
Today’s agenda
• Multilingual End-to-end ASR for Incomplete Data (Team Leader: Takaaki Hori)
• 08:30 AM – 09:00 AM Continental Breakfast
• 09:00 AM – 10:30 AM End-to-end speech recognition (Shinji Watanabe)
• 10:30 AM – 10:50 AM Break
• 10:50 AM – 12:10 PM Advanced topics in end-to-end speech recognition (Takaaki Hori)
• 12:10 PM – 01:00 PM Lunch Break
• 01:00 PM – 01:30 PM Computer Setup Time
• 01:30 PM – 03:00 PM Brief introduction of end-to-end speech processing toolkit ESPnet 

(Shinji Watanabe and Takaaki Hori)
• 03:00 PM – 03:30 PM Coffee Break (ECE lounge)
• 03:30 PM – 05:00 PM Building end-to-end ASR using ESPnet (Shinji Watanabe and 

Takaaki Hori)
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Table of contents

• Preliminaries
• Connectionist Temporal Classification (CTC)
• Attention based encoder-decoder
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Notation

Type Font, case Latex command Looks like

Scalar variable Italic font, lower case $x$

Vector variable Bold font, lower case $\mathbf{x}$

Matrix variable Bold font, upper case $\mathbf{X}$

x

x

X



Notation

• Please specify the domain of variables
• -dimensional continuous vector:
• -dimensional matrix:
• Word with vocabulary      :

• Set: calligraphic font, upper case, a set of elements are represented 
with curly brackets

• Sequence: italic font, upper case, a sequence of elements are 
represented with round brackets

o 2 RD
<latexit sha1_base64="z9RjoUIj3iq7ut9t3jmvTM6vSMQ=">AAACGnicbVC7TsMwFHXKq5RXgBEGiwqJqUoRErBVgoEJFURopSZUjuu0Vh07sh1QFWXhP9hZ4ReYECsLf8Bn4LQZoOVIls49515d3xPEjCrtOF9WaW5+YXGpvFxZWV1b37A3t26VSCQmLhZMyHaAFGGUE1dTzUg7lgRFASOtYHiW+617IhUV/EaPYuJHqM9pSDHSRurau16E9CAIU5FBj3I4KYP0OoN351276tScMeAsqRekCgo0u/a31xM4iQjXmCGlOnUn1n6KpKaYkaziJYrECA9Rn3QM5Sgiyk/HV2Rw3yg9GAppHtdwrP6eSFGk1CgKTGf+STXt5eK/XpQwTaV4mNqvwxM/pTxONOF4sj5MGNQC5kHBHpUEazYyBGFJzQUQD5BEWJs4Kyaa+nQQs8Q9rJ3WnKujauOyyKgMdsAeOAB1cAwa4AI0gQsweATP4AW8Wk/Wm/VufUxaS1Yxsw3+wPr8ARuKoZ4=</latexit><latexit sha1_base64="z9RjoUIj3iq7ut9t3jmvTM6vSMQ=">AAACGnicbVC7TsMwFHXKq5RXgBEGiwqJqUoRErBVgoEJFURopSZUjuu0Vh07sh1QFWXhP9hZ4ReYECsLf8Bn4LQZoOVIls49515d3xPEjCrtOF9WaW5+YXGpvFxZWV1b37A3t26VSCQmLhZMyHaAFGGUE1dTzUg7lgRFASOtYHiW+617IhUV/EaPYuJHqM9pSDHSRurau16E9CAIU5FBj3I4KYP0OoN351276tScMeAsqRekCgo0u/a31xM4iQjXmCGlOnUn1n6KpKaYkaziJYrECA9Rn3QM5Sgiyk/HV2Rw3yg9GAppHtdwrP6eSFGk1CgKTGf+STXt5eK/XpQwTaV4mNqvwxM/pTxONOF4sj5MGNQC5kHBHpUEazYyBGFJzQUQD5BEWJs4Kyaa+nQQs8Q9rJ3WnKujauOyyKgMdsAeOAB1cAwa4AI0gQsweATP4AW8Wk/Wm/VufUxaS1Yxsw3+wPr8ARuKoZ4=</latexit><latexit sha1_base64="z9RjoUIj3iq7ut9t3jmvTM6vSMQ=">AAACGnicbVC7TsMwFHXKq5RXgBEGiwqJqUoRErBVgoEJFURopSZUjuu0Vh07sh1QFWXhP9hZ4ReYECsLf8Bn4LQZoOVIls49515d3xPEjCrtOF9WaW5+YXGpvFxZWV1b37A3t26VSCQmLhZMyHaAFGGUE1dTzUg7lgRFASOtYHiW+617IhUV/EaPYuJHqM9pSDHSRurau16E9CAIU5FBj3I4KYP0OoN351276tScMeAsqRekCgo0u/a31xM4iQjXmCGlOnUn1n6KpKaYkaziJYrECA9Rn3QM5Sgiyk/HV2Rw3yg9GAppHtdwrP6eSFGk1CgKTGf+STXt5eK/XpQwTaV4mNqvwxM/pTxONOF4sj5MGNQC5kHBHpUEazYyBGFJzQUQD5BEWJs4Kyaa+nQQs8Q9rJ3WnKujauOyyKgMdsAeOAB1cAwa4AI0gQsweATP4AW8Wk/Wm/VufUxaS1Yxsw3+wPr8ARuKoZ4=</latexit><latexit sha1_base64="rb8G4+aBjLPlNqI1qh6V2qVBcfc=">AAAB7nicbZDNSgMxFIXv+FvHqnXtJlgEV2XGjboT3Lis4NhCO5RMJtOGJpMhuaOUoT6AW1/BlfhCvoGPYfqz0NYDgcM5CffmSwopLAbBl7exubW9s1vb8/fr/sHhUaP+aHVpGI+Yltp0E2q5FDmPUKDk3cJwqhLJO8n4dtZ3nrixQucPOCl4rOgwF5lgFF3UHjSaQSuYi6ybcGmasNSg8d1PNSsVz5FJam0vDAqMK2pQMMmnfr+0vKBsTIe852xOFbdxNV9zSs5ckpJMG3dyJPP094uKKmsnKnE3FcWRXe1m4b+dKiUKo59X5mN2FVciL0rkOVuMz0pJUJMZCZIKwxnKiTOUGeF+QNiIGsrQ8fIdmXCVw7qJLlrXreA+gBqcwCmcQwiXcAN30IYIGKTwCm/ei/fufSwAbnhLksfwR97nD+XZk3Q=</latexit><latexit sha1_base64="BZcK0zfP4Ds/DbeKjnfIucO1vqU=">AAACD3icbZDNTgIxFIXv4B8iKrrVRSMxcUUGN+rORBcu0ThCAiPplA409GfSdjRkwsb3cO9WX8GV8Ql8Ax/DDrBQ8CZNTs/pze39ooQzY33/yyssLa+srhXXSxvlza3tyk75zqhUExoQxZVuRdhQziQNLLOcthJNsYg4bUbDizxvPlBtmJK3dpTQUOC+ZDEj2DqrW9nvCGwHUZypMeowiabXKLsZo/vLbqXq1/xJoUVRn4kqzKrRrXx3eoqkgkpLODamXfcTG2ZYW0Y4HZc6qaEJJkPcp20nJRbUhNlkizE6dE4PxUq7Iy2auL87MiyMGYnIvcw/aeaz3Pw3Eym3TKvHufk2Pg0zJpPUUkmm4+OUI6tQDgr1mKbE8pETmGjmNkBkgDUm1uEsOTT1eRCLIjiundX8ax+KsAcHcAR1OIFzuIIGBEDgCV7gFd68Z+/d+5gyLHgzmLvwp7zPHybhoA0=</latexit><latexit sha1_base64="BZcK0zfP4Ds/DbeKjnfIucO1vqU=">AAACD3icbZDNTgIxFIXv4B8iKrrVRSMxcUUGN+rORBcu0ThCAiPplA409GfSdjRkwsb3cO9WX8GV8Ql8Ax/DDrBQ8CZNTs/pze39ooQzY33/yyssLa+srhXXSxvlza3tyk75zqhUExoQxZVuRdhQziQNLLOcthJNsYg4bUbDizxvPlBtmJK3dpTQUOC+ZDEj2DqrW9nvCGwHUZypMeowiabXKLsZo/vLbqXq1/xJoUVRn4kqzKrRrXx3eoqkgkpLODamXfcTG2ZYW0Y4HZc6qaEJJkPcp20nJRbUhNlkizE6dE4PxUq7Iy2auL87MiyMGYnIvcw/aeaz3Pw3Eym3TKvHufk2Pg0zJpPUUkmm4+OUI6tQDgr1mKbE8pETmGjmNkBkgDUm1uEsOTT1eRCLIjiundX8ax+KsAcHcAR1OIFzuIIGBEDgCV7gFd68Z+/d+5gyLHgzmLvwp7zPHybhoA0=</latexit><latexit sha1_base64="AklLu7unYer/SP9nD5DLh6WVYDc=">AAACGnicbVC7TsMwFHV4lvIKMMJgUSExVQkLsFWCgQkVRGilJlSO67RWHTuyHVAVZeE/2FnhF5gQKwt/wGfgtBmg5UiWzj3nXl3fEyaMKu04X9bc/MLi0nJlpbq6tr6xaW9t3yqRSkw8LJiQ7RApwignnqaakXYiCYpDRlrh8KzwW/dEKir4jR4lJIhRn9OIYqSN1LX3/BjpQRhlIoc+5XBShtl1Du/Ou3bNqTtjwFnilqQGSjS79rffEziNCdeYIaU6rpPoIENSU8xIXvVTRRKEh6hPOoZyFBMVZOMrcnhglB6MhDSPazhWf09kKFZqFIems/ikmvYK8V8vTpmmUjxM7dfRSZBRnqSacDxZH6UMagGLoGCPSoI1GxmCsKTmAogHSCKsTZxVE407HcQs8Y7qp3Xnyqk1LsuMKmAX7IND4IJj0AAXoAk8gMEjeAYv4NV6st6sd+tj0jpnlTM74A+szx8aSqGa</latexit><latexit sha1_base64="z9RjoUIj3iq7ut9t3jmvTM6vSMQ=">AAACGnicbVC7TsMwFHXKq5RXgBEGiwqJqUoRErBVgoEJFURopSZUjuu0Vh07sh1QFWXhP9hZ4ReYECsLf8Bn4LQZoOVIls49515d3xPEjCrtOF9WaW5+YXGpvFxZWV1b37A3t26VSCQmLhZMyHaAFGGUE1dTzUg7lgRFASOtYHiW+617IhUV/EaPYuJHqM9pSDHSRurau16E9CAIU5FBj3I4KYP0OoN351276tScMeAsqRekCgo0u/a31xM4iQjXmCGlOnUn1n6KpKaYkaziJYrECA9Rn3QM5Sgiyk/HV2Rw3yg9GAppHtdwrP6eSFGk1CgKTGf+STXt5eK/XpQwTaV4mNqvwxM/pTxONOF4sj5MGNQC5kHBHpUEazYyBGFJzQUQD5BEWJs4Kyaa+nQQs8Q9rJ3WnKujauOyyKgMdsAeOAB1cAwa4AI0gQsweATP4AW8Wk/Wm/VufUxaS1Yxsw3+wPr8ARuKoZ4=</latexit><latexit sha1_base64="z9RjoUIj3iq7ut9t3jmvTM6vSMQ=">AAACGnicbVC7TsMwFHXKq5RXgBEGiwqJqUoRErBVgoEJFURopSZUjuu0Vh07sh1QFWXhP9hZ4ReYECsLf8Bn4LQZoOVIls49515d3xPEjCrtOF9WaW5+YXGpvFxZWV1b37A3t26VSCQmLhZMyHaAFGGUE1dTzUg7lgRFASOtYHiW+617IhUV/EaPYuJHqM9pSDHSRurau16E9CAIU5FBj3I4KYP0OoN351276tScMeAsqRekCgo0u/a31xM4iQjXmCGlOnUn1n6KpKaYkaziJYrECA9Rn3QM5Sgiyk/HV2Rw3yg9GAppHtdwrP6eSFGk1CgKTGf+STXt5eK/XpQwTaV4mNqvwxM/pTxONOF4sj5MGNQC5kHBHpUEazYyBGFJzQUQD5BEWJs4Kyaa+nQQs8Q9rJ3WnKujauOyyKgMdsAeOAB1cAwa4AI0gQsweATP4AW8Wk/Wm/VufUxaS1Yxsw3+wPr8ARuKoZ4=</latexit><latexit sha1_base64="z9RjoUIj3iq7ut9t3jmvTM6vSMQ=">AAACGnicbVC7TsMwFHXKq5RXgBEGiwqJqUoRErBVgoEJFURopSZUjuu0Vh07sh1QFWXhP9hZ4ReYECsLf8Bn4LQZoOVIls49515d3xPEjCrtOF9WaW5+YXGpvFxZWV1b37A3t26VSCQmLhZMyHaAFGGUE1dTzUg7lgRFASOtYHiW+617IhUV/EaPYuJHqM9pSDHSRurau16E9CAIU5FBj3I4KYP0OoN351276tScMeAsqRekCgo0u/a31xM4iQjXmCGlOnUn1n6KpKaYkaziJYrECA9Rn3QM5Sgiyk/HV2Rw3yg9GAppHtdwrP6eSFGk1CgKTGf+STXt5eK/XpQwTaV4mNqvwxM/pTxONOF4sj5MGNQC5kHBHpUEazYyBGFJzQUQD5BEWJs4Kyaa+nQQs8Q9rJ3WnKujauOyyKgMdsAeOAB1cAwa4AI0gQsweATP4AW8Wk/Wm/VufUxaS1Yxsw3+wPr8ARuKoZ4=</latexit><latexit sha1_base64="z9RjoUIj3iq7ut9t3jmvTM6vSMQ=">AAACGnicbVC7TsMwFHXKq5RXgBEGiwqJqUoRErBVgoEJFURopSZUjuu0Vh07sh1QFWXhP9hZ4ReYECsLf8Bn4LQZoOVIls49515d3xPEjCrtOF9WaW5+YXGpvFxZWV1b37A3t26VSCQmLhZMyHaAFGGUE1dTzUg7lgRFASOtYHiW+617IhUV/EaPYuJHqM9pSDHSRurau16E9CAIU5FBj3I4KYP0OoN351276tScMeAsqRekCgo0u/a31xM4iQjXmCGlOnUn1n6KpKaYkaziJYrECA9Rn3QM5Sgiyk/HV2Rw3yg9GAppHtdwrP6eSFGk1CgKTGf+STXt5eK/XpQwTaV4mNqvwxM/pTxONOF4sj5MGNQC5kHBHpUEazYyBGFJzQUQD5BEWJs4Kyaa+nQQs8Q9rJ3WnKujauOyyKgMdsAeOAB1cAwa4AI0gQsweATP4AW8Wk/Wm/VufUxaS1Yxsw3+wPr8ARuKoZ4=</latexit><latexit sha1_base64="z9RjoUIj3iq7ut9t3jmvTM6vSMQ=">AAACGnicbVC7TsMwFHXKq5RXgBEGiwqJqUoRErBVgoEJFURopSZUjuu0Vh07sh1QFWXhP9hZ4ReYECsLf8Bn4LQZoOVIls49515d3xPEjCrtOF9WaW5+YXGpvFxZWV1b37A3t26VSCQmLhZMyHaAFGGUE1dTzUg7lgRFASOtYHiW+617IhUV/EaPYuJHqM9pSDHSRurau16E9CAIU5FBj3I4KYP0OoN351276tScMeAsqRekCgo0u/a31xM4iQjXmCGlOnUn1n6KpKaYkaziJYrECA9Rn3QM5Sgiyk/HV2Rw3yg9GAppHtdwrP6eSFGk1CgKTGf+STXt5eK/XpQwTaV4mNqvwxM/pTxONOF4sj5MGNQC5kHBHpUEazYyBGFJzQUQD5BEWJs4Kyaa+nQQs8Q9rJ3WnKujauOyyKgMdsAeOAB1cAwa4AI0gQsweATP4AW8Wk/Wm/VufUxaS1Yxsw3+wPr8ARuKoZ4=</latexit>

