o2FhaXlldWS2vl9Y3NrW1zZ7clo0Rg0sQRi0THQ5IwyklTUcVIJxYEhR4jbW90lfvteyIkjfidGsfEDdGA04BipLTUN/cfemmVHmfQoRw6IVJDz0tvs17qZ32zYtWsCeA8sQtSAQUaffPL8SOchIQrzJCUXduKlZsioShmJCs7iSQxwiM0IF1NOQqJdNPJDxk80ooPg0jo4gpO1N8TKQqlHIee7syvlLNeLv7ndRMVXLgp5XGiCMfTRUHCoIpgHgj0qSBYsbEmCAuqb4V4iATCSsdW1iHYsy/Pk9ZJzT6rWTenlfplEUcJHIBDUAU2OAd1cA0aoAkweATP4BW8GU/Gi/FufExbF4xiZg/8gfH5A5ESl3w=</latexit>

x(i) 2 Rd



•       : “wha”
<latexit sha1_base64="Hr+Zf9/Vtl/kB2QtDexWLefmCFg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXFD0GvXiMYB6QxDA76U2GzM4uM7NiWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffESleSTvzTjGbkgHkgecUWOl5tNDWvZOJ71iya24M5Bl4mWkBBlqveJXpx+xJERpmKBatz03Nt2UKsOZwEmhk2iMKRvRAbYtlTRE3U1n507IiVX6JIiULWnITP09kdJQ63Ho286QmqFe9Kbif147McFVN+UyTgxKNl8UJIKYiEx/J32ukBkxtoQyxe2thA2poszYhAo2BG/x5WXSOKt4FxX37rxUvc7iyMMRHEMZPLiEKtxCDerAYATP8ApvTuy8OO/Ox7w152Qzh/AHzucPmDKPFA==</latexit>

x(1)

5

A state machine: writing & predicting text



•       : “wha ”
<latexit sha1_base64="Hr+Zf9/Vtl/kB2QtDexWLefmCFg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXFD0GvXiMYB6QxDA76U2GzM4uM7NiWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffESleSTvzTjGbkgHkgecUWOl5tNDWvZOJ71iya24M5Bl4mWkBBlqveJXpx+xJERpmKBatz03Nt2UKsOZwEmhk2iMKRvRAbYtlTRE3U1n507IiVX6JIiULWnITP09kdJQ63Ho286QmqFe9Kbif147McFVN+UyTgxKNl8UJIKYiEx/J32ukBkxtoQyxe2thA2poszYhAo2BG/x5WXSOKt4FxX37rxUvc7iyMMRHEMZPLiEKtxCDerAYATP8ApvTuy8OO/Ox7w152Qzh/AHzucPmDKPFA==</latexit>

x(1)

5

A state machine: writing & predicting text



•       : “wha ”
<latexit sha1_base64="Hr+Zf9/Vtl/kB2QtDexWLefmCFg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXFD0GvXiMYB6QxDA76U2GzM4uM7NiWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffESleSTvzTjGbkgHkgecUWOl5tNDWvZOJ71iya24M5Bl4mWkBBlqveJXpx+xJERpmKBatz03Nt2UKsOZwEmhk2iMKRvRAbYtlTRE3U1n507IiVX6JIiULWnITP09kdJQ63Ho286QmqFe9Kbif147McFVN+UyTgxKNl8UJIKYiEx/J32ukBkxtoQyxe2thA2poszYhAo2BG/x5WXSOKt4FxX37rxUvc7iyMMRHEMZPLiEKtxCDerAYATP8ApvTuy8OO/Ox7w152Qzh/AHzucPmDKPFA==</latexit>

x(1)

5

A state machine: writing & predicting text



•       : “wha ”
<latexit sha1_base64="Hr+Zf9/Vtl/kB2QtDexWLefmCFg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXFD0GvXiMYB6QxDA76U2GzM4uM7NiWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffESleSTvzTjGbkgHkgecUWOl5tNDWvZOJ71iya24M5Bl4mWkBBlqveJXpx+xJERpmKBatz03Nt2UKsOZwEmhk2iMKRvRAbYtlTRE3U1n507IiVX6JIiULWnITP09kdJQ63Ho286QmqFe9Kbif147McFVN+UyTgxKNl8UJIKYiEx/J32ukBkxtoQyxe2thA2poszYhAo2BG/x5WXSOKt4FxX37rxUvc7iyMMRHEMZPLiEKtxCDerAYATP8ApvTuy8OO/Ox7w152Qzh/AHzucPmDKPFA==</latexit>

x(1)

A state machine: writing & predicting text

t xt st
0 ^^^
1 w ^^w
2 h ^wh
3 wha
4 t hat
5 _ at_

h t_h

t xt st

5



•       : “what ”
<latexit sha1_base64="Hr+Zf9/Vtl/kB2QtDexWLefmCFg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXFD0GvXiMYB6QxDA76U2GzM4uM7NiWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffESleSTvzTjGbkgHkgecUWOl5tNDWvZOJ71iya24M5Bl4mWkBBlqveJXpx+xJERpmKBatz03Nt2UKsOZwEmhk2iMKRvRAbYtlTRE3U1n507IiVX6JIiULWnITP09kdJQ63Ho286QmqFe9Kbif147McFVN+UyTgxKNl8UJIKYiEx/J32ukBkxtoQyxe2thA2poszYhAo2BG/x5WXSOKt4FxX37rxUvc7iyMMRHEMZPLiEKtxCDerAYATP8ApvTuy8OO/Ox7w152Qzh/AHzucPmDKPFA==</latexit>

x(1)

A state machine: writing & predicting text

t xt st
0 ^^^
1 w ^^w
2 h ^wh
3 wha
4 t hat
5 _ at_

h t_h

t xt st

5



•       : “what ”
<latexit sha1_base64="Hr+Zf9/Vtl/kB2QtDexWLefmCFg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXFD0GvXiMYB6QxDA76U2GzM4uM7NiWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffESleSTvzTjGbkgHkgecUWOl5tNDWvZOJ71iya24M5Bl4mWkBBlqveJXpx+xJERpmKBatz03Nt2UKsOZwEmhk2iMKRvRAbYtlTRE3U1n507IiVX6JIiULWnITP09kdJQ63Ho286QmqFe9Kbif147McFVN+UyTgxKNl8UJIKYiEx/J32ukBkxtoQyxe2thA2poszYhAo2BG/x5WXSOKt4FxX37rxUvc7iyMMRHEMZPLiEKtxCDerAYATP8ApvTuy8OO/Ox7w152Qzh/AHzucPmDKPFA==</latexit>

x(1)

A state machine: writing & predicting text

t xt st
0 ^^^
1 w ^^w
2 h ^wh
3 wha
4 t hat
5 _ at_

h t_h

t xt st

5



•       : “what ”
<latexit sha1_base64="Hr+Zf9/Vtl/kB2QtDexWLefmCFg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXFD0GvXiMYB6QxDA76U2GzM4uM7NiWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffESleSTvzTjGbkgHkgecUWOl5tNDWvZOJ71iya24M5Bl4mWkBBlqveJXpx+xJERpmKBatz03Nt2UKsOZwEmhk2iMKRvRAbYtlTRE3U1n507IiVX6JIiULWnITP09kdJQ63Ho286QmqFe9Kbif147McFVN+UyTgxKNl8UJIKYiEx/J32ukBkxtoQyxe2thA2poszYhAo2BG/x5WXSOKt4FxX37rxUvc7iyMMRHEMZPLiEKtxCDerAYATP8ApvTuy8OO/Ox7w152Qzh/AHzucPmDKPFA==</latexit>

x(1)

A state machine: writing & predicting text

t xt st
0 ^^^
1 w ^^w
2 h ^wh
3 wha
4 t
5 _ at_

h t_h

t xt st

5



•       : “what ”
<latexit sha1_base64="Hr+Zf9/Vtl/kB2QtDexWLefmCFg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXFD0GvXiMYB6QxDA76U2GzM4uM7NiWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffESleSTvzTjGbkgHkgecUWOl5tNDWvZOJ71iya24M5Bl4mWkBBlqveJXpx+xJERpmKBatz03Nt2UKsOZwEmhk2iMKRvRAbYtlTRE3U1n507IiVX6JIiULWnITP09kdJQ63Ho286QmqFe9Kbif147McFVN+UyTgxKNl8UJIKYiEx/J32ukBkxtoQyxe2thA2poszYhAo2BG/x5WXSOKt4FxX37rxUvc7iyMMRHEMZPLiEKtxCDerAYATP8ApvTuy8OO/Ox7w152Qzh/AHzucPmDKPFA==</latexit>

x(1)

A state machine: writing & predicting text

t xt st
0 ^^^
1 w ^^w
2 h ^wh
3 wha
4 t hat
5 _ at_

h t_h

t xt st

5



•       : “what_ ”
<latexit sha1_base64="Hr+Zf9/Vtl/kB2QtDexWLefmCFg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXFD0GvXiMYB6QxDA76U2GzM4uM7NiWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffESleSTvzTjGbkgHkgecUWOl5tNDWvZOJ71iya24M5Bl4mWkBBlqveJXpx+xJERpmKBatz03Nt2UKsOZwEmhk2iMKRvRAbYtlTRE3U1n507IiVX6JIiULWnITP09kdJQ63Ho286QmqFe9Kbif147McFVN+UyTgxKNl8UJIKYiEx/J32ukBkxtoQyxe2thA2poszYhAo2BG/x5WXSOKt4FxX37rxUvc7iyMMRHEMZPLiEKtxCDerAYATP8ApvTuy8OO/Ox7w152Qzh/AHzucPmDKPFA==</latexit>

x(1)

A state machine: writing & predicting text

t xt st
0 ^^^
1 w ^^w
2 h ^wh
3 wha
4 t hat
5 _ at_

h t_h

t xt st

5



•       : “what_ ”
<latexit sha1_base64="Hr+Zf9/Vtl/kB2QtDexWLefmCFg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXFD0GvXiMYB6QxDA76U2GzM4uM7NiWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffESleSTvzTjGbkgHkgecUWOl5tNDWvZOJ71iya24M5Bl4mWkBBlqveJXpx+xJERpmKBatz03Nt2UKsOZwEmhk2iMKRvRAbYtlTRE3U1n507IiVX6JIiULWnITP09kdJQ63Ho286QmqFe9Kbif147McFVN+UyTgxKNl8UJIKYiEx/J32ukBkxtoQyxe2thA2poszYhAo2BG/x5WXSOKt4FxX37rxUvc7iyMMRHEMZPLiEKtxCDerAYATP8ApvTuy8OO/Ox7w152Qzh/AHzucPmDKPFA==</latexit>

x(1)

A state machine: writing & predicting text

t xt st
0 ^^^
1 w ^^w
2 h ^wh
3 wha
4 t hat
5 _ at_

h t_h

t xt st

5



•       : “what_ ”
<latexit sha1_base64="Hr+Zf9/Vtl/kB2QtDexWLefmCFg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXFD0GvXiMYB6QxDA76U2GzM4uM7NiWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffESleSTvzTjGbkgHkgecUWOl5tNDWvZOJ71iya24M5Bl4mWkBBlqveJXpx+xJERpmKBatz03Nt2UKsOZwEmhk2iMKRvRAbYtlTRE3U1n507IiVX6JIiULWnITP09kdJQ63Ho286QmqFe9Kbif147McFVN+UyTgxKNl8UJIKYiEx/J32ukBkxtoQyxe2thA2poszYhAo2BG/x5WXSOKt4FxX37rxUvc7iyMMRHEMZPLiEKtxCDerAYATP8ApvTuy8OO/Ox7w152Qzh/AHzucPmDKPFA==</latexit>

x(1)

A state machine: writing & predicting text

t xt st
0 ^^^
1 w ^^w
2 h ^wh
3 wha
4 t hat
5 _ at_

h t_h

t xt st

5



A state machine: writing & predicting text

t xt st
0 ^^^
1 w ^^w
2 h ^wh
3 wha
4 t hat
5 _ at_

h t_h

t xt st

<latexit sha1_base64="Hr+Zf9/Vtl/kB2QtDexWLefmCFg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXFD0GvXiMYB6QxDA76U2GzM4uM7NiWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffESleSTvzTjGbkgHkgecUWOl5tNDWvZOJ71iya24M5Bl4mWkBBlqveJXpx+xJERpmKBatz03Nt2UKsOZwEmhk2iMKRvRAbYtlTRE3U1n507IiVX6JIiULWnITP09kdJQ63Ho286QmqFe9Kbif147McFVN+UyTgxKNl8UJIKYiEx/J32ukBkxtoQyxe2thA2poszYhAo2BG/x5WXSOKt4FxX37rxUvc7iyMMRHEMZPLiEKtxCDerAYATP8ApvTuy8OO/Ox7w152Qzh/AHzucPmDKPFA==</latexit>

x(1)•       : “what happens to a 
dream deferred”

5



A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states  <latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S

t xt st
0 ^^^
1 w ^^w
2 h ^wh
3 wha
4 t hat
5 _ at_

h t_h

t xt st

<latexit sha1_base64="Hr+Zf9/Vtl/kB2QtDexWLefmCFg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXFD0GvXiMYB6QxDA76U2GzM4uM7NiWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffESleSTvzTjGbkgHkgecUWOl5tNDWvZOJ71iya24M5Bl4mWkBBlqveJXpx+xJERpmKBatz03Nt2UKsOZwEmhk2iMKRvRAbYtlTRE3U1n507IiVX6JIiULWnITP09kdJQ63Ho286QmqFe9Kbif147McFVN+UyTgxKNl8UJIKYiEx/J32ukBkxtoQyxe2thA2poszYhAo2BG/x5WXSOKt4FxX37rxUvc7iyMMRHEMZPLiEKtxCDerAYATP8ApvTuy8OO/Ox7w152Qzh/AHzucPmDKPFA==</latexit>

x(1)•       : “what happens to a 
dream deferred”