(D ⇥D)
<latexit sha1_base64="R5NHrl6t3ReGdS1QYDzSZl1Y5GI=">AAACCHicbVDLSgMxFM34rPVVdekmWIS6KVMR1F3BLlxJBccWOkPJpJk2NJMMyR2lDP0C9271F1yJW//CP/AzTNtZaOuBwOGcezk3J0wEN+C6X87S8srq2npho7i5tb2zW9rbvzcq1ZR5VAml2yExTHDJPOAgWDvRjMShYK1weDXxWw9MG67kHYwSFsSkL3nEKQEr+ZUG9oHHzODGSbdUdqvuFHiR1HJSRjma3dK331M0jZkEKogxnZqbQJARDZwKNi76qWEJoUPSZx1LJbE5QTa9eYyPrdLDkdL2ScBT9fdGRmJjRnFoJ2MCAzPvTcR/vTgVwLV6nMuH6CLIuExSYJLO4qNUYFB4Ugvucc0oiJElhGpuf4DpgGhCwZZXtNXU5otYJN5p9bLq3p6V6zd5RwV0iI5QBdXQOaqja9REHqIoQc/oBb06T86b8+58zEaXnHznAP2B8/kDxxGZ5g==</latexit><latexit sha1_base64="R5NHrl6t3ReGdS1QYDzSZl1Y5GI=">AAACCHicbVDLSgMxFM34rPVVdekmWIS6KVMR1F3BLlxJBccWOkPJpJk2NJMMyR2lDP0C9271F1yJW//CP/AzTNtZaOuBwOGcezk3J0wEN+C6X87S8srq2npho7i5tb2zW9rbvzcq1ZR5VAml2yExTHDJPOAgWDvRjMShYK1weDXxWw9MG67kHYwSFsSkL3nEKQEr+ZUG9oHHzODGSbdUdqvuFHiR1HJSRjma3dK331M0jZkEKogxnZqbQJARDZwKNi76qWEJoUPSZx1LJbE5QTa9eYyPrdLDkdL2ScBT9fdGRmJjRnFoJ2MCAzPvTcR/vTgVwLV6nMuH6CLIuExSYJLO4qNUYFB4Ugvucc0oiJElhGpuf4DpgGhCwZZXtNXU5otYJN5p9bLq3p6V6zd5RwV0iI5QBdXQOaqja9REHqIoQc/oBb06T86b8+58zEaXnHznAP2B8/kDxxGZ5g==</latexit><latexit sha1_base64="R5NHrl6t3ReGdS1QYDzSZl1Y5GI=">AAACCHicbVDLSgMxFM34rPVVdekmWIS6KVMR1F3BLlxJBccWOkPJpJk2NJMMyR2lDP0C9271F1yJW//CP/AzTNtZaOuBwOGcezk3J0wEN+C6X87S8srq2npho7i5tb2zW9rbvzcq1ZR5VAml2yExTHDJPOAgWDvRjMShYK1weDXxWw9MG67kHYwSFsSkL3nEKQEr+ZUG9oHHzODGSbdUdqvuFHiR1HJSRjma3dK331M0jZkEKogxnZqbQJARDZwKNi76qWEJoUPSZx1LJbE5QTa9eYyPrdLDkdL2ScBT9fdGRmJjRnFoJ2MCAzPvTcR/vTgVwLV6nMuH6CLIuExSYJLO4qNUYFB4Ugvucc0oiJElhGpuf4DpgGhCwZZXtNXU5otYJN5p9bLq3p6V6zd5RwV0iI5QBdXQOaqja9REHqIoQc/oBb06T86b8+58zEaXnHznAP2B8/kDxxGZ5g==</latexit>