5



A state machine: writing & predicting text
• Recall state machines: 
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2 h ^wh
3 a wha
4 t hat
5 _ at_
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• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
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<latexit sha1_base64="Hr+Zf9/Vtl/kB2QtDexWLefmCFg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXFD0GvXiMYB6QxDA76U2GzM4uM7NiWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffESleSTvzTjGbkgHkgecUWOl5tNDWvZOJ71iya24M5Bl4mWkBBlqveJXpx+xJERpmKBatz03Nt2UKsOZwEmhk2iMKRvRAbYtlTRE3U1n507IiVX6JIiULWnITP09kdJQ63Ho286QmqFe9Kbif147McFVN+UyTgxKNl8UJIKYiEx/J32ukBkxtoQyxe2thA2poszYhAo2BG/x5WXSOKt4FxX37rxUvc7iyMMRHEMZPLiEKtxCDerAYATP8ApvTuy8OO/Ox7w152Qzh/AHzucPmDKPFA==</latexit>

x(1)

A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 = ^^^ 
• E.g. f(^^w,h) = ^wh 

•       : “what happens to a 
dream deferred”

t xt st
0 ^^^
1 w ^^w
2 h ^wh
3 a wha
4 t hat
5 _ at_
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<latexit sha1_base64="Hr+Zf9/Vtl/kB2QtDexWLefmCFg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXFD0GvXiMYB6QxDA76U2GzM4uM7NiWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffESleSTvzTjGbkgHkgecUWOl5tNDWvZOJ71iya24M5Bl4mWkBBlqveJXpx+xJERpmKBatz03Nt2UKsOZwEmhk2iMKRvRAbYtlTRE3U1n507IiVX6JIiULWnITP09kdJQ63Ho286QmqFe9Kbif147McFVN+UyTgxKNl8UJIKYiEx/J32ukBkxtoQyxe2thA2poszYhAo2BG/x5WXSOKt4FxX37rxUvc7iyMMRHEMZPLiEKtxCDerAYATP8ApvTuy8OO/Ox7w152Qzh/AHzucPmDKPFA==</latexit>

x(1)

A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 = ^^^ 
• E.g. f(^^w,h) = ^wh 

•       : “what happens to a 
dream deferred”

t xt st
0 ^^^
1 w ^^w
2 h ^wh
3 a wha
4 t hat
5 _ at_



5

<latexit sha1_base64="Hr+Zf9/Vtl/kB2QtDexWLefmCFg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXFD0GvXiMYB6QxDA76U2GzM4uM7NiWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffESleSTvzTjGbkgHkgecUWOl5tNDWvZOJ71iya24M5Bl4mWkBBlqveJXpx+xJERpmKBatz03Nt2UKsOZwEmhk2iMKRvRAbYtlTRE3U1n507IiVX6JIiULWnITP09kdJQ63Ho286QmqFe9Kbif147McFVN+UyTgxKNl8UJIKYiEx/J32ukBkxtoQyxe2thA2poszYhAo2BG/x5WXSOKt4FxX37rxUvc7iyMMRHEMZPLiEKtxCDerAYATP8ApvTuy8OO/Ox7w152Qzh/AHzucPmDKPFA==</latexit>

x(1)

A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 = ^^^ 
• E.g. f(^^w,h) = ^wh 

•       : “what happens to a 
dream deferred”

t xt st
0 ^^^
1 w ^^w
2 h ^wh
3 a wha
4 t hat
5 _ at_



5

<latexit sha1_base64="Hr+Zf9/Vtl/kB2QtDexWLefmCFg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXFD0GvXiMYB6QxDA76U2GzM4uM7NiWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffESleSTvzTjGbkgHkgecUWOl5tNDWvZOJ71iya24M5Bl4mWkBBlqveJXpx+xJERpmKBatz03Nt2UKsOZwEmhk2iMKRvRAbYtlTRE3U1n507IiVX6JIiULWnITP09kdJQ63Ho286QmqFe9Kbif147McFVN+UyTgxKNl8UJIKYiEx/J32ukBkxtoQyxe2thA2poszYhAo2BG/x5WXSOKt4FxX37rxUvc7iyMMRHEMZPLiEKtxCDerAYATP8ApvTuy8OO/Ox7w152Qzh/AHzucPmDKPFA==</latexit>

x(1)

A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 = ^^^ 
• E.g. f(^^w,h) = ^wh 

previously “y”

•       : “what happens to a 
dream deferred”

t xt st
0 ^^^
1 w ^^w
2 h ^wh
3 a wha
4 t hat
5 _ at_



5

<latexit sha1_base64="Hr+Zf9/Vtl/kB2QtDexWLefmCFg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXFD0GvXiMYB6QxDA76U2GzM4uM7NiWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffESleSTvzTjGbkgHkgecUWOl5tNDWvZOJ71iya24M5Bl4mWkBBlqveJXpx+xJERpmKBatz03Nt2UKsOZwEmhk2iMKRvRAbYtlTRE3U1n507IiVX6JIiULWnITP09kdJQ63Ho286QmqFe9Kbif147McFVN+UyTgxKNl8UJIKYiEx/J32ukBkxtoQyxe2thA2poszYhAo2BG/x5WXSOKt4FxX37rxUvc7iyMMRHEMZPLiEKtxCDerAYATP8ApvTuy8OO/Ox7w152Qzh/AHzucPmDKPFA==</latexit>

x(1)

A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 = ^^^ 
• E.g. f(^^w,h) = ^wh 
• Output: 27 prediction probs 

previously “y”

•       : “what happens to a 
dream deferred”

t xt st
0 ^^^
1 w ^^w
2 h ^wh
3 a wha
4 t hat
5 _ at_



5

<latexit sha1_base64="Hr+Zf9/Vtl/kB2QtDexWLefmCFg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXFD0GvXiMYB6QxDA76U2GzM4uM7NiWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffESleSTvzTjGbkgHkgecUWOl5tNDWvZOJ71iya24M5Bl4mWkBBlqveJXpx+xJERpmKBatz03Nt2UKsOZwEmhk2iMKRvRAbYtlTRE3U1n507IiVX6JIiULWnITP09kdJQ63Ho286QmqFe9Kbif147McFVN+UyTgxKNl8UJIKYiEx/J32ukBkxtoQyxe2thA2poszYhAo2BG/x5WXSOKt4FxX37rxUvc7iyMMRHEMZPLiEKtxCDerAYATP8ApvTuy8OO/Ox7w152Qzh/AHzucPmDKPFA==</latexit>

x(1)•       : “what happens to a 
dream deferred”

A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 = ^^^ 
• E.g. f(^^w,h) = ^wh 
• Output: 27 prediction probs 
• E.g. p=g(^^^) = [0.08, 0.02, 

…., 0.001, 0.01]previously “y”

t xt st
0 ^^^
1 w ^^w
2 h ^wh
3 a wha
4 t hat
5 _ at_



•       : “what happens to a 
dream deferred”

<latexit sha1_base64="Hr+Zf9/Vtl/kB2QtDexWLefmCFg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXFD0GvXiMYB6QxDA76U2GzM4uM7NiWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffESleSTvzTjGbkgHkgecUWOl5tNDWvZOJ71iya24M5Bl4mWkBBlqveJXpx+xJERpmKBatz03Nt2UKsOZwEmhk2iMKRvRAbYtlTRE3U1n507IiVX6JIiULWnITP09kdJQ63Ho286QmqFe9Kbif147McFVN+UyTgxKNl8UJIKYiEx/J32ukBkxtoQyxe2thA2poszYhAo2BG/x5WXSOKt4FxX37rxUvc7iyMMRHEMZPLiEKtxCDerAYATP8ApvTuy8OO/Ox7w152Qzh/AHzucPmDKPFA==</latexit>

x(1)

5

A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

previously “y”

t xt st
0 ^^^
1 w ^^w
2 h ^wh
3 a wha
4 t hat
5 _ at_

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 = ^^^ 
• E.g. f(^^w,h) = ^wh 
• Output: 27 prediction probs 
• E.g. p=g(^^^) = [0.08, 0.02, 

…., 0.001, 0.01]



•       : “what happens to a 
dream deferred”

<latexit sha1_base64="Hr+Zf9/Vtl/kB2QtDexWLefmCFg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXFD0GvXiMYB6QxDA76U2GzM4uM7NiWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffESleSTvzTjGbkgHkgecUWOl5tNDWvZOJ71iya24M5Bl4mWkBBlqveJXpx+xJERpmKBatz03Nt2UKsOZwEmhk2iMKRvRAbYtlTRE3U1n507IiVX6JIiULWnITP09kdJQ63Ho286QmqFe9Kbif147McFVN+UyTgxKNl8UJIKYiEx/J32ukBkxtoQyxe2thA2poszYhAo2BG/x5WXSOKt4FxX37rxUvc7iyMMRHEMZPLiEKtxCDerAYATP8ApvTuy8OO/Ox7w152Qzh/AHzucPmDKPFA==</latexit>

x(1)

5

(1) (1)

A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

previously “y”

t xt st
0 ^^^
1 w ^^w
2 h ^wh
3 a wha
4 t hat
5 _ at_

(1) (1)

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 = ^^^ 
• E.g. f(^^w,h) = ^wh 
• Output: 27 prediction probs 
• E.g. p=g(^^^) = [0.08, 0.02, 

…., 0.001, 0.01]



5

•       : “what happens to a 
dream deferred” 

•       : “if you can keep your 
head when all about you” 

•       : “you may write me 
down in history”

<latexit sha1_base64="Hr+Zf9/Vtl/kB2QtDexWLefmCFg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXFD0GvXiMYB6QxDA76U2GzM4uM7NiWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffESleSTvzTjGbkgHkgecUWOl5tNDWvZOJ71iya24M5Bl4mWkBBlqveJXpx+xJERpmKBatz03Nt2UKsOZwEmhk2iMKRvRAbYtlTRE3U1n507IiVX6JIiULWnITP09kdJQ63Ho286QmqFe9Kbif147McFVN+UyTgxKNl8UJIKYiEx/J32ukBkxtoQyxe2thA2poszYhAo2BG/x5WXSOKt4FxX37rxUvc7iyMMRHEMZPLiEKtxCDerAYATP8ApvTuy8OO/Ox7w152Qzh/AHzucPmDKPFA==</latexit>

x(1)

<latexit sha1_base64="4dB043h10Dsm2Cz7CYUEhgD1D/I=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJewGRY9BLx4jmAckMcxOepMhs7PLzKwYlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXeXHwuujet+Oyura+sbm7mt/PbO7t5+4eCwoaNEMayzSESq5VONgkusG24EtmKFNPQFNv3RzdRvPqLSPJL3ZhxjN6QDyQPOqLFS8+khLVXOJr1C0S27M5Bl4mWkCBlqvcJXpx+xJERpmKBatz03Nt2UKsOZwEm+k2iMKRvRAbYtlTRE3U1n507IqVX6JIiULWnITP09kdJQ63Ho286QmqFe9Kbif147McFVN+UyTgxKNl8UJIKYiEx/J32ukBkxtoQyxe2thA2poszYhPI2BG/x5WXSqJS9i7J7d16sXmdx5OAYTqAEHlxCFW6hBnVgMIJneIU3J3ZenHfnY9664mQzR/AHzucPmbiPFQ==</latexit>

x(2)

<latexit sha1_base64="JG4fUrDkexUl6tbpSDog/6p/KVI=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJez6QI9BLx4jmAcka5idTJIhs7PLTK8YlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXEEth0HW/naXlldW19dxGfnNre2e3sLdfN1GiGa+xSEa6GVDDpVC8hgIlb8aa0zCQvBEMbyZ+45FrIyJ1j6OY+yHtK9ETjKKVGk8PaensZNwpFN2yOwVZJF5GipCh2il8tbsRS0KukElqTMtzY/RTqlEwycf5dmJ4TNmQ9nnLUkVDbvx0eu6YHFulS3qRtqWQTNXfEykNjRmFge0MKQ7MvDcR//NaCfau/FSoOEGu2GxRL5EEIzL5nXSF5gzlyBLKtLC3EjagmjK0CeVtCN78y4ukflr2Lsru3Xmxcp3FkYNDOIISeHAJFbiFKtSAwRCe4RXenNh5cd6dj1nrkpPNHMAfOJ8/mz6PFg==</latexit>

x(3)

A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)
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S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X
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1 w ^^w
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3 a wha
4 t hat
5 _ at_

(1) (1)

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 = ^^^ 
• E.g. f(^^w,h) = ^wh 
• Output: 27 prediction probs 
• E.g. p=g(^^^) = [0.08, 0.02, 

…., 0.001, 0.01]
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<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: 27 prediction probs 
• E.g. p=g(^^^) = [0.08, 0.02, 

…., 0.001, 0.01]• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)
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• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: 27 prediction probs 
• E.g. p=g(^^^) = [0.08, 0.02, 

…., 0.001, 0.01]• Example with alphabet {0,1} (v=2); state is last m = 3 chars
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)
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• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(^^^) = [0.08, 0.02, 

…., 0.001, 0.01]
• Example with alphabet {0,1} (v=2); state is last m = 3 chars
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
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• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(^^^) = [0.08, 0.02, 

…., 0.001, 0.01]
• Example with alphabet {0,1} (v=2); state is last m = 3 chars
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)
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S
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• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars
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<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2

4
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c3
x

3

5

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
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c2
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3
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
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c3

3

5

<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2
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<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)
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S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2

4
c2
c3
x

3

5

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="J4QMjezuo5FJmtMCuLbqamcyJNY="></latexit>

st = f(st�1, xt) =

2

4
1
0
0

3

5xt +

2

4
0 0 0
1 0 0
0 1 0

3

5 st�1
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)
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S
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• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars
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5

<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2

4
c2
c3
x

3

5
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st = f(st�1, xt) =

2

4
1
0
0

3
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)
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S
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• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2

4
c2
c3
x

3

5

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="J4QMjezuo5FJmtMCuLbqamcyJNY="></latexit>

st = f(st�1, xt) =

2

4
1
0
0

3

5xt +

2

4
0 0 0
1 0 0
0 1 0

3

5 st�1? ?
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2

4
c2
c3
x

3

5

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="J4QMjezuo5FJmtMCuLbqamcyJNY="></latexit>

st = f(st�1, xt) =

2

4
1
0
0

3

5xt +

2

4
0 0 0
1 0 0
0 1 0

3

5 st�1? ?3x1
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2

4
c2
c3
x

3

5

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="J4QMjezuo5FJmtMCuLbqamcyJNY="></latexit>

st = f(st�1, xt) =

2

4
1
0
0

3

5xt +

2

4
0 0 0
1 0 0
0 1 0

3

5 st�1? ?3x1 1x1
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2

4
c2
c3
x

3

5

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="J4QMjezuo5FJmtMCuLbqamcyJNY="></latexit>

st = f(st�1, xt) =

2

4
1
0
0

3

5xt +

2

4
0 0 0
1 0 0
0 1 0

3

5 st�1? ?3x1 1x1 3x1
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2

4
c2
c3
x

3

5

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="J4QMjezuo5FJmtMCuLbqamcyJNY="></latexit>

st = f(st�1, xt) =

2

4
1
0
0

3

5xt +

2

4
0 0 0
1 0 0
0 1 0

3

5 st�1? ?3x1 1x1 3x1
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2

4
c2
c3
x

3

5

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="J4QMjezuo5FJmtMCuLbqamcyJNY="></latexit>

st = f(st�1, xt) =

2

4
1
0
0

3

5xt +

2

4
0 0 0
1 0 0
0 1 0

3

5 st�1? ?3x1 1x1 3x1
3x1



<latexit sha1_base64="rXscG+pGWZTlPp56WtywXr2QcLU="></latexit>

st = f(st�1, xt) =

2

4
0
0
1

3

5xt +

2

4
0 1 0
0 0 1
0 0 0

3

5 st�1

6

A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2

4
c2
c3
x

3

5

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

?3x1 1x1 3x1
3x1



<latexit sha1_base64="rXscG+pGWZTlPp56WtywXr2QcLU="></latexit>

st = f(st�1, xt) =

2

4
0
0
1

3

5xt +

2

4
0 1 0
0 0 1
0 0 0

3

5 st�1

6

A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2
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<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2
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<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2
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<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2
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<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2
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<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2
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<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2
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<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2
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<latexit sha1_base64="rXscG+pGWZTlPp56WtywXr2QcLU="></latexit>
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
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5

<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2

4
c2
c3
x

3

5

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
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3

5
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3x1 3x3



<latexit sha1_base64="rXscG+pGWZTlPp56WtywXr2QcLU="></latexit>

st = f(st�1, xt) =
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2
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5

<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2

4
c2
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x

3

5

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
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<latexit sha1_base64="rXscG+pGWZTlPp56WtywXr2QcLU="></latexit>
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
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5

<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2

4
c2
c3
x

3

5

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
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3x1 1x1 3x1
3x1 3x3<latexit sha1_base64="k6+pB40ybRhtZz0rneAKVXh2C0U=">AAAB83icbVBNS8NAEJ34WetX1aOXxSLUS0lE0YtQ9OKxgv2ANoTNdtMu3STL7kQopX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC5UUBl3321lZXVvf2CxsFbd3dvf2SweHTZNmmvEGS2Wq2yE1XIqEN1Cg5G2lOY1DyVvh8G7qt564NiJNHnGkuB/TfiIiwShaqasCJDekXzEBngWlslt1ZyDLxMtJGXLUg9JXt5eyLOYJMkmN6XiuQn9MNQom+aTYzQxXlA1pn3csTWjMjT+e3Twhp1bpkSjVthIkM/X3xJjGxozi0HbGFAdm0ZuK/3mdDKNrfywSlSFP2HxRlEmCKZkGQHpCc4ZyZAllWthbCRtQTRnamIo2BG/x5WXSPK96l1X34aJcu83jKMAxnEAFPLiCGtxDHRrAQMEzvMKbkzkvzrvzMW9dcfKZI/gD5/MHiXmQtA==</latexit>

pt = g(st)
<latexit sha1_base64="HE1JBGq+kn8C2HqUZ4o1LvwxhiE=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqAhlpii6EYpuXFawF2jHIZNm2tBMMiQZoQwFN76KGxeKuPUl3Pk2ptNZaPWHwMd/zuHk/EHMqNKO82UVFhaXlleKq6W19Y3NLXt7p6VEIjFpYsGE7ARIEUY5aWqqGenEkqAoYKQdjK6m9fY9kYoKfqvHMfEiNOA0pBhpY/n23gUM/VqlfZeKCVS+hscwY9858u2yU3Uywb/g5lAGuRq+/dnrC5xEhGvMkFJd14m1lyKpKWZkUuolisQIj9CAdA1yFBHlpdkNE3honD4MhTSPa5i5PydSFCk1jgLTGSE9VPO1qflfrZvo8NxLKY8TTTieLQoTBrWA00Bgn0qCNRsbQFhS81eIh0girE1sJROCO3/yX2jVqu5p1bk5Kdcv8ziKYB8cgApwwRmog2vQAE2AwQN4Ai/g1Xq0nq03633WWrDymV3wS9bHNymtlfA=</latexit>

= f2(W
ost +W o

0 )



<latexit sha1_base64="rXscG+pGWZTlPp56WtywXr2QcLU="></latexit>

st = f(st�1, xt) =
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
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5

<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2
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<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
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5

3x1 1x1 3x1
3x1 3x3<latexit sha1_base64="k6+pB40ybRhtZz0rneAKVXh2C0U=">AAAB83icbVBNS8NAEJ34WetX1aOXxSLUS0lE0YtQ9OKxgv2ANoTNdtMu3STL7kQopX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC5UUBl3321lZXVvf2CxsFbd3dvf2SweHTZNmmvEGS2Wq2yE1XIqEN1Cg5G2lOY1DyVvh8G7qt564NiJNHnGkuB/TfiIiwShaqasCJDekXzEBngWlslt1ZyDLxMtJGXLUg9JXt5eyLOYJMkmN6XiuQn9MNQom+aTYzQxXlA1pn3csTWjMjT+e3Twhp1bpkSjVthIkM/X3xJjGxozi0HbGFAdm0ZuK/3mdDKNrfywSlSFP2HxRlEmCKZkGQHpCc4ZyZAllWthbCRtQTRnamIo2BG/x5WXSPK96l1X34aJcu83jKMAxnEAFPLiCGtxDHRrAQMEzvMKbkzkvzrvzMW9dcfKZI/gD5/MHiXmQtA==</latexit>

pt = g(st)
<latexit sha1_base64="HE1JBGq+kn8C2HqUZ4o1LvwxhiE=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqAhlpii6EYpuXFawF2jHIZNm2tBMMiQZoQwFN76KGxeKuPUl3Pk2ptNZaPWHwMd/zuHk/EHMqNKO82UVFhaXlleKq6W19Y3NLXt7p6VEIjFpYsGE7ARIEUY5aWqqGenEkqAoYKQdjK6m9fY9kYoKfqvHMfEiNOA0pBhpY/n23gUM/VqlfZeKCVS+hscwY9858u2yU3Uywb/g5lAGuRq+/dnrC5xEhGvMkFJd14m1lyKpKWZkUuolisQIj9CAdA1yFBHlpdkNE3honD4MhTSPa5i5PydSFCk1jgLTGSE9VPO1qflfrZvo8NxLKY8TTTieLQoTBrWA00Bgn0qCNRsbQFhS81eIh0girE1sJROCO3/yX2jVqu5p1bk5Kdcv8ziKYB8cgApwwRmog2vQAE2AwQN4Ai/g1Xq0nq03633WWrDymV3wS9bHNymtlfA=</latexit>

= f2(W
ost +W o

0 )



<latexit sha1_base64="rXscG+pGWZTlPp56WtywXr2QcLU="></latexit>

st = f(st�1, xt) =
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2

4
c2
c3
x

3

5

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
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3

5

3x1 1x1 3x1
3x1 3x3<latexit sha1_base64="k6+pB40ybRhtZz0rneAKVXh2C0U=">AAAB83icbVBNS8NAEJ34WetX1aOXxSLUS0lE0YtQ9OKxgv2ANoTNdtMu3STL7kQopX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC5UUBl3321lZXVvf2CxsFbd3dvf2SweHTZNmmvEGS2Wq2yE1XIqEN1Cg5G2lOY1DyVvh8G7qt564NiJNHnGkuB/TfiIiwShaqasCJDekXzEBngWlslt1ZyDLxMtJGXLUg9JXt5eyLOYJMkmN6XiuQn9MNQom+aTYzQxXlA1pn3csTWjMjT+e3Twhp1bpkSjVthIkM/X3xJjGxozi0HbGFAdm0ZuK/3mdDKNrfywSlSFP2HxRlEmCKZkGQHpCc4ZyZAllWthbCRtQTRnamIo2BG/x5WXSPK96l1X34aJcu83jKMAxnEAFPLiCGtxDHRrAQMEzvMKbkzkvzrvzMW9dcfKZI/gD5/MHiXmQtA==</latexit>

pt = g(st)
<latexit sha1_base64="HE1JBGq+kn8C2HqUZ4o1LvwxhiE=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqAhlpii6EYpuXFawF2jHIZNm2tBMMiQZoQwFN76KGxeKuPUl3Pk2ptNZaPWHwMd/zuHk/EHMqNKO82UVFhaXlleKq6W19Y3NLXt7p6VEIjFpYsGE7ARIEUY5aWqqGenEkqAoYKQdjK6m9fY9kYoKfqvHMfEiNOA0pBhpY/n23gUM/VqlfZeKCVS+hscwY9858u2yU3Uywb/g5lAGuRq+/dnrC5xEhGvMkFJd14m1lyKpKWZkUuolisQIj9CAdA1yFBHlpdkNE3honD4MhTSPa5i5PydSFCk1jgLTGSE9VPO1qflfrZvo8NxLKY8TTTieLQoTBrWA00Bgn0qCNRsbQFhS81eIh0girE1sJROCO3/yX2jVqu5p1bk5Kdcv8ziKYB8cgApwwRmog2vQAE2AwQN4Ai/g1Xq0nq03633WWrDymV3wS9bHNymtlfA=</latexit>

= f2(W
ost +W o

0 ) same as final layer in all of our neural 
networks so far, except for notation



<latexit sha1_base64="rXscG+pGWZTlPp56WtywXr2QcLU="></latexit>

st = f(st�1, xt) =
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2
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5

<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2

4
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<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)
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• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
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• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)
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• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
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• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2

4
c2
c3
x

3

5

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="k6+pB40ybRhtZz0rneAKVXh2C0U=">AAAB83icbVBNS8NAEJ34WetX1aOXxSLUS0lE0YtQ9OKxgv2ANoTNdtMu3STL7kQopX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC5UUBl3321lZXVvf2CxsFbd3dvf2SweHTZNmmvEGS2Wq2yE1XIqEN1Cg5G2lOY1DyVvh8G7qt564NiJNHnGkuB/TfiIiwShaqasCJDekXzEBngWlslt1ZyDLxMtJGXLUg9JXt5eyLOYJMkmN6XiuQn9MNQom+aTYzQxXlA1pn3csTWjMjT+e3Twhp1bpkSjVthIkM/X3xJjGxozi0HbGFAdm0ZuK/3mdDKNrfywSlSFP2HxRlEmCKZkGQHpCc4ZyZAllWthbCRtQTRnamIo2BG/x5WXSPK96l1X34aJcu83jKMAxnEAFPLiCGtxDHRrAQMEzvMKbkzkvzrvzMW9dcfKZI/gD5/MHiXmQtA==</latexit>

pt = g(st)
<latexit sha1_base64="HE1JBGq+kn8C2HqUZ4o1LvwxhiE=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqAhlpii6EYpuXFawF2jHIZNm2tBMMiQZoQwFN76KGxeKuPUl3Pk2ptNZaPWHwMd/zuHk/EHMqNKO82UVFhaXlleKq6W19Y3NLXt7p6VEIjFpYsGE7ARIEUY5aWqqGenEkqAoYKQdjK6m9fY9kYoKfqvHMfEiNOA0pBhpY/n23gUM/VqlfZeKCVS+hscwY9858u2yU3Uywb/g5lAGuRq+/dnrC5xEhGvMkFJd14m1lyKpKWZkUuolisQIj9CAdA1yFBHlpdkNE3honD4MhTSPa5i5PydSFCk1jgLTGSE9VPO1qflfrZvo8NxLKY8TTTieLQoTBrWA00Bgn0qCNRsbQFhS81eIh0girE1sJROCO3/yX2jVqu5p1bk5Kdcv8ziKYB8cgApwwRmog2vQAE2AwQN4Ai/g1Xq0nq03633WWrDymV3wS9bHNymtlfA=</latexit>

= f2(W
ost +W o

0 ) same as final layer in all of our neural 
networks so far, except for notation