D
<latexit sha1_base64="bvM617Nldx5K4fiG4Y3c56EZjk8=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoN4CevAkCbgmkCxhdjKbDJnHMtOrhBDw7lV/wZN49Vv8Az/DSbIHjRY0FFXddHfFqeAWfP/TKywtr6yuFddLG5tb2zvl3b07qzNDWUi10KYVE8sEVywEDoK1UsOIjAVrxsPLqd+8Z8ZyrW5hlLJIkr7iCacEnNS46pYrftWfAf8lQU4qKEe9W/7q9DTNJFNABbG2HfgpRGNigFPBJqVOZllK6JD0WdtRRSSz0Xh26AQfOaWHE21cKcAz9efEmEhrRzJ2nZLAwC56U/FfT2YCuNEPC/shOY/GXKUZMEXn65NMYNB4mgXuccMoiJEjhBruPsB0QAyh4BIruWiCxSD+kvCkelH1G6eV2k2eUREdoEN0jAJ0hmroGtVRiChi6Ak9oxfv0Xv13rz3eWvBy2f20S94H9/MWJYl</latexit><latexit sha1_base64="bvM617Nldx5K4fiG4Y3c56EZjk8=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoN4CevAkCbgmkCxhdjKbDJnHMtOrhBDw7lV/wZN49Vv8Az/DSbIHjRY0FFXddHfFqeAWfP/TKywtr6yuFddLG5tb2zvl3b07qzNDWUi10KYVE8sEVywEDoK1UsOIjAVrxsPLqd+8Z8ZyrW5hlLJIkr7iCacEnNS46pYrftWfAf8lQU4qKEe9W/7q9DTNJFNABbG2HfgpRGNigFPBJqVOZllK6JD0WdtRRSSz0Xh26AQfOaWHE21cKcAz9efEmEhrRzJ2nZLAwC56U/FfT2YCuNEPC/shOY/GXKUZMEXn65NMYNB4mgXuccMoiJEjhBruPsB0QAyh4BIruWiCxSD+kvCkelH1G6eV2k2eUREdoEN0jAJ0hmroGtVRiChi6Ak9oxfv0Xv13rz3eWvBy2f20S94H9/MWJYl</latexit><latexit sha1_base64="bvM617Nldx5K4fiG4Y3c56EZjk8=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoN4CevAkCbgmkCxhdjKbDJnHMtOrhBDw7lV/wZN49Vv8Az/DSbIHjRY0FFXddHfFqeAWfP/TKywtr6yuFddLG5tb2zvl3b07qzNDWUi10KYVE8sEVywEDoK1UsOIjAVrxsPLqd+8Z8ZyrW5hlLJIkr7iCacEnNS46pYrftWfAf8lQU4qKEe9W/7q9DTNJFNABbG2HfgpRGNigFPBJqVOZllK6JD0WdtRRSSz0Xh26AQfOaWHE21cKcAz9efEmEhrRzJ2nZLAwC56U/FfT2YCuNEPC/shOY/GXKUZMEXn65NMYNB4mgXuccMoiJEjhBruPsB0QAyh4BIruWiCxSD+kvCkelH1G6eV2k2eUREdoEN0jAJ0hmroGtVRiChi6Ak9oxfv0Xv13rz3eWvBy2f20S94H9/MWJYl</latexit>