<latexit sha1_base64="rXscG+pGWZTlPp56WtywXr2QcLU="></latexit>

st = f(st�1, xt) =

2

4
0
0
1

3

5xt +

2

4
0 1 0
0 0 1
0 0 0

3

5 st�1

A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2

4
c2
c3
x

3

5

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="k6+pB40ybRhtZz0rneAKVXh2C0U=">AAAB83icbVBNS8NAEJ34WetX1aOXxSLUS0lE0YtQ9OKxgv2ANoTNdtMu3STL7kQopX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC5UUBl3321lZXVvf2CxsFbd3dvf2SweHTZNmmvEGS2Wq2yE1XIqEN1Cg5G2lOY1DyVvh8G7qt564NiJNHnGkuB/TfiIiwShaqasCJDekXzEBngWlslt1ZyDLxMtJGXLUg9JXt5eyLOYJMkmN6XiuQn9MNQom+aTYzQxXlA1pn3csTWjMjT+e3Twhp1bpkSjVthIkM/X3xJjGxozi0HbGFAdm0ZuK/3mdDKNrfywSlSFP2HxRlEmCKZkGQHpCc4ZyZAllWthbCRtQTRnamIo2BG/x5WXSPK96l1X34aJcu83jKMAxnEAFPLiCGtxDHRrAQMEzvMKbkzkvzrvzMW9dcfKZI/gD5/MHiXmQtA==</latexit>

pt = g(st)
<latexit sha1_base64="HE1JBGq+kn8C2HqUZ4o1LvwxhiE=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqAhlpii6EYpuXFawF2jHIZNm2tBMMiQZoQwFN76KGxeKuPUl3Pk2ptNZaPWHwMd/zuHk/EHMqNKO82UVFhaXlleKq6W19Y3NLXt7p6VEIjFpYsGE7ARIEUY5aWqqGenEkqAoYKQdjK6m9fY9kYoKfqvHMfEiNOA0pBhpY/n23gUM/VqlfZeKCVS+hscwY9858u2yU3Uywb/g5lAGuRq+/dnrC5xEhGvMkFJd14m1lyKpKWZkUuolisQIj9CAdA1yFBHlpdkNE3honD4MhTSPa5i5PydSFCk1jgLTGSE9VPO1qflfrZvo8NxLKY8TTTieLQoTBrWA00Bgn0qCNRsbQFhS81eIh0girE1sJROCO3/yX2jVqu5p1bk5Kdcv8ziKYB8cgApwwRmog2vQAE2AwQN4Ai/g1Xq0nq03633WWrDymV3wS9bHNymtlfA=</latexit>

= f2(W
ost +W o

0 ) same as final layer in all of our neural 
networks so far, except for notation

7



<latexit sha1_base64="rXscG+pGWZTlPp56WtywXr2QcLU="></latexit>

st = f(st�1, xt) =

2

4
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0
1

3

5xt +

2

4
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3

5 st�1

A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2

4
c2
c3
x

3

5

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="k6+pB40ybRhtZz0rneAKVXh2C0U=">AAAB83icbVBNS8NAEJ34WetX1aOXxSLUS0lE0YtQ9OKxgv2ANoTNdtMu3STL7kQopX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC5UUBl3321lZXVvf2CxsFbd3dvf2SweHTZNmmvEGS2Wq2yE1XIqEN1Cg5G2lOY1DyVvh8G7qt564NiJNHnGkuB/TfiIiwShaqasCJDekXzEBngWlslt1ZyDLxMtJGXLUg9JXt5eyLOYJMkmN6XiuQn9MNQom+aTYzQxXlA1pn3csTWjMjT+e3Twhp1bpkSjVthIkM/X3xJjGxozi0HbGFAdm0ZuK/3mdDKNrfywSlSFP2HxRlEmCKZkGQHpCc4ZyZAllWthbCRtQTRnamIo2BG/x5WXSPK96l1X34aJcu83jKMAxnEAFPLiCGtxDHRrAQMEzvMKbkzkvzrvzMW9dcfKZI/gD5/MHiXmQtA==</latexit>

pt = g(st)
<latexit sha1_base64="HE1JBGq+kn8C2HqUZ4o1LvwxhiE=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqAhlpii6EYpuXFawF2jHIZNm2tBMMiQZoQwFN76KGxeKuPUl3Pk2ptNZaPWHwMd/zuHk/EHMqNKO82UVFhaXlleKq6W19Y3NLXt7p6VEIjFpYsGE7ARIEUY5aWqqGenEkqAoYKQdjK6m9fY9kYoKfqvHMfEiNOA0pBhpY/n23gUM/VqlfZeKCVS+hscwY9858u2yU3Uywb/g5lAGuRq+/dnrC5xEhGvMkFJd14m1lyKpKWZkUuolisQIj9CAdA1yFBHlpdkNE3honD4MhTSPa5i5PydSFCk1jgLTGSE9VPO1qflfrZvo8NxLKY8TTTieLQoTBrWA00Bgn0qCNRsbQFhS81eIh0girE1sJROCO3/yX2jVqu5p1bk5Kdcv8ziKYB8cgApwwRmog2vQAE2AwQN4Ai/g1Xq0nq03633WWrDymV3wS9bHNymtlfA=</latexit>

= f2(W
ost +W o

0 ) same as final layer in all of our neural 
networks so far, except for notation
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2

4
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x

3

5

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
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3

5

<latexit sha1_base64="k6+pB40ybRhtZz0rneAKVXh2C0U=">AAAB83icbVBNS8NAEJ34WetX1aOXxSLUS0lE0YtQ9OKxgv2ANoTNdtMu3STL7kQopX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC5UUBl3321lZXVvf2CxsFbd3dvf2SweHTZNmmvEGS2Wq2yE1XIqEN1Cg5G2lOY1DyVvh8G7qt564NiJNHnGkuB/TfiIiwShaqasCJDekXzEBngWlslt1ZyDLxMtJGXLUg9JXt5eyLOYJMkmN6XiuQn9MNQom+aTYzQxXlA1pn3csTWjMjT+e3Twhp1bpkSjVthIkM/X3xJjGxozi0HbGFAdm0ZuK/3mdDKNrfywSlSFP2HxRlEmCKZkGQHpCc4ZyZAllWthbCRtQTRnamIo2BG/x5WXSPK96l1X34aJcu83jKMAxnEAFPLiCGtxDHRrAQMEzvMKbkzkvzrvzMW9dcfKZI/gD5/MHiXmQtA==</latexit>

pt = g(st)
<latexit sha1_base64="HE1JBGq+kn8C2HqUZ4o1LvwxhiE=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqAhlpii6EYpuXFawF2jHIZNm2tBMMiQZoQwFN76KGxeKuPUl3Pk2ptNZaPWHwMd/zuHk/EHMqNKO82UVFhaXlleKq6W19Y3NLXt7p6VEIjFpYsGE7ARIEUY5aWqqGenEkqAoYKQdjK6m9fY9kYoKfqvHMfEiNOA0pBhpY/n23gUM/VqlfZeKCVS+hscwY9858u2yU3Uywb/g5lAGuRq+/dnrC5xEhGvMkFJd14m1lyKpKWZkUuolisQIj9CAdA1yFBHlpdkNE3honD4MhTSPa5i5PydSFCk1jgLTGSE9VPO1qflfrZvo8NxLKY8TTTieLQoTBrWA00Bgn0qCNRsbQFhS81eIh0girE1sJROCO3/yX2jVqu5p1bk5Kdcv8ziKYB8cgApwwRmog2vQAE2AwQN4Ai/g1Xq0nq03633WWrDymV3wS9bHNymtlfA=</latexit>

= f2(W
ost +W o

0 ) same as final layer in all of our neural 
networks so far, except for notation

<latexit sha1_base64="J4QMjezuo5FJmtMCuLbqamcyJNY="></latexit>

st = f(st�1, xt) =
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2

4
c2
c3
x

3

5

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="k6+pB40ybRhtZz0rneAKVXh2C0U=">AAAB83icbVBNS8NAEJ34WetX1aOXxSLUS0lE0YtQ9OKxgv2ANoTNdtMu3STL7kQopX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC5UUBl3321lZXVvf2CxsFbd3dvf2SweHTZNmmvEGS2Wq2yE1XIqEN1Cg5G2lOY1DyVvh8G7qt564NiJNHnGkuB/TfiIiwShaqasCJDekXzEBngWlslt1ZyDLxMtJGXLUg9JXt5eyLOYJMkmN6XiuQn9MNQom+aTYzQxXlA1pn3csTWjMjT+e3Twhp1bpkSjVthIkM/X3xJjGxozi0HbGFAdm0ZuK/3mdDKNrfywSlSFP2HxRlEmCKZkGQHpCc4ZyZAllWthbCRtQTRnamIo2BG/x5WXSPK96l1X34aJcu83jKMAxnEAFPLiCGtxDHRrAQMEzvMKbkzkvzrvzMW9dcfKZI/gD5/MHiXmQtA==</latexit>

pt = g(st)
<latexit sha1_base64="HE1JBGq+kn8C2HqUZ4o1LvwxhiE=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqAhlpii6EYpuXFawF2jHIZNm2tBMMiQZoQwFN76KGxeKuPUl3Pk2ptNZaPWHwMd/zuHk/EHMqNKO82UVFhaXlleKq6W19Y3NLXt7p6VEIjFpYsGE7ARIEUY5aWqqGenEkqAoYKQdjK6m9fY9kYoKfqvHMfEiNOA0pBhpY/n23gUM/VqlfZeKCVS+hscwY9858u2yU3Uywb/g5lAGuRq+/dnrC5xEhGvMkFJd14m1lyKpKWZkUuolisQIj9CAdA1yFBHlpdkNE3honD4MhTSPa5i5PydSFCk1jgLTGSE9VPO1qflfrZvo8NxLKY8TTTieLQoTBrWA00Bgn0qCNRsbQFhS81eIh0girE1sJROCO3/yX2jVqu5p1bk5Kdcv8ziKYB8cgApwwRmog2vQAE2AwQN4Ai/g1Xq0nq03633WWrDymV3wS9bHNymtlfA=</latexit>

= f2(W
ost +W o

0 ) same as final layer in all of our neural 
networks so far, except for notation

<latexit sha1_base64="J4QMjezuo5FJmtMCuLbqamcyJNY="></latexit>

st = f(st�1, xt) =
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0 1 0

3

5 st�1

<latexit sha1_base64="yJrMdHwMTHg7XLS7KZpfJ0RlQi4="></latexit>
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5xt +
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11 wss
12 wss

13

wss
21 wss

22 wss
23

wss
31 wss
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2
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<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2
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<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="k6+pB40ybRhtZz0rneAKVXh2C0U=">AAAB83icbVBNS8NAEJ34WetX1aOXxSLUS0lE0YtQ9OKxgv2ANoTNdtMu3STL7kQopX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC5UUBl3321lZXVvf2CxsFbd3dvf2SweHTZNmmvEGS2Wq2yE1XIqEN1Cg5G2lOY1DyVvh8G7qt564NiJNHnGkuB/TfiIiwShaqasCJDekXzEBngWlslt1ZyDLxMtJGXLUg9JXt5eyLOYJMkmN6XiuQn9MNQom+aTYzQxXlA1pn3csTWjMjT+e3Twhp1bpkSjVthIkM/X3xJjGxozi0HbGFAdm0ZuK/3mdDKNrfywSlSFP2HxRlEmCKZkGQHpCc4ZyZAllWthbCRtQTRnamIo2BG/x5WXSPK96l1X34aJcu83jKMAxnEAFPLiCGtxDHRrAQMEzvMKbkzkvzrvzMW9dcfKZI/gD5/MHiXmQtA==</latexit>
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<latexit sha1_base64="HE1JBGq+kn8C2HqUZ4o1LvwxhiE=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqAhlpii6EYpuXFawF2jHIZNm2tBMMiQZoQwFN76KGxeKuPUl3Pk2ptNZaPWHwMd/zuHk/EHMqNKO82UVFhaXlleKq6W19Y3NLXt7p6VEIjFpYsGE7ARIEUY5aWqqGenEkqAoYKQdjK6m9fY9kYoKfqvHMfEiNOA0pBhpY/n23gUM/VqlfZeKCVS+hscwY9858u2yU3Uywb/g5lAGuRq+/dnrC5xEhGvMkFJd14m1lyKpKWZkUuolisQIj9CAdA1yFBHlpdkNE3honD4MhTSPa5i5PydSFCk1jgLTGSE9VPO1qflfrZvo8NxLKY8TTTieLQoTBrWA00Bgn0qCNRsbQFhS81eIh0girE1sJROCO3/yX2jVqu5p1bk5Kdcv8ziKYB8cgApwwRmog2vQAE2AwQN4Ai/g1Xq0nq03633WWrDymV3wS9bHNymtlfA=</latexit>

= f2(W
ost +W o

0 ) same as final layer in all of our neural 
networks so far, except for notation

<latexit sha1_base64="J4QMjezuo5FJmtMCuLbqamcyJNY="></latexit>
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2
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<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2
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<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2
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<latexit sha1_base64="k6+pB40ybRhtZz0rneAKVXh2C0U=">AAAB83icbVBNS8NAEJ34WetX1aOXxSLUS0lE0YtQ9OKxgv2ANoTNdtMu3STL7kQopX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC5UUBl3321lZXVvf2CxsFbd3dvf2SweHTZNmmvEGS2Wq2yE1XIqEN1Cg5G2lOY1DyVvh8G7qt564NiJNHnGkuB/TfiIiwShaqasCJDekXzEBngWlslt1ZyDLxMtJGXLUg9JXt5eyLOYJMkmN6XiuQn9MNQom+aTYzQxXlA1pn3csTWjMjT+e3Twhp1bpkSjVthIkM/X3xJjGxozi0HbGFAdm0ZuK/3mdDKNrfywSlSFP2HxRlEmCKZkGQHpCc4ZyZAllWthbCRtQTRnamIo2BG/x5WXSPK96l1X34aJcu83jKMAxnEAFPLiCGtxDHRrAQMEzvMKbkzkvzrvzMW9dcfKZI/gD5/MHiXmQtA==</latexit>

pt = g(st)
<latexit sha1_base64="HE1JBGq+kn8C2HqUZ4o1LvwxhiE=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqAhlpii6EYpuXFawF2jHIZNm2tBMMiQZoQwFN76KGxeKuPUl3Pk2ptNZaPWHwMd/zuHk/EHMqNKO82UVFhaXlleKq6W19Y3NLXt7p6VEIjFpYsGE7ARIEUY5aWqqGenEkqAoYKQdjK6m9fY9kYoKfqvHMfEiNOA0pBhpY/n23gUM/VqlfZeKCVS+hscwY9858u2yU3Uywb/g5lAGuRq+/dnrC5xEhGvMkFJd14m1lyKpKWZkUuolisQIj9CAdA1yFBHlpdkNE3honD4MhTSPa5i5PydSFCk1jgLTGSE9VPO1qflfrZvo8NxLKY8TTTieLQoTBrWA00Bgn0qCNRsbQFhS81eIh0girE1sJROCO3/yX2jVqu5p1bk5Kdcv8ziKYB8cgApwwRmog2vQAE2AwQN4Ai/g1Xq0nq03633WWrDymV3wS9bHNymtlfA=</latexit>