⌃ 2 RD⇥D
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w 2 V
<latexit sha1_base64="IfTj8lyUNfqdAmNZnBBeWRHDCqM=">AAACD3icbVDLSsNAFJ3UV62vVJduBovgqiQiqLuCG1dSwbSFNpTJdNIOnUeYmVhK6E+4d6u/4Erc+gn+gZ/hpM1CWw9cOJxzL/feEyWMauN5X05pbX1jc6u8XdnZ3ds/cKuHLS1ThUmAJZOqEyFNGBUkMNQw0kkUQTxipB2Nb3K//UiUplI8mGlCQo6GgsYUI2OlvludwB4VsMeRGWHEstas79a8ujcHXCV+QWqgQLPvfvcGEqecCIMZ0rrre4kJM6QMxYzMKr1UkwThMRqSrqUCcaLDbH76DJ5aZQBjqWwJA+fq74kMca2nPLKd+Yl62cvFfz2eMkOVnCztN/FVmFGRpIYIvFgfpwwaCfN04IAqgg2bWoKwovYDiEdIIWxshhUbjb8cxCoJzuvXde/+ota4KzIqg2NwAs6ADy5BA9yCJggABhPwDF7Aq/PkvDnvzseiteQUM0fgD5zPH6F8nSA=</latexit><latexit sha1_base64="IfTj8lyUNfqdAmNZnBBeWRHDCqM=">AAACD3icbVDLSsNAFJ3UV62vVJduBovgqiQiqLuCG1dSwbSFNpTJdNIOnUeYmVhK6E+4d6u/4Erc+gn+gZ/hpM1CWw9cOJxzL/feEyWMauN5X05pbX1jc6u8XdnZ3ds/cKuHLS1ThUmAJZOqEyFNGBUkMNQw0kkUQTxipB2Nb3K//UiUplI8mGlCQo6GgsYUI2OlvludwB4VsMeRGWHEstas79a8ujcHXCV+QWqgQLPvfvcGEqecCIMZ0rrre4kJM6QMxYzMKr1UkwThMRqSrqUCcaLDbH76DJ5aZQBjqWwJA+fq74kMca2nPLKd+Yl62cvFfz2eMkOVnCztN/FVmFGRpIYIvFgfpwwaCfN04IAqgg2bWoKwovYDiEdIIWxshhUbjb8cxCoJzuvXde/+ota4KzIqg2NwAs6ADy5BA9yCJggABhPwDF7Aq/PkvDnvzseiteQUM0fgD5zPH6F8nSA=</latexit><latexit sha1_base64="IfTj8lyUNfqdAmNZnBBeWRHDCqM=">AAACD3icbVDLSsNAFJ3UV62vVJduBovgqiQiqLuCG1dSwbSFNpTJdNIOnUeYmVhK6E+4d6u/4Erc+gn+gZ/hpM1CWw9cOJxzL/feEyWMauN5X05pbX1jc6u8XdnZ3ds/cKuHLS1ThUmAJZOqEyFNGBUkMNQw0kkUQTxipB2Nb3K//UiUplI8mGlCQo6GgsYUI2OlvludwB4VsMeRGWHEstas79a8ujcHXCV+QWqgQLPvfvcGEqecCIMZ0rrre4kJM6QMxYzMKr1UkwThMRqSrqUCcaLDbH76DJ5aZQBjqWwJA+fq74kMca2nPLKd+Yl62cvFfz2eMkOVnCztN/FVmFGRpIYIvFgfpwwaCfN04IAqgg2bWoKwovYDiEdIIWxshhUbjb8cxCoJzuvXde/+ota4KzIqg2NwAs6ADy5BA9yCJggABhPwDF7Aq/PkvDnvzseiteQUM0fgD5zPH6F8nSA=</latexit><latexit sha1_base64="rb8G4+aBjLPlNqI1qh6V2qVBcfc=">AAAB7nicbZDNSgMxFIXv+FvHqnXtJlgEV2XGjboT3Lis4NhCO5RMJtOGJpMhuaOUoT6AW1/BlfhCvoGPYfqz0NYDgcM5CffmSwopLAbBl7exubW9s1vb8/fr/sHhUaP+aHVpGI+Yltp0E2q5FDmPUKDk3cJwqhLJO8n4dtZ3nrixQucPOCl4rOgwF5lgFF3UHjSaQSuYi6ybcGmasNSg8d1PNSsVz5FJam0vDAqMK2pQMMmnfr+0vKBsTIe852xOFbdxNV9zSs5ckpJMG3dyJPP094uKKmsnKnE3FcWRXe1m4b+dKiUKo59X5mN2FVciL0rkOVuMz0pJUJMZCZIKwxnKiTOUGeF+QNiIGsrQ8fIdmXCVw7qJLlrXreA+gBqcwCmcQwiXcAN30IYIGKTwCm/ei/fufSwAbnhLksfwR97nD+XZk3Q=</latexit><latexit sha1_base64="UBE2OTx9r9VdiCaH+OQ09PBGnXw=">AAACBHicbZC9TsMwFIVvyl8pBVJWFosKialKWIANiYWxSKSt1ESV4zqtVceObIeqivoS7KzwCkyI1+ANeAyctgO0HMnS0Tm27vUXZ5xp43lfTmVre2d3r7pfO6gfHh27jXpHy1wRGhDJperFWFPOBA0MM5z2MkVxGnPajSd3Zd99okozKR7NLKNRikeCJYxgY6OB25iikAkUptiMCeZFZz5wm17LWwhtGn9lmrBSe+B+h0NJ8pQKQzjWuu97mYkKrAwjnM5rYa5phskEj2jfWoFTqqNisfocndtkiBKp7BEGLdLfLwqcaj1LY3uzXFGvd2X4b5fm3DAlp2vzTXIdFUxkuaGCLMcnOUdGopIOGjJFieEzazBRzP4AkTFWmBjLsGbR+OsgNk1w2bppeQ8eVOEUzuACfLiCW7iHNgRAYAov8ApvzrPz7nwsGVacFcwT+CPn8wfcQ5ua</latexit><latexit sha1_base64="UBE2OTx9r9VdiCaH+OQ09PBGnXw=">AAACBHicbZC9TsMwFIVvyl8pBVJWFosKialKWIANiYWxSKSt1ESV4zqtVceObIeqivoS7KzwCkyI1+ANeAyctgO0HMnS0Tm27vUXZ5xp43lfTmVre2d3r7pfO6gfHh27jXpHy1wRGhDJperFWFPOBA0MM5z2MkVxGnPajSd3Zd99okozKR7NLKNRikeCJYxgY6OB25iikAkUptiMCeZFZz5wm17LWwhtGn9lmrBSe+B+h0NJ8pQKQzjWuu97mYkKrAwjnM5rYa5phskEj2jfWoFTqqNisfocndtkiBKp7BEGLdLfLwqcaj1LY3uzXFGvd2X4b5fm3DAlp2vzTXIdFUxkuaGCLMcnOUdGopIOGjJFieEzazBRzP4AkTFWmBjLsGbR+OsgNk1w2bppeQ8eVOEUzuACfLiCW7iHNgRAYAov8ApvzrPz7nwsGVacFcwT+CPn8wfcQ5ua</latexit><latexit sha1_base64="nT696KLkihkUs10X43PmIbkoS8A=">AAACD3icbVDLSsNAFJ3UV62vVJduBovgqiRu1F3BjSupYFqhCWUynbRD5xFmJpYS+hPu3eovuBK3foJ/4Gc4abPQ1gMXDufcy733xCmj2njel1NZW9/Y3Kpu13Z29/YP3PphR8tMYRJgyaR6iJEmjAoSGGoYeUgVQTxmpBuPrwu/+0iUplLcm2lKIo6GgiYUI2OlvlufwJAKGHJkRhixvDPruw2v6c0BV4lfkgYo0e673+FA4owTYTBDWvd8LzVRjpShmJFZLcw0SREeoyHpWSoQJzrK56fP4KlVBjCRypYwcK7+nsgR13rKY9tZnKiXvUL81+MZM1TJydJ+k1xGORVpZojAi/VJxqCRsEgHDqgi2LCpJQgraj+AeIQUwsZmWLPR+MtBrJLgvHnV9O68Ruu2zKgKjsEJOAM+uAAtcAPaIAAYTMAzeAGvzpPz5rw7H4vWilPOHIE/cD5/AKA8nRw=</latexit><latexit sha1_base64="IfTj8lyUNfqdAmNZnBBeWRHDCqM=">AAACD3icbVDLSsNAFJ3UV62vVJduBovgqiQiqLuCG1dSwbSFNpTJdNIOnUeYmVhK6E+4d6u/4Erc+gn+gZ/hpM1CWw9cOJxzL/feEyWMauN5X05pbX1jc6u8XdnZ3ds/cKuHLS1ThUmAJZOqEyFNGBUkMNQw0kkUQTxipB2Nb3K//UiUplI8mGlCQo6GgsYUI2OlvludwB4VsMeRGWHEstas79a8ujcHXCV+QWqgQLPvfvcGEqecCIMZ0rrre4kJM6QMxYzMKr1UkwThMRqSrqUCcaLDbH76DJ5aZQBjqWwJA+fq74kMca2nPLKd+Yl62cvFfz2eMkOVnCztN/FVmFGRpIYIvFgfpwwaCfN04IAqgg2bWoKwovYDiEdIIWxshhUbjb8cxCoJzuvXde/+ota4KzIqg2NwAs6ADy5BA9yCJggABhPwDF7Aq/PkvDnvzseiteQUM0fgD5zPH6F8nSA=</latexit><latexit sha1_base64="IfTj8lyUNfqdAmNZnBBeWRHDCqM=">AAACD3icbVDLSsNAFJ3UV62vVJduBovgqiQiqLuCG1dSwbSFNpTJdNIOnUeYmVhK6E+4d6u/4Erc+gn+gZ/hpM1CWw9cOJxzL/feEyWMauN5X05pbX1jc6u8XdnZ3ds/cKuHLS1ThUmAJZOqEyFNGBUkMNQw0kkUQTxipB2Nb3K//UiUplI8mGlCQo6GgsYUI2OlvludwB4VsMeRGWHEstas79a8ujcHXCV+QWqgQLPvfvcGEqecCIMZ0rrre4kJM6QMxYzMKr1UkwThMRqSrqUCcaLDbH76DJ5aZQBjqWwJA+fq74kMca2nPLKd+Yl62cvFfz2eMkOVnCztN/FVmFGRpIYIvFgfpwwaCfN04IAqgg2bWoKwovYDiEdIIWxshhUbjb8cxCoJzuvXde/+ota4KzIqg2NwAs6ADy5BA9yCJggABhPwDF7Aq/PkvDnvzseiteQUM0fgD5zPH6F8nSA=</latexit><latexit sha1_base64="IfTj8lyUNfqdAmNZnBBeWRHDCqM=">AAACD3icbVDLSsNAFJ3UV62vVJduBovgqiQiqLuCG1dSwbSFNpTJdNIOnUeYmVhK6E+4d6u/4Erc+gn+gZ/hpM1CWw9cOJxzL/feEyWMauN5X05pbX1jc6u8XdnZ3ds/cKuHLS1ThUmAJZOqEyFNGBUkMNQw0kkUQTxipB2Nb3K//UiUplI8mGlCQo6GgsYUI2OlvludwB4VsMeRGWHEstas79a8ujcHXCV+QWqgQLPvfvcGEqecCIMZ0rrre4kJM6QMxYzMKr1UkwThMRqSrqUCcaLDbH76DJ5aZQBjqWwJA+fq74kMca2nPLKd+Yl62cvFfz2eMkOVnCztN/FVmFGRpIYIvFgfpwwaCfN04IAqgg2bWoKwovYDiEdIIWxshhUbjb8cxCoJzuvXde/+ota4KzIqg2NwAs6ADy5BA9yCJggABhPwDF7Aq/PkvDnvzseiteQUM0fgD5zPH6F8nSA=</latexit><latexit sha1_base64="IfTj8lyUNfqdAmNZnBBeWRHDCqM=">AAACD3icbVDLSsNAFJ3UV62vVJduBovgqiQiqLuCG1dSwbSFNpTJdNIOnUeYmVhK6E+4d6u/4Erc+gn+gZ/hpM1CWw9cOJxzL/feEyWMauN5X05pbX1jc6u8XdnZ3ds/cKuHLS1ThUmAJZOqEyFNGBUkMNQw0kkUQTxipB2Nb3K//UiUplI8mGlCQo6GgsYUI2OlvludwB4VsMeRGWHEstas79a8ujcHXCV+QWqgQLPvfvcGEqecCIMZ0rrre4kJM6QMxYzMKr1UkwThMRqSrqUCcaLDbH76DJ5aZQBjqWwJA+fq74kMca2nPLKd+Yl62cvFfz2eMkOVnCztN/FVmFGRpIYIvFgfpwwaCfN04IAqgg2bWoKwovYDiEdIIWxshhUbjb8cxCoJzuvXde/+ota4KzIqg2NwAs6ADy5BA9yCJggABhPwDF7Aq/PkvDnvzseiteQUM0fgD5zPH6F8nSA=</latexit><latexit sha1_base64="IfTj8lyUNfqdAmNZnBBeWRHDCqM=">AAACD3icbVDLSsNAFJ3UV62vVJduBovgqiQiqLuCG1dSwbSFNpTJdNIOnUeYmVhK6E+4d6u/4Erc+gn+gZ/hpM1CWw9cOJxzL/feEyWMauN5X05pbX1jc6u8XdnZ3ds/cKuHLS1ThUmAJZOqEyFNGBUkMNQw0kkUQTxipB2Nb3K//UiUplI8mGlCQo6GgsYUI2OlvludwB4VsMeRGWHEstas79a8ujcHXCV+QWqgQLPvfvcGEqecCIMZ0rrre4kJM6QMxYzMKr1UkwThMRqSrqUCcaLDbH76DJ5aZQBjqWwJA+fq74kMca2nPLKd+Yl62cvFfz2eMkOVnCztN/FVmFGRpIYIvFgfpwwaCfN04IAqgg2bWoKwovYDiEdIIWxshhUbjb8cxCoJzuvXde/+ota4KzIqg2NwAs6ADy5BA9yCJggABhPwDF7Aq/PkvDnvzseiteQUM0fgD5zPH6F8nSA=</latexit>