= f2(W
ost +W o

0 ) same as final layer in all of our neural 
networks so far, except for notation

<latexit sha1_base64="J4QMjezuo5FJmtMCuLbqamcyJNY="></latexit>

st = f(st�1, xt) =
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2
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<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2

4
c2
c3
x

3

5

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2
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<latexit sha1_base64="k6+pB40ybRhtZz0rneAKVXh2C0U=">AAAB83icbVBNS8NAEJ34WetX1aOXxSLUS0lE0YtQ9OKxgv2ANoTNdtMu3STL7kQopX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC5UUBl3321lZXVvf2CxsFbd3dvf2SweHTZNmmvEGS2Wq2yE1XIqEN1Cg5G2lOY1DyVvh8G7qt564NiJNHnGkuB/TfiIiwShaqasCJDekXzEBngWlslt1ZyDLxMtJGXLUg9JXt5eyLOYJMkmN6XiuQn9MNQom+aTYzQxXlA1pn3csTWjMjT+e3Twhp1bpkSjVthIkM/X3xJjGxozi0HbGFAdm0ZuK/3mdDKNrfywSlSFP2HxRlEmCKZkGQHpCc4ZyZAllWthbCRtQTRnamIo2BG/x5WXSPK96l1X34aJcu83jKMAxnEAFPLiCGtxDHRrAQMEzvMKbkzkvzrvzMW9dcfKZI/gD5/MHiXmQtA==</latexit>

pt = g(st)
<latexit sha1_base64="HE1JBGq+kn8C2HqUZ4o1LvwxhiE=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqAhlpii6EYpuXFawF2jHIZNm2tBMMiQZoQwFN76KGxeKuPUl3Pk2ptNZaPWHwMd/zuHk/EHMqNKO82UVFhaXlleKq6W19Y3NLXt7p6VEIjFpYsGE7ARIEUY5aWqqGenEkqAoYKQdjK6m9fY9kYoKfqvHMfEiNOA0pBhpY/n23gUM/VqlfZeKCVS+hscwY9858u2yU3Uywb/g5lAGuRq+/dnrC5xEhGvMkFJd14m1lyKpKWZkUuolisQIj9CAdA1yFBHlpdkNE3honD4MhTSPa5i5PydSFCk1jgLTGSE9VPO1qflfrZvo8NxLKY8TTTieLQoTBrWA00Bgn0qCNRsbQFhS81eIh0girE1sJROCO3/yX2jVqu5p1bk5Kdcv8ziKYB8cgApwwRmog2vQAE2AwQN4Ai/g1Xq0nq03633WWrDymV3wS9bHNymtlfA=</latexit>

= f2(W
ost +W o

0 ) same as final layer in all of our neural 
networks so far, except for notation

<latexit sha1_base64="yJrMdHwMTHg7XLS7KZpfJ0RlQi4="></latexit>
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2
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<latexit sha1_base64="k6+pB40ybRhtZz0rneAKVXh2C0U=">AAAB83icbVBNS8NAEJ34WetX1aOXxSLUS0lE0YtQ9OKxgv2ANoTNdtMu3STL7kQopX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC5UUBl3321lZXVvf2CxsFbd3dvf2SweHTZNmmvEGS2Wq2yE1XIqEN1Cg5G2lOY1DyVvh8G7qt564NiJNHnGkuB/TfiIiwShaqasCJDekXzEBngWlslt1ZyDLxMtJGXLUg9JXt5eyLOYJMkmN6XiuQn9MNQom+aTYzQxXlA1pn3csTWjMjT+e3Twhp1bpkSjVthIkM/X3xJjGxozi0HbGFAdm0ZuK/3mdDKNrfywSlSFP2HxRlEmCKZkGQHpCc4ZyZAllWthbCRtQTRnamIo2BG/x5WXSPK96l1X34aJcu83jKMAxnEAFPLiCGtxDHRrAQMEzvMKbkzkvzrvzMW9dcfKZI/gD5/MHiXmQtA==</latexit>

pt = g(st)
<latexit sha1_base64="HE1JBGq+kn8C2HqUZ4o1LvwxhiE=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqAhlpii6EYpuXFawF2jHIZNm2tBMMiQZoQwFN76KGxeKuPUl3Pk2ptNZaPWHwMd/zuHk/EHMqNKO82UVFhaXlleKq6W19Y3NLXt7p6VEIjFpYsGE7ARIEUY5aWqqGenEkqAoYKQdjK6m9fY9kYoKfqvHMfEiNOA0pBhpY/n23gUM/VqlfZeKCVS+hscwY9858u2yU3Uywb/g5lAGuRq+/dnrC5xEhGvMkFJd14m1lyKpKWZkUuolisQIj9CAdA1yFBHlpdkNE3honD4MhTSPa5i5PydSFCk1jgLTGSE9VPO1qflfrZvo8NxLKY8TTTieLQoTBrWA00Bgn0qCNRsbQFhS81eIh0girE1sJROCO3/yX2jVqu5p1bk5Kdcv8ziKYB8cgApwwRmog2vQAE2AwQN4Ai/g1Xq0nq03633WWrDymV3wS9bHNymtlfA=</latexit>

= f2(W
ost +W o

0 ) same as final layer in all of our neural 
networks so far, except for notation

<latexit sha1_base64="yJrMdHwMTHg7XLS7KZpfJ0RlQi4="></latexit>
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2
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<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2
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<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2
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<latexit sha1_base64="k6+pB40ybRhtZz0rneAKVXh2C0U=">AAAB83icbVBNS8NAEJ34WetX1aOXxSLUS0lE0YtQ9OKxgv2ANoTNdtMu3STL7kQopX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC5UUBl3321lZXVvf2CxsFbd3dvf2SweHTZNmmvEGS2Wq2yE1XIqEN1Cg5G2lOY1DyVvh8G7qt564NiJNHnGkuB/TfiIiwShaqasCJDekXzEBngWlslt1ZyDLxMtJGXLUg9JXt5eyLOYJMkmN6XiuQn9MNQom+aTYzQxXlA1pn3csTWjMjT+e3Twhp1bpkSjVthIkM/X3xJjGxozi0HbGFAdm0ZuK/3mdDKNrfywSlSFP2HxRlEmCKZkGQHpCc4ZyZAllWthbCRtQTRnamIo2BG/x5WXSPK96l1X34aJcu83jKMAxnEAFPLiCGtxDHRrAQMEzvMKbkzkvzrvzMW9dcfKZI/gD5/MHiXmQtA==</latexit>

pt = g(st)
<latexit sha1_base64="HE1JBGq+kn8C2HqUZ4o1LvwxhiE=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqAhlpii6EYpuXFawF2jHIZNm2tBMMiQZoQwFN76KGxeKuPUl3Pk2ptNZaPWHwMd/zuHk/EHMqNKO82UVFhaXlleKq6W19Y3NLXt7p6VEIjFpYsGE7ARIEUY5aWqqGenEkqAoYKQdjK6m9fY9kYoKfqvHMfEiNOA0pBhpY/n23gUM/VqlfZeKCVS+hscwY9858u2yU3Uywb/g5lAGuRq+/dnrC5xEhGvMkFJd14m1lyKpKWZkUuolisQIj9CAdA1yFBHlpdkNE3honD4MhTSPa5i5PydSFCk1jgLTGSE9VPO1qflfrZvo8NxLKY8TTTieLQoTBrWA00Bgn0qCNRsbQFhS81eIh0girE1sJROCO3/yX2jVqu5p1bk5Kdcv8ziKYB8cgApwwRmog2vQAE2AwQN4Ai/g1Xq0nq03633WWrDymV3wS9bHNymtlfA=</latexit>

= f2(W
ost +W o

0 ) same as final layer in all of our neural 
networks so far, except for notation

<latexit sha1_base64="yJrMdHwMTHg7XLS7KZpfJ0RlQi4="></latexit>
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2

4
c2
c3
x

3

5

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="k6+pB40ybRhtZz0rneAKVXh2C0U=">AAAB83icbVBNS8NAEJ34WetX1aOXxSLUS0lE0YtQ9OKxgv2ANoTNdtMu3STL7kQopX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC5UUBl3321lZXVvf2CxsFbd3dvf2SweHTZNmmvEGS2Wq2yE1XIqEN1Cg5G2lOY1DyVvh8G7qt564NiJNHnGkuB/TfiIiwShaqasCJDekXzEBngWlslt1ZyDLxMtJGXLUg9JXt5eyLOYJMkmN6XiuQn9MNQom+aTYzQxXlA1pn3csTWjMjT+e3Twhp1bpkSjVthIkM/X3xJjGxozi0HbGFAdm0ZuK/3mdDKNrfywSlSFP2HxRlEmCKZkGQHpCc4ZyZAllWthbCRtQTRnamIo2BG/x5WXSPK96l1X34aJcu83jKMAxnEAFPLiCGtxDHRrAQMEzvMKbkzkvzrvzMW9dcfKZI/gD5/MHiXmQtA==</latexit>

pt = g(st)
<latexit sha1_base64="HE1JBGq+kn8C2HqUZ4o1LvwxhiE=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqAhlpii6EYpuXFawF2jHIZNm2tBMMiQZoQwFN76KGxeKuPUl3Pk2ptNZaPWHwMd/zuHk/EHMqNKO82UVFhaXlleKq6W19Y3NLXt7p6VEIjFpYsGE7ARIEUY5aWqqGenEkqAoYKQdjK6m9fY9kYoKfqvHMfEiNOA0pBhpY/n23gUM/VqlfZeKCVS+hscwY9858u2yU3Uywb/g5lAGuRq+/dnrC5xEhGvMkFJd14m1lyKpKWZkUuolisQIj9CAdA1yFBHlpdkNE3honD4MhTSPa5i5PydSFCk1jgLTGSE9VPO1qflfrZvo8NxLKY8TTTieLQoTBrWA00Bgn0qCNRsbQFhS81eIh0girE1sJROCO3/yX2jVqu5p1bk5Kdcv8ziKYB8cgApwwRmog2vQAE2AwQN4Ai/g1Xq0nq03633WWrDymV3wS9bHNymtlfA=</latexit>

= f2(W
ost +W o

0 ) same as final layer in all of our neural 
networks so far, except for notation

<latexit sha1_base64="yJrMdHwMTHg7XLS7KZpfJ0RlQi4="></latexit>

st =

2

4
wsx

1

wsx
2

wsx
3
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wss

11 wss
12 wss
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wss
21 wss
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wss
31 wss

32 wss
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2

4
c2
c3
x

3

5

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="k6+pB40ybRhtZz0rneAKVXh2C0U=">AAAB83icbVBNS8NAEJ34WetX1aOXxSLUS0lE0YtQ9OKxgv2ANoTNdtMu3STL7kQopX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC5UUBl3321lZXVvf2CxsFbd3dvf2SweHTZNmmvEGS2Wq2yE1XIqEN1Cg5G2lOY1DyVvh8G7qt564NiJNHnGkuB/TfiIiwShaqasCJDekXzEBngWlslt1ZyDLxMtJGXLUg9JXt5eyLOYJMkmN6XiuQn9MNQom+aTYzQxXlA1pn3csTWjMjT+e3Twhp1bpkSjVthIkM/X3xJjGxozi0HbGFAdm0ZuK/3mdDKNrfywSlSFP2HxRlEmCKZkGQHpCc4ZyZAllWthbCRtQTRnamIo2BG/x5WXSPK96l1X34aJcu83jKMAxnEAFPLiCGtxDHRrAQMEzvMKbkzkvzrvzMW9dcfKZI/gD5/MHiXmQtA==</latexit>

pt = g(st)
<latexit sha1_base64="HE1JBGq+kn8C2HqUZ4o1LvwxhiE=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqAhlpii6EYpuXFawF2jHIZNm2tBMMiQZoQwFN76KGxeKuPUl3Pk2ptNZaPWHwMd/zuHk/EHMqNKO82UVFhaXlleKq6W19Y3NLXt7p6VEIjFpYsGE7ARIEUY5aWqqGenEkqAoYKQdjK6m9fY9kYoKfqvHMfEiNOA0pBhpY/n23gUM/VqlfZeKCVS+hscwY9858u2yU3Uywb/g5lAGuRq+/dnrC5xEhGvMkFJd14m1lyKpKWZkUuolisQIj9CAdA1yFBHlpdkNE3honD4MhTSPa5i5PydSFCk1jgLTGSE9VPO1qflfrZvo8NxLKY8TTTieLQoTBrWA00Bgn0qCNRsbQFhS81eIh0girE1sJROCO3/yX2jVqu5p1bk5Kdcv8ziKYB8cgApwwRmog2vQAE2AwQN4Ai/g1Xq0nq03633WWrDymV3wS9bHNymtlfA=</latexit>