V = {”one”, ”two”, ”three”, · · · }
<latexit sha1_base64="7K5JM3AlbhOOAzGKlMgwV6G/HiM="></latexit><latexit sha1_base64="7K5JM3AlbhOOAzGKlMgwV6G/HiM="></latexit><latexit sha1_base64="7K5JM3AlbhOOAzGKlMgwV6G/HiM="></latexit><latexit sha1_base64="rb8G4+aBjLPlNqI1qh6V2qVBcfc=">AAAB7nicbZDNSgMxFIXv+FvHqnXtJlgEV2XGjboT3Lis4NhCO5RMJtOGJpMhuaOUoT6AW1/BlfhCvoGPYfqz0NYDgcM5CffmSwopLAbBl7exubW9s1vb8/fr/sHhUaP+aHVpGI+Yltp0E2q5FDmPUKDk3cJwqhLJO8n4dtZ3nrixQucPOCl4rOgwF5lgFF3UHjSaQSuYi6ybcGmasNSg8d1PNSsVz5FJam0vDAqMK2pQMMmnfr+0vKBsTIe852xOFbdxNV9zSs5ckpJMG3dyJPP094uKKmsnKnE3FcWRXe1m4b+dKiUKo59X5mN2FVciL0rkOVuMz0pJUJMZCZIKwxnKiTOUGeF+QNiIGsrQ8fIdmXCVw7qJLlrXreA+gBqcwCmcQwiXcAN30IYIGKTwCm/ei/fufSwAbnhLksfwR97nD+XZk3Q=</latexit><latexit sha1_base64="dgIBNilIf8pPgp1pM0yUoqZDVbA=">AAACK3icbVBNSwMxFHzrt7Vq9eoltAgepGy9qAdB8OJRwdqCW0o2fbXBbLIkb9Wy7F/xf3j3qndPnkR/hmntQasDIZOZFx4zcaqkozB8DWZm5+YXFpeWSyvl1bX1ykb50pnMCmwKo4xtx9yhkhqbJElhO7XIk1hhK745GfmtW7ROGn1BwxQ7Cb/Wsi8FJy91KwdRwmkguMovC3bEopxFhPeUV43G6i6r0p0ZXwOL/l2wSPQMORYV3UotrIdjsL+kMSE1mOCsW/mMekZkCWoSijt31QhT6uTckhQKi1KUOUy5uOHXeOWp5gm6Tj5OWLBtr/RY31h/NLGx+vNHzhPnhknsJ0d53LQ3Ev/1kkyRtOZuaj/1Dzq51GlGqMX3+n6mGBk2KpH1pEVBaugJF1b6BEwMuOWCfNUlX01juoi/pLlXP6yH5yEswRZUYQcasA/HcApn0AQBD/AEz/ASPAZvwft3hzPBpMxN+IXg4wvMlqly</latexit><latexit sha1_base64="dgIBNilIf8pPgp1pM0yUoqZDVbA=">AAACK3icbVBNSwMxFHzrt7Vq9eoltAgepGy9qAdB8OJRwdqCW0o2fbXBbLIkb9Wy7F/xf3j3qndPnkR/hmntQasDIZOZFx4zcaqkozB8DWZm5+YXFpeWSyvl1bX1ykb50pnMCmwKo4xtx9yhkhqbJElhO7XIk1hhK745GfmtW7ROGn1BwxQ7Cb/Wsi8FJy91KwdRwmkguMovC3bEopxFhPeUV43G6i6r0p0ZXwOL/l2wSPQMORYV3UotrIdjsL+kMSE1mOCsW/mMekZkCWoSijt31QhT6uTckhQKi1KUOUy5uOHXeOWp5gm6Tj5OWLBtr/RY31h/NLGx+vNHzhPnhknsJ0d53LQ3Ev/1kkyRtOZuaj/1Dzq51GlGqMX3+n6mGBk2KpH1pEVBaugJF1b6BEwMuOWCfNUlX01juoi/pLlXP6yH5yEswRZUYQcasA/HcApn0AQBD/AEz/ASPAZvwft3hzPBpMxN+IXg4wvMlqly</latexit><latexit sha1_base64="WKQJtBfqCu9FCgVwal4T7YaMs/0="></latexit><latexit sha1_base64="7K5JM3AlbhOOAzGKlMgwV6G/HiM="></latexit><latexit sha1_base64="7K5JM3AlbhOOAzGKlMgwV6G/HiM="></latexit><latexit sha1_base64="7K5JM3AlbhOOAzGKlMgwV6G/HiM="></latexit><latexit sha1_base64="7K5JM3AlbhOOAzGKlMgwV6G/HiM="></latexit><latexit sha1_base64="7K5JM3AlbhOOAzGKlMgwV6G/HiM="></latexit>

O = (o1,o2, · · · )
<latexit sha1_base64="Buppa56Dl6HHr6BgxQwrTkoUJls=">AAACJnicbVDLSgMxFM34rPU16tJNsAgVpMwUQV0IBTeutIJjC+1QMmmmDc1MhuSOUob+gv/h3q3+gisRdy79DNPHorYeCJx7zr3c3BMkgmtwnC9rYXFpeWU1t5Zf39jc2rZ3du+1TBVlHpVCqnpANBM8Zh5wEKyeKEaiQLBa0Lsc+rUHpjSX8R30E+ZHpBPzkFMCRmrZxRt8gYvNiEA3CDM5aLnHeKoqm4q2Jeijll1wSs4IeJ64E1JAE1Rb9k+zLWkasRioIFo3XCcBPyMKOBVskG+mmiWE9kiHNQyNScS0n40uGuBDo7RxKJV5MeCROj2RkUjrfhSYzuFn9aw3FP/1olQAV/JxZj+EZ37G4yQFFtPx+jAVGCQehobbXDEKom8IoYqbCzDtEkUomGjzJhp3Noh54pVL5yXn9qRQuZ5klEP76AAVkYtOUQVdoSryEEVP6AW9ojfr2Xq3PqzPceuCNZnZQ39gff8CdhClUQ==</latexit><latexit sha1_base64="Buppa56Dl6HHr6BgxQwrTkoUJls=">AAACJnicbVDLSgMxFM34rPU16tJNsAgVpMwUQV0IBTeutIJjC+1QMmmmDc1MhuSOUob+gv/h3q3+gisRdy79DNPHorYeCJx7zr3c3BMkgmtwnC9rYXFpeWU1t5Zf39jc2rZ3du+1TBVlHpVCqnpANBM8Zh5wEKyeKEaiQLBa0Lsc+rUHpjSX8R30E+ZHpBPzkFMCRmrZxRt8gYvNiEA3CDM5aLnHeKoqm4q2Jeijll1wSs4IeJ64E1JAE1Rb9k+zLWkasRioIFo3XCcBPyMKOBVskG+mmiWE9kiHNQyNScS0n40uGuBDo7RxKJV5MeCROj2RkUjrfhSYzuFn9aw3FP/1olQAV/JxZj+EZ37G4yQFFtPx+jAVGCQehobbXDEKom8IoYqbCzDtEkUomGjzJhp3Noh54pVL5yXn9qRQuZ5klEP76AAVkYtOUQVdoSryEEVP6AW9ojfr2Xq3PqzPceuCNZnZQ39gff8CdhClUQ==</latexit><latexit sha1_base64="Buppa56Dl6HHr6BgxQwrTkoUJls=">AAACJnicbVDLSgMxFM34rPU16tJNsAgVpMwUQV0IBTeutIJjC+1QMmmmDc1MhuSOUob+gv/h3q3+gisRdy79DNPHorYeCJx7zr3c3BMkgmtwnC9rYXFpeWU1t5Zf39jc2rZ3du+1TBVlHpVCqnpANBM8Zh5wEKyeKEaiQLBa0Lsc+rUHpjSX8R30E+ZHpBPzkFMCRmrZxRt8gYvNiEA3CDM5aLnHeKoqm4q2Jeijll1wSs4IeJ64E1JAE1Rb9k+zLWkasRioIFo3XCcBPyMKOBVskG+mmiWE9kiHNQyNScS0n40uGuBDo7RxKJV5MeCROj2RkUjrfhSYzuFn9aw3FP/1olQAV/JxZj+EZ37G4yQFFtPx+jAVGCQehobbXDEKom8IoYqbCzDtEkUomGjzJhp3Noh54pVL5yXn9qRQuZ5klEP76AAVkYtOUQVdoSryEEVP6AW9ojfr2Xq3PqzPceuCNZnZQ39gff8CdhClUQ==</latexit><latexit sha1_base64="rb8G4+aBjLPlNqI1qh6V2qVBcfc=">AAAB7nicbZDNSgMxFIXv+FvHqnXtJlgEV2XGjboT3Lis4NhCO5RMJtOGJpMhuaOUoT6AW1/BlfhCvoGPYfqz0NYDgcM5CffmSwopLAbBl7exubW9s1vb8/fr/sHhUaP+aHVpGI+Yltp0E2q5FDmPUKDk3cJwqhLJO8n4dtZ3nrixQucPOCl4rOgwF5lgFF3UHjSaQSuYi6ybcGmasNSg8d1PNSsVz5FJam0vDAqMK2pQMMmnfr+0vKBsTIe852xOFbdxNV9zSs5ckpJMG3dyJPP094uKKmsnKnE3FcWRXe1m4b+dKiUKo59X5mN2FVciL0rkOVuMz0pJUJMZCZIKwxnKiTOUGeF+QNiIGsrQ8fIdmXCVw7qJLlrXreA+gBqcwCmcQwiXcAN30IYIGKTwCm/ei/fufSwAbnhLksfwR97nD+XZk3Q=</latexit><latexit sha1_base64="vyzWJ/Y7IKnKq7X96yvB9dnumwo=">AAACG3icbZDNSgMxFIXv+Ftr1erWTbAIFaTMdKMuBMGNOys4ttCWkkkzbWhmMiR3lDL0FXwP9271FVyJ+AY+hunPorZeCJx7TsLN/YJECoOu++2srK6tb2zmtvLbhZ3dveJ+4cGoVDPuMyWVbgTUcCli7qNAyRuJ5jQKJK8Hg+txXn/k2ggV3+Mw4e2I9mIRCkbRWp1i+ZZcknIrotgPwkyNOt4pmeuqtmNdheakUyy5FXdSZFl4M1GCWdU6xZ9WV7E04jEySY1pem6C7YxqFEzyUb6VGp5QNqA93rQyphE37Wyy0YgcW6dLQqXtiZFM3PkXGY2MGUaBvTn+rFnMxua/WZRKFFo9LczH8LydiThJkcdsOj5MJUFFxtBIV2jOUA6toEwLuwFhfaopQ4s2b9F4iyCWhV+tXFTcOxdycAhHUAYPzuAKbqAGPjB4hld4g3fnxflwPqcMV5wZzAP4U87XL1reo7Q=</latexit><latexit sha1_base64="vyzWJ/Y7IKnKq7X96yvB9dnumwo=">AAACG3icbZDNSgMxFIXv+Ftr1erWTbAIFaTMdKMuBMGNOys4ttCWkkkzbWhmMiR3lDL0FXwP9271FVyJ+AY+hunPorZeCJx7TsLN/YJECoOu++2srK6tb2zmtvLbhZ3dveJ+4cGoVDPuMyWVbgTUcCli7qNAyRuJ5jQKJK8Hg+txXn/k2ggV3+Mw4e2I9mIRCkbRWp1i+ZZcknIrotgPwkyNOt4pmeuqtmNdheakUyy5FXdSZFl4M1GCWdU6xZ9WV7E04jEySY1pem6C7YxqFEzyUb6VGp5QNqA93rQyphE37Wyy0YgcW6dLQqXtiZFM3PkXGY2MGUaBvTn+rFnMxua/WZRKFFo9LczH8LydiThJkcdsOj5MJUFFxtBIV2jOUA6toEwLuwFhfaopQ4s2b9F4iyCWhV+tXFTcOxdycAhHUAYPzuAKbqAGPjB4hld4g3fnxflwPqcMV5wZzAP4U87XL1reo7Q=</latexit><latexit sha1_base64="k7W6RZWrR6V9mSZkMe8R4B07538=">AAACJnicbVDLSgMxFM3UV62vqks3wSJUkDLTjboQCm5caQVrC+0wZNJMG5qZDMkdpQz9Bf/DvVv9BVci7lz6GWbaLmrrgcC559zLzT1+LLgG2/6yckvLK6tr+fXCxubW9k5xd+9ey0RR1qBSSNXyiWaCR6wBHARrxYqR0Bes6Q8uM7/5wJTmMrqDYczckPQiHnBKwEhesXyDL3C5ExLo+0EqR55zgmeqqqloV4I+9oolu2KPgReJMyUlNEXdK/50upImIYuACqJ127FjcFOigFPBRoVOollM6ID0WNvQiIRMu+n4ohE+MkoXB1KZFwEeq7MTKQm1Hoa+6cw+q+e9TPzXCxMBXMnHuf0QnLkpj+IEWEQn64NEYJA4Cw13uWIUxNAQQhU3F2DaJ4pQMNEWTDTOfBCLpFGtnFfsW7tUu55mlEcH6BCVkYNOUQ1doTpqIIqe0At6RW/Ws/VufVifk9acNZ3ZR39gff8CdNClTQ==</latexit><latexit sha1_base64="Buppa56Dl6HHr6BgxQwrTkoUJls=">AAACJnicbVDLSgMxFM34rPU16tJNsAgVpMwUQV0IBTeutIJjC+1QMmmmDc1MhuSOUob+gv/h3q3+gisRdy79DNPHorYeCJx7zr3c3BMkgmtwnC9rYXFpeWU1t5Zf39jc2rZ3du+1TBVlHpVCqnpANBM8Zh5wEKyeKEaiQLBa0Lsc+rUHpjSX8R30E+ZHpBPzkFMCRmrZxRt8gYvNiEA3CDM5aLnHeKoqm4q2Jeijll1wSs4IeJ64E1JAE1Rb9k+zLWkasRioIFo3XCcBPyMKOBVskG+mmiWE9kiHNQyNScS0n40uGuBDo7RxKJV5MeCROj2RkUjrfhSYzuFn9aw3FP/1olQAV/JxZj+EZ37G4yQFFtPx+jAVGCQehobbXDEKom8IoYqbCzDtEkUomGjzJhp3Noh54pVL5yXn9qRQuZ5klEP76AAVkYtOUQVdoSryEEVP6AW9ojfr2Xq3PqzPceuCNZnZQ39gff8CdhClUQ==</latexit><latexit sha1_base64="Buppa56Dl6HHr6BgxQwrTkoUJls=">AAACJnicbVDLSgMxFM34rPU16tJNsAgVpMwUQV0IBTeutIJjC+1QMmmmDc1MhuSOUob+gv/h3q3+gisRdy79DNPHorYeCJx7zr3c3BMkgmtwnC9rYXFpeWU1t5Zf39jc2rZ3du+1TBVlHpVCqnpANBM8Zh5wEKyeKEaiQLBa0Lsc+rUHpjSX8R30E+ZHpBPzkFMCRmrZxRt8gYvNiEA3CDM5aLnHeKoqm4q2Jeijll1wSs4IeJ64E1JAE1Rb9k+zLWkasRioIFo3XCcBPyMKOBVskG+mmiWE9kiHNQyNScS0n40uGuBDo7RxKJV5MeCROj2RkUjrfhSYzuFn9aw3FP/1olQAV/JxZj+EZ37G4yQFFtPx+jAVGCQehobbXDEKom8IoYqbCzDtEkUomGjzJhp3Noh54pVL5yXn9qRQuZ5klEP76AAVkYtOUQVdoSryEEVP6AW9ojfr2Xq3PqzPceuCNZnZQ39gff8CdhClUQ==</latexit><latexit sha1_base64="Buppa56Dl6HHr6BgxQwrTkoUJls=">AAACJnicbVDLSgMxFM34rPU16tJNsAgVpMwUQV0IBTeutIJjC+1QMmmmDc1MhuSOUob+gv/h3q3+gisRdy79DNPHorYeCJx7zr3c3BMkgmtwnC9rYXFpeWU1t5Zf39jc2rZ3du+1TBVlHpVCqnpANBM8Zh5wEKyeKEaiQLBa0Lsc+rUHpjSX8R30E+ZHpBPzkFMCRmrZxRt8gYvNiEA3CDM5aLnHeKoqm4q2Jeijll1wSs4IeJ64E1JAE1Rb9k+zLWkasRioIFo3XCcBPyMKOBVskG+mmiWE9kiHNQyNScS0n40uGuBDo7RxKJV5MeCROj2RkUjrfhSYzuFn9aw3FP/1olQAV/JxZj+EZ37G4yQFFtPx+jAVGCQehobbXDEKom8IoYqbCzDtEkUomGjzJhp3Noh54pVL5yXn9qRQuZ5klEP76AAVkYtOUQVdoSryEEVP6AW9ojfr2Xq3PqzPceuCNZnZQ39gff8CdhClUQ==</latexit><latexit sha1_base64="Buppa56Dl6HHr6BgxQwrTkoUJls=">AAACJnicbVDLSgMxFM34rPU16tJNsAgVpMwUQV0IBTeutIJjC+1QMmmmDc1MhuSOUob+gv/h3q3+gisRdy79DNPHorYeCJx7zr3c3BMkgmtwnC9rYXFpeWU1t5Zf39jc2rZ3du+1TBVlHpVCqnpANBM8Zh5wEKyeKEaiQLBa0Lsc+rUHpjSX8R30E+ZHpBPzkFMCRmrZxRt8gYvNiEA3CDM5aLnHeKoqm4q2Jeijll1wSs4IeJ64E1JAE1Rb9k+zLWkasRioIFo3XCcBPyMKOBVskG+mmiWE9kiHNQyNScS0n40uGuBDo7RxKJV5MeCROj2RkUjrfhSYzuFn9aw3FP/1olQAV/JxZj+EZ37G4yQFFtPx+jAVGCQehobbXDEKom8IoYqbCzDtEkUomGjzJhp3Noh54pVL5yXn9qRQuZ5klEP76AAVkYtOUQVdoSryEEVP6AW9ojfr2Xq3PqzPceuCNZnZQ39gff8CdhClUQ==</latexit><latexit sha1_base64="Buppa56Dl6HHr6BgxQwrTkoUJls=">AAACJnicbVDLSgMxFM34rPU16tJNsAgVpMwUQV0IBTeutIJjC+1QMmmmDc1MhuSOUob+gv/h3q3+gisRdy79DNPHorYeCJx7zr3c3BMkgmtwnC9rYXFpeWU1t5Zf39jc2rZ3du+1TBVlHpVCqnpANBM8Zh5wEKyeKEaiQLBa0Lsc+rUHpjSX8R30E+ZHpBPzkFMCRmrZxRt8gYvNiEA3CDM5aLnHeKoqm4q2Jeijll1wSs4IeJ64E1JAE1Rb9k+zLWkasRioIFo3XCcBPyMKOBVskG+mmiWE9kiHNQyNScS0n40uGuBDo7RxKJV5MeCROj2RkUjrfhSYzuFn9aw3FP/1olQAV/JxZj+EZ37G4yQFFtPx+jAVGCQehobbXDEKom8IoYqbCzDtEkUomGjzJhp3Noh54pVL5yXn9qRQuZ5klEP76AAVkYtOUQVdoSryEEVP6AW9ojfr2Xq3PqzPceuCNZnZQ39gff8CdhClUQ==</latexit>