= f2(W
ost +W o

0 ) same as final layer in all of our neural 
networks so far, except for notation

<latexit sha1_base64="0rlqOqj1+JJzpZucF8UcAS4J0VE="></latexit>

st = f1

0
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2

4
c2
c3
x

3

5

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="k6+pB40ybRhtZz0rneAKVXh2C0U=">AAAB83icbVBNS8NAEJ34WetX1aOXxSLUS0lE0YtQ9OKxgv2ANoTNdtMu3STL7kQopX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC5UUBl3321lZXVvf2CxsFbd3dvf2SweHTZNmmvEGS2Wq2yE1XIqEN1Cg5G2lOY1DyVvh8G7qt564NiJNHnGkuB/TfiIiwShaqasCJDekXzEBngWlslt1ZyDLxMtJGXLUg9JXt5eyLOYJMkmN6XiuQn9MNQom+aTYzQxXlA1pn3csTWjMjT+e3Twhp1bpkSjVthIkM/X3xJjGxozi0HbGFAdm0ZuK/3mdDKNrfywSlSFP2HxRlEmCKZkGQHpCc4ZyZAllWthbCRtQTRnamIo2BG/x5WXSPK96l1X34aJcu83jKMAxnEAFPLiCGtxDHRrAQMEzvMKbkzkvzrvzMW9dcfKZI/gD5/MHiXmQtA==</latexit>

pt = g(st)
<latexit sha1_base64="HE1JBGq+kn8C2HqUZ4o1LvwxhiE=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqAhlpii6EYpuXFawF2jHIZNm2tBMMiQZoQwFN76KGxeKuPUl3Pk2ptNZaPWHwMd/zuHk/EHMqNKO82UVFhaXlleKq6W19Y3NLXt7p6VEIjFpYsGE7ARIEUY5aWqqGenEkqAoYKQdjK6m9fY9kYoKfqvHMfEiNOA0pBhpY/n23gUM/VqlfZeKCVS+hscwY9858u2yU3Uywb/g5lAGuRq+/dnrC5xEhGvMkFJd14m1lyKpKWZkUuolisQIj9CAdA1yFBHlpdkNE3honD4MhTSPa5i5PydSFCk1jgLTGSE9VPO1qflfrZvo8NxLKY8TTTieLQoTBrWA00Bgn0qCNRsbQFhS81eIh0girE1sJROCO3/yX2jVqu5p1bk5Kdcv8ziKYB8cgApwwRmog2vQAE2AwQN4Ai/g1Xq0nq03633WWrDymV3wS9bHNymtlfA=</latexit>

= f2(W
ost +W o

0 ) same as final layer in all of our neural 
networks so far, except for notation

<latexit sha1_base64="0rlqOqj1+JJzpZucF8UcAS4J0VE="></latexit>
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2

4
c2
c3
x

3

5

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="k6+pB40ybRhtZz0rneAKVXh2C0U=">AAAB83icbVBNS8NAEJ34WetX1aOXxSLUS0lE0YtQ9OKxgv2ANoTNdtMu3STL7kQopX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC5UUBl3321lZXVvf2CxsFbd3dvf2SweHTZNmmvEGS2Wq2yE1XIqEN1Cg5G2lOY1DyVvh8G7qt564NiJNHnGkuB/TfiIiwShaqasCJDekXzEBngWlslt1ZyDLxMtJGXLUg9JXt5eyLOYJMkmN6XiuQn9MNQom+aTYzQxXlA1pn3csTWjMjT+e3Twhp1bpkSjVthIkM/X3xJjGxozi0HbGFAdm0ZuK/3mdDKNrfywSlSFP2HxRlEmCKZkGQHpCc4ZyZAllWthbCRtQTRnamIo2BG/x5WXSPK96l1X34aJcu83jKMAxnEAFPLiCGtxDHRrAQMEzvMKbkzkvzrvzMW9dcfKZI/gD5/MHiXmQtA==</latexit>

pt = g(st)
<latexit sha1_base64="HE1JBGq+kn8C2HqUZ4o1LvwxhiE=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqAhlpii6EYpuXFawF2jHIZNm2tBMMiQZoQwFN76KGxeKuPUl3Pk2ptNZaPWHwMd/zuHk/EHMqNKO82UVFhaXlleKq6W19Y3NLXt7p6VEIjFpYsGE7ARIEUY5aWqqGenEkqAoYKQdjK6m9fY9kYoKfqvHMfEiNOA0pBhpY/n23gUM/VqlfZeKCVS+hscwY9858u2yU3Uywb/g5lAGuRq+/dnrC5xEhGvMkFJd14m1lyKpKWZkUuolisQIj9CAdA1yFBHlpdkNE3honD4MhTSPa5i5PydSFCk1jgLTGSE9VPO1qflfrZvo8NxLKY8TTTieLQoTBrWA00Bgn0qCNRsbQFhS81eIh0girE1sJROCO3/yX2jVqu5p1bk5Kdcv8ziKYB8cgApwwRmog2vQAE2AwQN4Ai/g1Xq0nq03633WWrDymV3wS9bHNymtlfA=</latexit>

= f2(W
ost +W o

0 ) same as final layer in all of our neural 
networks so far, except for notation

<latexit sha1_base64="0rlqOqj1+JJzpZucF8UcAS4J0VE="></latexit>
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2

4
c2
c3
x

3

5

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="k6+pB40ybRhtZz0rneAKVXh2C0U=">AAAB83icbVBNS8NAEJ34WetX1aOXxSLUS0lE0YtQ9OKxgv2ANoTNdtMu3STL7kQopX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC5UUBl3321lZXVvf2CxsFbd3dvf2SweHTZNmmvEGS2Wq2yE1XIqEN1Cg5G2lOY1DyVvh8G7qt564NiJNHnGkuB/TfiIiwShaqasCJDekXzEBngWlslt1ZyDLxMtJGXLUg9JXt5eyLOYJMkmN6XiuQn9MNQom+aTYzQxXlA1pn3csTWjMjT+e3Twhp1bpkSjVthIkM/X3xJjGxozi0HbGFAdm0ZuK/3mdDKNrfywSlSFP2HxRlEmCKZkGQHpCc4ZyZAllWthbCRtQTRnamIo2BG/x5WXSPK96l1X34aJcu83jKMAxnEAFPLiCGtxDHRrAQMEzvMKbkzkvzrvzMW9dcfKZI/gD5/MHiXmQtA==</latexit>

pt = g(st)
<latexit sha1_base64="HE1JBGq+kn8C2HqUZ4o1LvwxhiE=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqAhlpii6EYpuXFawF2jHIZNm2tBMMiQZoQwFN76KGxeKuPUl3Pk2ptNZaPWHwMd/zuHk/EHMqNKO82UVFhaXlleKq6W19Y3NLXt7p6VEIjFpYsGE7ARIEUY5aWqqGenEkqAoYKQdjK6m9fY9kYoKfqvHMfEiNOA0pBhpY/n23gUM/VqlfZeKCVS+hscwY9858u2yU3Uywb/g5lAGuRq+/dnrC5xEhGvMkFJd14m1lyKpKWZkUuolisQIj9CAdA1yFBHlpdkNE3honD4MhTSPa5i5PydSFCk1jgLTGSE9VPO1qflfrZvo8NxLKY8TTTieLQoTBrWA00Bgn0qCNRsbQFhS81eIh0girE1sJROCO3/yX2jVqu5p1bk5Kdcv8ziKYB8cgApwwRmog2vQAE2AwQN4Ai/g1Xq0nq03633WWrDymV3wS9bHNymtlfA=</latexit>

= f2(W
ost +W o

0 ) same as final layer in all of our neural 
networks so far, except for notation

<latexit sha1_base64="0rlqOqj1+JJzpZucF8UcAS4J0VE="></latexit>
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)
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<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2

4
c2
c3
x

3

5

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="k6+pB40ybRhtZz0rneAKVXh2C0U=">AAAB83icbVBNS8NAEJ34WetX1aOXxSLUS0lE0YtQ9OKxgv2ANoTNdtMu3STL7kQopX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC5UUBl3321lZXVvf2CxsFbd3dvf2SweHTZNmmvEGS2Wq2yE1XIqEN1Cg5G2lOY1DyVvh8G7qt564NiJNHnGkuB/TfiIiwShaqasCJDekXzEBngWlslt1ZyDLxMtJGXLUg9JXt5eyLOYJMkmN6XiuQn9MNQom+aTYzQxXlA1pn3csTWjMjT+e3Twhp1bpkSjVthIkM/X3xJjGxozi0HbGFAdm0ZuK/3mdDKNrfywSlSFP2HxRlEmCKZkGQHpCc4ZyZAllWthbCRtQTRnamIo2BG/x5WXSPK96l1X34aJcu83jKMAxnEAFPLiCGtxDHRrAQMEzvMKbkzkvzrvzMW9dcfKZI/gD5/MHiXmQtA==</latexit>

pt = g(st)
<latexit sha1_base64="HE1JBGq+kn8C2HqUZ4o1LvwxhiE=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqAhlpii6EYpuXFawF2jHIZNm2tBMMiQZoQwFN76KGxeKuPUl3Pk2ptNZaPWHwMd/zuHk/EHMqNKO82UVFhaXlleKq6W19Y3NLXt7p6VEIjFpYsGE7ARIEUY5aWqqGenEkqAoYKQdjK6m9fY9kYoKfqvHMfEiNOA0pBhpY/n23gUM/VqlfZeKCVS+hscwY9858u2yU3Uywb/g5lAGuRq+/dnrC5xEhGvMkFJd14m1lyKpKWZkUuolisQIj9CAdA1yFBHlpdkNE3honD4MhTSPa5i5PydSFCk1jgLTGSE9VPO1qflfrZvo8NxLKY8TTTieLQoTBrWA00Bgn0qCNRsbQFhS81eIh0girE1sJROCO3/yX2jVqu5p1bk5Kdcv8ziKYB8cgApwwRmog2vQAE2AwQN4Ai/g1Xq0nq03633WWrDymV3wS9bHNymtlfA=</latexit>

= f2(W
ost +W o

0 )

<latexit sha1_base64="/herhF0vJlJgt4HMkVy4JkDdUY8="></latexit>

st = f1 (W
sxxt +W ssst�1 +W ss

0 )

Put it all together:
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A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2

4
c2
c3
x

3

5

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="k6+pB40ybRhtZz0rneAKVXh2C0U=">AAAB83icbVBNS8NAEJ34WetX1aOXxSLUS0lE0YtQ9OKxgv2ANoTNdtMu3STL7kQopX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC5UUBl3321lZXVvf2CxsFbd3dvf2SweHTZNmmvEGS2Wq2yE1XIqEN1Cg5G2lOY1DyVvh8G7qt564NiJNHnGkuB/TfiIiwShaqasCJDekXzEBngWlslt1ZyDLxMtJGXLUg9JXt5eyLOYJMkmN6XiuQn9MNQom+aTYzQxXlA1pn3csTWjMjT+e3Twhp1bpkSjVthIkM/X3xJjGxozi0HbGFAdm0ZuK/3mdDKNrfywSlSFP2HxRlEmCKZkGQHpCc4ZyZAllWthbCRtQTRnamIo2BG/x5WXSPK96l1X34aJcu83jKMAxnEAFPLiCGtxDHRrAQMEzvMKbkzkvzrvzMW9dcfKZI/gD5/MHiXmQtA==</latexit>

pt = g(st)
<latexit sha1_base64="HE1JBGq+kn8C2HqUZ4o1LvwxhiE=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqAhlpii6EYpuXFawF2jHIZNm2tBMMiQZoQwFN76KGxeKuPUl3Pk2ptNZaPWHwMd/zuHk/EHMqNKO82UVFhaXlleKq6W19Y3NLXt7p6VEIjFpYsGE7ARIEUY5aWqqGenEkqAoYKQdjK6m9fY9kYoKfqvHMfEiNOA0pBhpY/n23gUM/VqlfZeKCVS+hscwY9858u2yU3Uywb/g5lAGuRq+/dnrC5xEhGvMkFJd14m1lyKpKWZkUuolisQIj9CAdA1yFBHlpdkNE3honD4MhTSPa5i5PydSFCk1jgLTGSE9VPO1qflfrZvo8NxLKY8TTTieLQoTBrWA00Bgn0qCNRsbQFhS81eIh0girE1sJROCO3/yX2jVqu5p1bk5Kdcv8ziKYB8cgApwwRmog2vQAE2AwQN4Ai/g1Xq0nq03633WWrDymV3wS9bHNymtlfA=</latexit>

= f2(W
ost +W o

0 )

<latexit sha1_base64="/herhF0vJlJgt4HMkVy4JkDdUY8="></latexit>

st = f1 (W
sxxt +W ssst�1 +W ss

0 )

Put it all together:
<latexit sha1_base64="iUA4eX/4h6RSZg+3DWJ388md51Q=">AAACEHicbVDJSgNBEO2JW4zbqEcvTYKYoIQZQRRECHrxFKKYBZIYejqdpEnPQneNJAz5BC/in3jxoIhXj97yN3aWgyY+KHi8V0VVPScQXIFlDY3YwuLS8kp8NbG2vrG5ZW7vlJQfSsqK1Be+rDhEMcE9VgQOglUCyYjrCFZ2ulcjv/zApOK+dwf9gNVd0vZ4i1MCWmqYB8F9lOaZAb7ANWA9kG50m88P0r2JfI7LR7jcsDINM2VlrTHwPLGnJJVL1g6fh7l+oWF+15o+DV3mARVEqaptBVCPiAROBRskaqFiAaFd0mZVTT3iMlWPxg8N8L5WmrjlS10e4LH6eyIirlJ919GdLoGOmvVG4n9eNYTWWT3iXhAC8+hkUSsUGHw8Sgc3uWQURF8TQiXXt2LaIZJQ0BkmdAj27MvzpHSctU+y1o2dyl2iCeJoDyVRGtnoFOXQNSqgIqLoEb2gN/RuPBmvxofxOWmNGdOZXfQHxtcPaUqd4Q==</latexit>

p(i) = RNN(x(i);W,W0)