O = (ot 2 RD|t = 1, · · · , T )
<latexit sha1_base64="zOPwBvcFHt/pLC3pn529nUUY/gY="></latexit><latexit sha1_base64="zOPwBvcFHt/pLC3pn529nUUY/gY="></latexit><latexit sha1_base64="zOPwBvcFHt/pLC3pn529nUUY/gY="></latexit>

My recommendation



Speech recognition cases

• T-length speech feature sequence (D-dimensional vector)

• N-length word sequence with vocabulary 
W = (wn 2 V|n = 1, . . . , N)

<latexit sha1_base64="RD2rs91ccWx+N5ASZ24Z8WmSo0k="></latexit><latexit sha1_base64="RD2rs91ccWx+N5ASZ24Z8WmSo0k="></latexit><latexit sha1_base64="RD2rs91ccWx+N5ASZ24Z8WmSo0k="></latexit><latexit sha1_base64="rb8G4+aBjLPlNqI1qh6V2qVBcfc=">AAAB7nicbZDNSgMxFIXv+FvHqnXtJlgEV2XGjboT3Lis4NhCO5RMJtOGJpMhuaOUoT6AW1/BlfhCvoGPYfqz0NYDgcM5CffmSwopLAbBl7exubW9s1vb8/fr/sHhUaP+aHVpGI+Yltp0E2q5FDmPUKDk3cJwqhLJO8n4dtZ3nrixQucPOCl4rOgwF5lgFF3UHjSaQSuYi6ybcGmasNSg8d1PNSsVz5FJam0vDAqMK2pQMMmnfr+0vKBsTIe852xOFbdxNV9zSs5ckpJMG3dyJPP094uKKmsnKnE3FcWRXe1m4b+dKiUKo59X5mN2FVciL0rkOVuMz0pJUJMZCZIKwxnKiTOUGeF+QNiIGsrQ8fIdmXCVw7qJLlrXreA+gBqcwCmcQwiXcAN30IYIGKTwCm/ei/fufSwAbnhLksfwR97nD+XZk3Q=</latexit><latexit sha1_base64="rsipZXuPNMML4gM64iSFxxky8Us=">AAACIXicbZDLSgNBEEVrfBtf0a2bwiAoSJhxoy4EwY0rUXCSgAmhp9MxTXp6hu4aQxjzF/6He7f6Cy5E3PsZdh4LjRY0XO7toqpOlCppyfffvZnZufmFxaXlwsrq2vpGcXO1YpPMcBHyRCWmFjErlNQiJElK1FIjWBwpUY2658O8ei+MlYm+oX4qGjG707ItOSNnNYvlKp7iXg+buR5gXWqsx4w6nKm8MsAH1C4NDrDeSsge4OV+s1jyy/6o8K8IJqIEk7pqFr9cL89ioYkrZu1t4KfUyJkhyZUYFOqZFSnjXXYnbp3ULBa2kY/uGuCuc1rYTox7mnDk/uzIWWxtP47cz+HWdjobmv9mcaZImqQ3NZ/ax41c6jQjofl4fDtTSAkO0WFLGsFJ9Z1g3Eh3AfIOM4yTA1xwaIJpEH9FeFg+KfvXPizBNuzAHgRwBGdwAVcQAodHeIYXePWevDfvY8xwxpvA3IJf5X1+A2PKpH0=</latexit><latexit sha1_base64="rsipZXuPNMML4gM64iSFxxky8Us=">AAACIXicbZDLSgNBEEVrfBtf0a2bwiAoSJhxoy4EwY0rUXCSgAmhp9MxTXp6hu4aQxjzF/6He7f6Cy5E3PsZdh4LjRY0XO7toqpOlCppyfffvZnZufmFxaXlwsrq2vpGcXO1YpPMcBHyRCWmFjErlNQiJElK1FIjWBwpUY2658O8ei+MlYm+oX4qGjG707ItOSNnNYvlKp7iXg+buR5gXWqsx4w6nKm8MsAH1C4NDrDeSsge4OV+s1jyy/6o8K8IJqIEk7pqFr9cL89ioYkrZu1t4KfUyJkhyZUYFOqZFSnjXXYnbp3ULBa2kY/uGuCuc1rYTox7mnDk/uzIWWxtP47cz+HWdjobmv9mcaZImqQ3NZ/ax41c6jQjofl4fDtTSAkO0WFLGsFJ9Z1g3Eh3AfIOM4yTA1xwaIJpEH9FeFg+KfvXPizBNuzAHgRwBGdwAVcQAodHeIYXePWevDfvY8xwxpvA3IJf5X1+A2PKpH0=</latexit><latexit sha1_base64="C08tGAFEEg05jFAqlCJKieW7peQ=">AAACLHicbVDLSgMxFM3Ud31VXbq5WIQKpcy4UReC4MaVKDi20JaSSdM2NJMZkjtKGfsX/od7t/oLLkTcip9hpu1CWw8EDufcw809QSyFQdd9d3Jz8wuLS8sr+dW19Y3Nwtb2rYkSzbjPIhnpWkANl0JxHwVKXos1p2EgeTXon2d+9Y5rIyJ1g4OYN0PaVaIjGEUrtQqVKpxC6R5aqRpCQyhohBR7jMr0dggPoKzrlaHRjtCU4fKgVSi6FXcEmCXehBTJBFetwrfNsiTkCpmkxtQ9N8ZmSjUKJvkw30gMjynr0y6vW6poyE0zHd01hH2rtKETafsUwkj9nUhpaMwgDOxk9msz7WXiv16YSBQ6up/aj53jZipUnCBXbLy+k0jACLLqoC00ZygHllCmhb0AWI9qytAWnLfVeNNFzBL/sHJSca/d4tnlpKNlskv2SIl45IickQtyRXzCyCN5Ji/k1Xly3pwP53M8mnMmmR3yB87XD4WNphw=</latexit><latexit sha1_base64="RD2rs91ccWx+N5ASZ24Z8WmSo0k="></latexit><latexit sha1_base64="RD2rs91ccWx+N5ASZ24Z8WmSo0k="></latexit><latexit sha1_base64="RD2rs91ccWx+N5ASZ24Z8WmSo0k="></latexit><latexit sha1_base64="RD2rs91ccWx+N5ASZ24Z8WmSo0k="></latexit><latexit sha1_base64="RD2rs91ccWx+N5ASZ24Z8WmSo0k="></latexit>

O = (ot 2 RD|t = 1, . . . , T )
<latexit sha1_base64="5VChE79mxebKE8592BqUGYHP6Eo="></latexit><latexit sha1_base64="5VChE79mxebKE8592BqUGYHP6Eo="></latexit><latexit sha1_base64="5VChE79mxebKE8592BqUGYHP6Eo="></latexit><latexit sha1_base64="rb8G4+aBjLPlNqI1qh6V2qVBcfc=">AAAB7nicbZDNSgMxFIXv+FvHqnXtJlgEV2XGjboT3Lis4NhCO5RMJtOGJpMhuaOUoT6AW1/BlfhCvoGPYfqz0NYDgcM5CffmSwopLAbBl7exubW9s1vb8/fr/sHhUaP+aHVpGI+Yltp0E2q5FDmPUKDk3cJwqhLJO8n4dtZ3nrixQucPOCl4rOgwF5lgFF3UHjSaQSuYi6ybcGmasNSg8d1PNSsVz5FJam0vDAqMK2pQMMmnfr+0vKBsTIe852xOFbdxNV9zSs5ckpJMG3dyJPP094uKKmsnKnE3FcWRXe1m4b+dKiUKo59X5mN2FVciL0rkOVuMz0pJUJMZCZIKwxnKiTOUGeF+QNiIGsrQ8fIdmXCVw7qJLlrXreA+gBqcwCmcQwiXcAN30IYIGKTwCm/ei/fufSwAbnhLksfwR97nD+XZk3Q=</latexit><latexit sha1_base64="ACsTf96QPWmRgxwQoPxKcrwz6Cs="></latexit><latexit sha1_base64="ACsTf96QPWmRgxwQoPxKcrwz6Cs="></latexit><latexit sha1_base64="vBGcI8sSmGGwijRU/WNbM0HU1PQ="></latexit><latexit sha1_base64="5VChE79mxebKE8592BqUGYHP6Eo="></latexit><latexit sha1_base64="5VChE79mxebKE8592BqUGYHP6Eo="></latexit><latexit sha1_base64="5VChE79mxebKE8592BqUGYHP6Eo="></latexit><latexit sha1_base64="5VChE79mxebKE8592BqUGYHP6Eo="></latexit><latexit sha1_base64="5VChE79mxebKE8592BqUGYHP6Eo="></latexit>