7



A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2

4
c2
c3
x

3

5

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="k6+pB40ybRhtZz0rneAKVXh2C0U=">AAAB83icbVBNS8NAEJ34WetX1aOXxSLUS0lE0YtQ9OKxgv2ANoTNdtMu3STL7kQopX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC5UUBl3321lZXVvf2CxsFbd3dvf2SweHTZNmmvEGS2Wq2yE1XIqEN1Cg5G2lOY1DyVvh8G7qt564NiJNHnGkuB/TfiIiwShaqasCJDekXzEBngWlslt1ZyDLxMtJGXLUg9JXt5eyLOYJMkmN6XiuQn9MNQom+aTYzQxXlA1pn3csTWjMjT+e3Twhp1bpkSjVthIkM/X3xJjGxozi0HbGFAdm0ZuK/3mdDKNrfywSlSFP2HxRlEmCKZkGQHpCc4ZyZAllWthbCRtQTRnamIo2BG/x5WXSPK96l1X34aJcu83jKMAxnEAFPLiCGtxDHRrAQMEzvMKbkzkvzrvzMW9dcfKZI/gD5/MHiXmQtA==</latexit>

pt = g(st)
<latexit sha1_base64="HE1JBGq+kn8C2HqUZ4o1LvwxhiE=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqAhlpii6EYpuXFawF2jHIZNm2tBMMiQZoQwFN76KGxeKuPUl3Pk2ptNZaPWHwMd/zuHk/EHMqNKO82UVFhaXlleKq6W19Y3NLXt7p6VEIjFpYsGE7ARIEUY5aWqqGenEkqAoYKQdjK6m9fY9kYoKfqvHMfEiNOA0pBhpY/n23gUM/VqlfZeKCVS+hscwY9858u2yU3Uywb/g5lAGuRq+/dnrC5xEhGvMkFJd14m1lyKpKWZkUuolisQIj9CAdA1yFBHlpdkNE3honD4MhTSPa5i5PydSFCk1jgLTGSE9VPO1qflfrZvo8NxLKY8TTTieLQoTBrWA00Bgn0qCNRsbQFhS81eIh0girE1sJROCO3/yX2jVqu5p1bk5Kdcv8ziKYB8cgApwwRmog2vQAE2AwQN4Ai/g1Xq0nq03633WWrDymV3wS9bHNymtlfA=</latexit>

= f2(W
ost +W o

0 )

<latexit sha1_base64="/herhF0vJlJgt4HMkVy4JkDdUY8="></latexit>

st = f1 (W
sxxt +W ssst�1 +W ss

0 )

Put it all together:
<latexit sha1_base64="iUA4eX/4h6RSZg+3DWJ388md51Q=">AAACEHicbVDJSgNBEO2JW4zbqEcvTYKYoIQZQRRECHrxFKKYBZIYejqdpEnPQneNJAz5BC/in3jxoIhXj97yN3aWgyY+KHi8V0VVPScQXIFlDY3YwuLS8kp8NbG2vrG5ZW7vlJQfSsqK1Be+rDhEMcE9VgQOglUCyYjrCFZ2ulcjv/zApOK+dwf9gNVd0vZ4i1MCWmqYB8F9lOaZAb7ANWA9kG50m88P0r2JfI7LR7jcsDINM2VlrTHwPLGnJJVL1g6fh7l+oWF+15o+DV3mARVEqaptBVCPiAROBRskaqFiAaFd0mZVTT3iMlWPxg8N8L5WmrjlS10e4LH6eyIirlJ919GdLoGOmvVG4n9eNYTWWT3iXhAC8+hkUSsUGHw8Sgc3uWQURF8TQiXXt2LaIZJQ0BkmdAj27MvzpHSctU+y1o2dyl2iCeJoDyVRGtnoFOXQNSqgIqLoEb2gN/RuPBmvxofxOWmNGdOZXfQHxtcPaUqd4Q==</latexit>

p(i) = RNN(x(i);W,W0)

7 “recurrent neural network”



A state machine: writing & predicting text
• Recall state machines: 

• Set of possible states    
• Set of possible inputs    
• Initial state 
• Transition function f(s,x) 
• Set of possible outputs     
• Output function p = g(s)

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="kh3375+yiKoEh3r1A+qZnpUigCA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu4+XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlJORcg==</latexit>X

• Example: 
• Every sequence of 3 chars 
• Every single character 
• s0 
• E.g. f(         ,x) =  
• Output: v prediction probs 
• E.g. p=g(       )

• Example with alphabet {0,1} (v=2); state is last m = 3 chars

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="xzh+PM2bvoqtwy7tQhjQDoq+cfA=">AAACHnicbVDLSsQwFE19O75GXboJDoKrofW9FN24VHBUmJSSZm5ngmlakltxKPMlbvwVNy4UEVzp35gZu/B14MLhnHuTe0+cK2nR9z+8sfGJyanpmdna3PzC4lJ9eeXCZoUR0BKZysxVzC0oqaGFEhVc5QZ4Giu4jK+Ph/7lDRgrM32O/RzClHe1TKTg6KSovssUJNimLIau1CU3hvcHpRjURLTFmIi2GbtloDuVw4zs9jCM6g2/6Y9A/5KgIg1S4TSqv7FOJooUNArFrW0Hfo6hexSlUDCoscJCzsU170LbUc1TsGE5Om9AN5zSoUlmXGmkI/X7RMlTa/tp7DpTjj372xuK/3ntApODsJQ6LxC0+PooKRTFjA6zoh1pQKDqO8KFkW5XKnrccIEu0ZoLIfh98l9ysdUM9po7ZzuNw6MqjhmyRtbJJgnIPjkkJ+SUtIggd+SBPJFn79579F6816/WMa+aWSU/4L1/AqiFo3c=</latexit>2

4
c2
c3
x

3

5

<latexit sha1_base64="/g+frMnjT4jBw8dzvJpLxwWq4Ew=">AAACIHicbVDLTsMwEHR4U14FjlwsKiROVQIIOCK4cCwSfUhNFDnuprXqOJG9QaqifgoXfoULBxCCG3wNbpsDr5FsjWZ2196JMikMuu6HMze/sLi0vLJaWVvf2Nyqbu+0TJprDk2eylR3ImZACgVNFCihk2lgSSShHQ2vJn77DrQRqbrFUQZBwvpKxIIztFJYPfMlxNilfgR9oQqmNRuNCz6u8NDzfR4eTa5jH1Sv9Hwt+gMMwmrNrbtT0L/EK0mNlGiE1Xe/l/I8AYVcMmO6npthYIei4BLGFT83kDE+ZH3oWqpYAiYopguO6YFVejROtT0K6VT93lGwxJhREtnKhOHA/PYm4n9eN8f4PCiEynIExWcPxbmkmNJJWrQnNHCUI0sY18L+lfIB04yjzbRiQ/B+r/yXtI7q3mn95OakdnFZxrFC9sg+OSQeOSMX5Jo0SJNwck8eyTN5cR6cJ+fVeZuVzjllzy75AefzC9EEpAY=</latexit>2

4
c1
c2
c3

3

5

<latexit sha1_base64="k6+pB40ybRhtZz0rneAKVXh2C0U=">AAAB83icbVBNS8NAEJ34WetX1aOXxSLUS0lE0YtQ9OKxgv2ANoTNdtMu3STL7kQopX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC5UUBl3321lZXVvf2CxsFbd3dvf2SweHTZNmmvEGS2Wq2yE1XIqEN1Cg5G2lOY1DyVvh8G7qt564NiJNHnGkuB/TfiIiwShaqasCJDekXzEBngWlslt1ZyDLxMtJGXLUg9JXt5eyLOYJMkmN6XiuQn9MNQom+aTYzQxXlA1pn3csTWjMjT+e3Twhp1bpkSjVthIkM/X3xJjGxozi0HbGFAdm0ZuK/3mdDKNrfywSlSFP2HxRlEmCKZkGQHpCc4ZyZAllWthbCRtQTRnamIo2BG/x5WXSPK96l1X34aJcu83jKMAxnEAFPLiCGtxDHRrAQMEzvMKbkzkvzrvzMW9dcfKZI/gD5/MHiXmQtA==</latexit>

pt = g(st)
<latexit sha1_base64="HE1JBGq+kn8C2HqUZ4o1LvwxhiE=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqAhlpii6EYpuXFawF2jHIZNm2tBMMiQZoQwFN76KGxeKuPUl3Pk2ptNZaPWHwMd/zuHk/EHMqNKO82UVFhaXlleKq6W19Y3NLXt7p6VEIjFpYsGE7ARIEUY5aWqqGenEkqAoYKQdjK6m9fY9kYoKfqvHMfEiNOA0pBhpY/n23gUM/VqlfZeKCVS+hscwY9858u2yU3Uywb/g5lAGuRq+/dnrC5xEhGvMkFJd14m1lyKpKWZkUuolisQIj9CAdA1yFBHlpdkNE3honD4MhTSPa5i5PydSFCk1jgLTGSE9VPO1qflfrZvo8NxLKY8TTTieLQoTBrWA00Bgn0qCNRsbQFhS81eIh0girE1sJROCO3/yX2jVqu5p1bk5Kdcv8ziKYB8cgApwwRmog2vQAE2AwQN4Ai/g1Xq0nq03633WWrDymV3wS9bHNymtlfA=</latexit>

= f2(W
ost +W o

0 )

<latexit sha1_base64="/herhF0vJlJgt4HMkVy4JkDdUY8="></latexit>

st = f1 (W
sxxt +W ssst�1 +W ss

0 )

Put it all together:
<latexit sha1_base64="iUA4eX/4h6RSZg+3DWJ388md51Q=">AAACEHicbVDJSgNBEO2JW4zbqEcvTYKYoIQZQRRECHrxFKKYBZIYejqdpEnPQneNJAz5BC/in3jxoIhXj97yN3aWgyY+KHi8V0VVPScQXIFlDY3YwuLS8kp8NbG2vrG5ZW7vlJQfSsqK1Be+rDhEMcE9VgQOglUCyYjrCFZ2ulcjv/zApOK+dwf9gNVd0vZ4i1MCWmqYB8F9lOaZAb7ANWA9kG50m88P0r2JfI7LR7jcsDINM2VlrTHwPLGnJJVL1g6fh7l+oWF+15o+DV3mARVEqaptBVCPiAROBRskaqFiAaFd0mZVTT3iMlWPxg8N8L5WmrjlS10e4LH6eyIirlJ919GdLoGOmvVG4n9eNYTWWT3iXhAC8+hkUSsUGHw8Sgc3uWQURF8TQiXXt2LaIZJQ0BkmdAj27MvzpHSctU+y1o2dyl2iCeJoDyVRGtnoFOXQNSqgIqLoEb2gN/RuPBmvxofxOWmNGdOZXfQHxtcPaUqd4Q==</latexit>

p(i) = RNN(x(i);W,W0)

7 “recurrent neural network”

Recall: 
• In 2-layer, fully-connected NNs, 

we learned the features. 
• In CNNs, we learned the filters. 
• Analogous idea here.
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Recurrent Neural Networks
Recall: familiar pattern 
1. Choose how to predict label (given features & 

parameters) 
2. Choose a loss (between guess & actual label) 
3. Choose parameters by trying to minimize the training loss

8

In our example application: 
1. Use an RNN:

<latexit sha1_base64="iUA4eX/4h6RSZg+3DWJ388md51Q=">AAACEHicbVDJSgNBEO2JW4zbqEcvTYKYoIQZQRRECHrxFKKYBZIYejqdpEnPQneNJAz5BC/in3jxoIhXj97yN3aWgyY+KHi8V0VVPScQXIFlDY3YwuLS8kp8NbG2vrG5ZW7vlJQfSsqK1Be+rDhEMcE9VgQOglUCyYjrCFZ2ulcjv/zApOK+dwf9gNVd0vZ4i1MCWmqYB8F9lOaZAb7ANWA9kG50m88P0r2JfI7LR7jcsDINM2VlrTHwPLGnJJVL1g6fh7l+oWF+15o+DV3mARVEqaptBVCPiAROBRskaqFiAaFd0mZVTT3iMlWPxg8N8L5WmrjlS10e4LH6eyIirlJ919GdLoGOmvVG4n9eNYTWWT3iXhAC8+hkUSsUGHw8Sgc3uWQURF8TQiXXt2LaIZJQ0BkmdAj27MvzpHSctU+y1o2dyl2iCeJoDyVRGtnoFOXQNSqgIqLoEb2gN/RuPBmvxofxOWmNGdOZXfQHxtcPaUqd4Q==</latexit>

p(i) = RNN(x(i);W,W0)



Recurrent Neural Networks
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1. Choose how to predict label (given features & 

parameters) 
2. Choose a loss (between guess & actual label) 
3. Choose parameters by trying to minimize the training loss

8

In our example application: 
1. Use an RNN:

<latexit sha1_base64="/herhF0vJlJgt4HMkVy4JkDdUY8="></latexit>

st = f1 (W
sxxt +W ssst�1 +W ss

0 )

<latexit sha1_base64="iUA4eX/4h6RSZg+3DWJ388md51Q=">AAACEHicbVDJSgNBEO2JW4zbqEcvTYKYoIQZQRRECHrxFKKYBZIYejqdpEnPQneNJAz5BC/in3jxoIhXj97yN3aWgyY+KHi8V0VVPScQXIFlDY3YwuLS8kp8NbG2vrG5ZW7vlJQfSsqK1Be+rDhEMcE9VgQOglUCyYjrCFZ2ulcjv/zApOK+dwf9gNVd0vZ4i1MCWmqYB8F9lOaZAb7ANWA9kG50m88P0r2JfI7LR7jcsDINM2VlrTHwPLGnJJVL1g6fh7l+oWF+15o+DV3mARVEqaptBVCPiAROBRskaqFiAaFd0mZVTT3iMlWPxg8N8L5WmrjlS10e4LH6eyIirlJ919GdLoGOmvVG4n9eNYTWWT3iXhAC8+hkUSsUGHw8Sgc3uWQURF8TQiXXt2LaIZJQ0BkmdAj27MvzpHSctU+y1o2dyl2iCeJoDyVRGtnoFOXQNSqgIqLoEb2gN/RuPBmvxofxOWmNGdOZXfQHxtcPaUqd4Q==</latexit>

p(i) = RNN(x(i);W,W0)
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8

<latexit sha1_base64="k6+pB40ybRhtZz0rneAKVXh2C0U=">AAAB83icbVBNS8NAEJ34WetX1aOXxSLUS0lE0YtQ9OKxgv2ANoTNdtMu3STL7kQopX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC5UUBl3321lZXVvf2CxsFbd3dvf2SweHTZNmmvEGS2Wq2yE1XIqEN1Cg5G2lOY1DyVvh8G7qt564NiJNHnGkuB/TfiIiwShaqasCJDekXzEBngWlslt1ZyDLxMtJGXLUg9JXt5eyLOYJMkmN6XiuQn9MNQom+aTYzQxXlA1pn3csTWjMjT+e3Twhp1bpkSjVthIkM/X3xJjGxozi0HbGFAdm0ZuK/3mdDKNrfywSlSFP2HxRlEmCKZkGQHpCc4ZyZAllWthbCRtQTRnamIo2BG/x5WXSPK96l1X34aJcu83jKMAxnEAFPLiCGtxDHRrAQMEzvMKbkzkvzrvzMW9dcfKZI/gD5/MHiXmQtA==</latexit>

pt = g(st)
<latexit sha1_base64="HE1JBGq+kn8C2HqUZ4o1LvwxhiE=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqAhlpii6EYpuXFawF2jHIZNm2tBMMiQZoQwFN76KGxeKuPUl3Pk2ptNZaPWHwMd/zuHk/EHMqNKO82UVFhaXlleKq6W19Y3NLXt7p6VEIjFpYsGE7ARIEUY5aWqqGenEkqAoYKQdjK6m9fY9kYoKfqvHMfEiNOA0pBhpY/n23gUM/VqlfZeKCVS+hscwY9858u2yU3Uywb/g5lAGuRq+/dnrC5xEhGvMkFJd14m1lyKpKWZkUuolisQIj9CAdA1yFBHlpdkNE3honD4MhTSPa5i5PydSFCk1jgLTGSE9VPO1qflfrZvo8NxLKY8TTTieLQoTBrWA00Bgn0qCNRsbQFhS81eIh0girE1sJROCO3/yX2jVqu5p1bk5Kdcv8ziKYB8cgApwwRmog2vQAE2AwQN4Ai/g1Xq0nq03633WWrDymV3wS9bHNymtlfA=</latexit>

= f2(W
ost +W o

0 )

In our example application: 
1. Use an RNN:

<latexit sha1_base64="/herhF0vJlJgt4HMkVy4JkDdUY8="></latexit>

st = f1 (W
sxxt +W ssst�1 +W ss

0 )

<latexit sha1_base64="iUA4eX/4h6RSZg+3DWJ388md51Q=">AAACEHicbVDJSgNBEO2JW4zbqEcvTYKYoIQZQRRECHrxFKKYBZIYejqdpEnPQneNJAz5BC/in3jxoIhXj97yN3aWgyY+KHi8V0VVPScQXIFlDY3YwuLS8kp8NbG2vrG5ZW7vlJQfSsqK1Be+rDhEMcE9VgQOglUCyYjrCFZ2ulcjv/zApOK+dwf9gNVd0vZ4i1MCWmqYB8F9lOaZAb7ANWA9kG50m88P0r2JfI7LR7jcsDINM2VlrTHwPLGnJJVL1g6fh7l+oWF+15o+DV3mARVEqaptBVCPiAROBRskaqFiAaFd0mZVTT3iMlWPxg8N8L5WmrjlS10e4LH6eyIirlJ919GdLoGOmvVG4n9eNYTWWT3iXhAC8+hkUSsUGHw8Sgc3uWQURF8TQiXXt2LaIZJQ0BkmdAj27MvzpHSctU+y1o2dyl2iCeJoDyVRGtnoFOXQNSqgIqLoEb2gN/RuPBmvxofxOWmNGdOZXfQHxtcPaUqd4Q==</latexit>

p(i) = RNN(x(i);W,W0)
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= f2(W
ost +W o

0 )

In our example application: 
1. Use an RNN:

<latexit sha1_base64="/herhF0vJlJgt4HMkVy4JkDdUY8="></latexit>

st = f1 (W
sxxt +W ssst�1 +W ss

0 )

2. Loss: for q sequences, where the ith has length

<latexit sha1_base64="iUA4eX/4h6RSZg+3DWJ388md51Q=">AAACEHicbVDJSgNBEO2JW4zbqEcvTYKYoIQZQRRECHrxFKKYBZIYejqdpEnPQneNJAz5BC/in3jxoIhXj97yN3aWgyY+KHi8V0VVPScQXIFlDY3YwuLS8kp8NbG2vrG5ZW7vlJQfSsqK1Be+rDhEMcE9VgQOglUCyYjrCFZ2ulcjv/zApOK+dwf9gNVd0vZ4i1MCWmqYB8F9lOaZAb7ANWA9kG50m88P0r2JfI7LR7jcsDINM2VlrTHwPLGnJJVL1g6fh7l+oWF+15o+DV3mARVEqaptBVCPiAROBRskaqFiAaFd0mZVTT3iMlWPxg8N8L5WmrjlS10e4LH6eyIirlJ919GdLoGOmvVG4n9eNYTWWT3iXhAC8+hkUSsUGHw8Sgc3uWQURF8TQiXXt2LaIZJQ0BkmdAj27MvzpHSctU+y1o2dyl2iCeJoDyVRGtnoFOXQNSqgIqLoEb2gN/RuPBmvxofxOWmNGdOZXfQHxtcPaUqd4Q==</latexit>

p(i) = RNN(x(i);W,W0)

<latexit sha1_base64="y69zVvhwbCdII4FUQPF8npZkDpk="></latexit>

Lseq(p(i), y(i)) =
Pn(i)

t=1 Lelt(p
(i)
t , y(i)t )

<latexit sha1_base64="nbNh64vjG+0/926gAXFTyk7w1qs="></latexit>

J(W,W0) =
Pq

i=1 Lseq

�
p(i), y(i)

�

<latexit sha1_base64="e/TguRzmSNjvmvKgDcFvhYHXiT8=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnoMevEYwTwgWcPsZJIMmZ1dZnqFsOQjvHhQxKvf482/cZLsQRMLGoqqbrq7glgKg6777eTW1jc2t/LbhZ3dvf2D4uFR00SJZrzBIhnpdkANl0LxBgqUvB1rTsNA8lYwvp35rSeujYjUA05i7od0qMRAMIpWaqnHtCzOp71iya24c5BV4mWkBBnqveJXtx+xJOQKmaTGdDw3Rj+lGgWTfFroJobHlI3pkHcsVTTkxk/n507JmVX6ZBBpWwrJXP09kdLQmEkY2M6Q4sgsezPxP6+T4ODaT4WKE+SKLRYNEkkwIrPfSV9ozlBOLKFMC3srYSOqKUObUMGG4C2/vEqaFxXvslK9r5ZqN1kceTiBUyiDB1dQgzuoQwMYjOEZXuHNiZ0X5935WLTmnGzmGP7A+fwB37qPRw==</latexit>

n(i)

elementsequence



Recurrent Neural Networks
Recall: familiar pattern 
1. Choose how to predict label (given features & 

parameters) 
2. Choose a loss (between guess & actual label) 
3. Choose parameters by trying to minimize the training loss

8

<latexit sha1_base64="k6+pB40ybRhtZz0rneAKVXh2C0U=">AAAB83icbVBNS8NAEJ34WetX1aOXxSLUS0lE0YtQ9OKxgv2ANoTNdtMu3STL7kQopX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC5UUBl3321lZXVvf2CxsFbd3dvf2SweHTZNmmvEGS2Wq2yE1XIqEN1Cg5G2lOY1DyVvh8G7qt564NiJNHnGkuB/TfiIiwShaqasCJDekXzEBngWlslt1ZyDLxMtJGXLUg9JXt5eyLOYJMkmN6XiuQn9MNQom+aTYzQxXlA1pn3csTWjMjT+e3Twhp1bpkSjVthIkM/X3xJjGxozi0HbGFAdm0ZuK/3mdDKNrfywSlSFP2HxRlEmCKZkGQHpCc4ZyZAllWthbCRtQTRnamIo2BG/x5WXSPK96l1X34aJcu83jKMAxnEAFPLiCGtxDHRrAQMEzvMKbkzkvzrvzMW9dcfKZI/gD5/MHiXmQtA==</latexit>

pt = g(st)
<latexit sha1_base64="HE1JBGq+kn8C2HqUZ4o1LvwxhiE=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqAhlpii6EYpuXFawF2jHIZNm2tBMMiQZoQwFN76KGxeKuPUl3Pk2ptNZaPWHwMd/zuHk/EHMqNKO82UVFhaXlleKq6W19Y3NLXt7p6VEIjFpYsGE7ARIEUY5aWqqGenEkqAoYKQdjK6m9fY9kYoKfqvHMfEiNOA0pBhpY/n23gUM/VqlfZeKCVS+hscwY9858u2yU3Uywb/g5lAGuRq+/dnrC5xEhGvMkFJd14m1lyKpKWZkUuolisQIj9CAdA1yFBHlpdkNE3honD4MhTSPa5i5PydSFCk1jgLTGSE9VPO1qflfrZvo8NxLKY8TTTieLQoTBrWA00Bgn0qCNRsbQFhS81eIh0girE1sJROCO3/yX2jVqu5p1bk5Kdcv8ziKYB8cgApwwRmog2vQAE2AwQN4Ai/g1Xq0nq03633WWrDymV3wS9bHNymtlfA=</latexit>

= f2(W
ost +W o

0 )

In our example application: 
1. Use an RNN:

<latexit sha1_base64="/herhF0vJlJgt4HMkVy4JkDdUY8="></latexit>

st = f1 (W
sxxt +W ssst�1 +W ss

0 )

2. Loss: for q sequences, where the ith has length

<latexit sha1_base64="iUA4eX/4h6RSZg+3DWJ388md51Q=">AAACEHicbVDJSgNBEO2JW4zbqEcvTYKYoIQZQRRECHrxFKKYBZIYejqdpEnPQneNJAz5BC/in3jxoIhXj97yN3aWgyY+KHi8V0VVPScQXIFlDY3YwuLS8kp8NbG2vrG5ZW7vlJQfSsqK1Be+rDhEMcE9VgQOglUCyYjrCFZ2ulcjv/zApOK+dwf9gNVd0vZ4i1MCWmqYB8F9lOaZAb7ANWA9kG50m88P0r2JfI7LR7jcsDINM2VlrTHwPLGnJJVL1g6fh7l+oWF+15o+DV3mARVEqaptBVCPiAROBRskaqFiAaFd0mZVTT3iMlWPxg8N8L5WmrjlS10e4LH6eyIirlJ919GdLoGOmvVG4n9eNYTWWT3iXhAC8+hkUSsUGHw8Sgc3uWQURF8TQiXXt2LaIZJQ0BkmdAj27MvzpHSctU+y1o2dyl2iCeJoDyVRGtnoFOXQNSqgIqLoEb2gN/RuPBmvxofxOWmNGdOZXfQHxtcPaUqd4Q==</latexit>

p(i) = RNN(x(i);W,W0)

<latexit sha1_base64="y69zVvhwbCdII4FUQPF8npZkDpk="></latexit>

Lseq(p(i), y(i)) =
Pn(i)

t=1 Lelt(p
(i)
t , y(i)t )

<latexit sha1_base64="nbNh64vjG+0/926gAXFTyk7w1qs="></latexit>

J(W,W0) =
Pq

i=1 Lseq

�
p(i), y(i)

�

<latexit sha1_base64="e/TguRzmSNjvmvKgDcFvhYHXiT8=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXgnoMevEYwTwgWcPsZJIMmZ1dZnqFsOQjvHhQxKvf482/cZLsQRMLGoqqbrq7glgKg6777eTW1jc2t/LbhZ3dvf2D4uFR00SJZrzBIhnpdkANl0LxBgqUvB1rTsNA8lYwvp35rSeujYjUA05i7od0qMRAMIpWaqnHtCzOp71iya24c5BV4mWkBBnqveJXtx+xJOQKmaTGdDw3Rj+lGgWTfFroJobHlI3pkHcsVTTkxk/n507JmVX6ZBBpWwrJXP09kdLQmEkY2M6Q4sgsezPxP6+T4ODaT4WKE+SKLRYNEkkwIrPfSV9ozlBOLKFMC3srYSOqKUObUMGG4C2/vEqaFxXvslK9r5ZqN1kceTiBUyiDB1dQgzuoQwMYjOEZXuHNiZ0X5935WLTmnGzmGP7A+fwB37qPRw==</latexit>

n(i)

3. Stochastic gradient descent

elementsequence
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Machine learning (ML): why & what

[https://www.scientificamerican.com/article/artificial-intelligence-develops-an-ear-for-birdsong1/#]

• What is ML? A set of methods for making decisions 
from data. (See the rest of the course!)  

• Why study ML? To apply; to understand; to evaluate 
• Notes: ML is a tool with pros & cons. ML is built on math
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