V
<latexit sha1_base64="kNHgHZDXPvU6afPlvvmQfeSn28Y=">AAACB3icbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3BjSupYNpCG8pkOmmHzmTCzI1SQn/AvVv9BVfi1s/wD/wMJ20W2nrgwuGce7n3njAR3IDrfjmlldW19Y3yZmVre2d3r7p/0DIq1ZT5VAmlOyExTPCY+cBBsE6iGZGhYO1wfJ377QemDVfxPUwSFkgyjHnEKQErdXuSwIgSkbWm/WrNrbsz4GXiFaSGCjT71e/eQNFUshioIMZ0PTeBICMaOBVsWumlhiWEjsmQdS2NiWQmyGYnT/GJVQY4UtpWDHim/p7IiDRmIkPbmZ9oFr1c/NeTqQCu1ePCfogug4zHSQospvP1USowKJynggdcMwpiYgmhmtsPMB0RTSjY7Co2Gm8xiGXin9Wv6u7dea1xW2RURkfoGJ0iD12gBrpBTeQjihR6Ri/o1Xly3px352PeWnKKmUP0B87nDx9Hmsk=</latexit><latexit sha1_base64="kNHgHZDXPvU6afPlvvmQfeSn28Y=">AAACB3icbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3BjSupYNpCG8pkOmmHzmTCzI1SQn/AvVv9BVfi1s/wD/wMJ20W2nrgwuGce7n3njAR3IDrfjmlldW19Y3yZmVre2d3r7p/0DIq1ZT5VAmlOyExTPCY+cBBsE6iGZGhYO1wfJ377QemDVfxPUwSFkgyjHnEKQErdXuSwIgSkbWm/WrNrbsz4GXiFaSGCjT71e/eQNFUshioIMZ0PTeBICMaOBVsWumlhiWEjsmQdS2NiWQmyGYnT/GJVQY4UtpWDHim/p7IiDRmIkPbmZ9oFr1c/NeTqQCu1ePCfogug4zHSQospvP1USowKJynggdcMwpiYgmhmtsPMB0RTSjY7Co2Gm8xiGXin9Wv6u7dea1xW2RURkfoGJ0iD12gBrpBTeQjihR6Ri/o1Xly3px352PeWnKKmUP0B87nDx9Hmsk=</latexit><latexit sha1_base64="kNHgHZDXPvU6afPlvvmQfeSn28Y=">AAACB3icbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3BjSupYNpCG8pkOmmHzmTCzI1SQn/AvVv9BVfi1s/wD/wMJ20W2nrgwuGce7n3njAR3IDrfjmlldW19Y3yZmVre2d3r7p/0DIq1ZT5VAmlOyExTPCY+cBBsE6iGZGhYO1wfJ377QemDVfxPUwSFkgyjHnEKQErdXuSwIgSkbWm/WrNrbsz4GXiFaSGCjT71e/eQNFUshioIMZ0PTeBICMaOBVsWumlhiWEjsmQdS2NiWQmyGYnT/GJVQY4UtpWDHim/p7IiDRmIkPbmZ9oFr1c/NeTqQCu1ePCfogug4zHSQospvP1USowKJynggdcMwpiYgmhmtsPMB0RTSjY7Co2Gm8xiGXin9Wv6u7dea1xW2RURkfoGJ0iD12gBrpBTeQjihR6Ri/o1Xly3px352PeWnKKmUP0B87nDx9Hmsk=</latexit>



Probabilistic rules

• Product rule

• Sum rule

• Conditional independence assumption

p(x|y)p(y) = p(x, y)

p(y) =
X

x

p(x, y)

p(x|y, z) = p(x|z)
<latexit sha1_base64="VddZMkVdbLQc4r8RT9q2HgYpYDE=">AAACJnicbVDLSgMxFM34rPU11qWbYBFakDIjgroQCm5cSQXHFtpSMumdNjTzIMloH/ZX3Kpf40rEnV8iZtpZ2NYDgcM593JujhtxJpVlfRlLyyura+uZjezm1vbOrrmXu5dhLCg4NOShqLlEAmcBOIopDrVIAPFdDlW3d5X41QcQkoXBnRpE0PRJJ2Aeo0RpqWXmokL/aXCMh0V8iRM+LLbMvFWyJsCLxE5JHqWotMyfRjuksQ+BopxIWbetSDVHRChGOYyzjVhCRGiPdKCuaUB8kM3R5PYxPtJKG3uh0C9QeKL+3RgRX8qB7+pJn6iunPcS8V/Pj7liInycy1feeXPEgihWENBpvBdzrEKc1IPbTABVfKAJoYLpH2DaJYJQpUvMzgTEUUcA9MZZXZg9X88icU5KFyXr9jRfvkmby6ADdIgKyEZnqIyuUQU5iKI+ekYv6NV4M96ND+NzOrpkpDv7aAbG9y8SfKVU</latexit><latexit sha1_base64="VddZMkVdbLQc4r8RT9q2HgYpYDE=">AAACJnicbVDLSgMxFM34rPU11qWbYBFakDIjgroQCm5cSQXHFtpSMumdNjTzIMloH/ZX3Kpf40rEnV8iZtpZ2NYDgcM593JujhtxJpVlfRlLyyura+uZjezm1vbOrrmXu5dhLCg4NOShqLlEAmcBOIopDrVIAPFdDlW3d5X41QcQkoXBnRpE0PRJJ2Aeo0RpqWXmokL/aXCMh0V8iRM+LLbMvFWyJsCLxE5JHqWotMyfRjuksQ+BopxIWbetSDVHRChGOYyzjVhCRGiPdKCuaUB8kM3R5PYxPtJKG3uh0C9QeKL+3RgRX8qB7+pJn6iunPcS8V/Pj7liInycy1feeXPEgihWENBpvBdzrEKc1IPbTABVfKAJoYLpH2DaJYJQpUvMzgTEUUcA9MZZXZg9X88icU5KFyXr9jRfvkmby6ADdIgKyEZnqIyuUQU5iKI+ekYv6NV4M96ND+NzOrpkpDv7aAbG9y8SfKVU</latexit><latexit sha1_base64="VddZMkVdbLQc4r8RT9q2HgYpYDE=">AAACJnicbVDLSgMxFM34rPU11qWbYBFakDIjgroQCm5cSQXHFtpSMumdNjTzIMloH/ZX3Kpf40rEnV8iZtpZ2NYDgcM593JujhtxJpVlfRlLyyura+uZjezm1vbOrrmXu5dhLCg4NOShqLlEAmcBOIopDrVIAPFdDlW3d5X41QcQkoXBnRpE0PRJJ2Aeo0RpqWXmokL/aXCMh0V8iRM+LLbMvFWyJsCLxE5JHqWotMyfRjuksQ+BopxIWbetSDVHRChGOYyzjVhCRGiPdKCuaUB8kM3R5PYxPtJKG3uh0C9QeKL+3RgRX8qB7+pJn6iunPcS8V/Pj7liInycy1feeXPEgihWENBpvBdzrEKc1IPbTABVfKAJoYLpH2DaJYJQpUvMzgTEUUcA9MZZXZg9X88icU5KFyXr9jRfvkmby6ADdIgKyEZnqIyuUQU5iKI+ekYv6NV4M96ND+NzOrpkpDv7aAbG9y8SfKVU</latexit><latexit sha1_base64="3eVwXr+gxGAfJd+H+cj4FOnx3rM=">AAACBHicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2lIymTttaJIZkoxShr6AW30aV+Jb+DJi+rOwrRcCh3MSzs0X54IbGwTfXmVre2d3r7rvH9T8w6Pjeu3JZIVmGLFMZLoTU4OCK4wstwI7uUYqY4HteHw3y9vPqA3P1KOd5NiXdKh4yhm1zmoN6o2gGcyHbIpwKRqwnEH9p5dkrJCoLBPUmG4Y5LZfUm05Ezj1e4XBnLIxHWLXSUUlmn45X3NKzp2TkDTT7ihL5u7fFyWVxkxk7G5KakdmPZuZ/2ayEJbr7GWt36bX/ZKrvLCo2KI+LQSxGZmRIAnXyKyYOEGZ5u4HhI2opsw6Xv5KQZEPNeJ46jte4TqdTRFdNm+awUMAVTiFM7iAEK7gFu6hBREwSOAV3rx378P7XGCteEu+J7Ay3tcvgBmcVg==</latexit><latexit sha1_base64="FT1R4BmCNdylCWYdf4jBU2Nj/AE=">AAACG3icbZBLSwMxFIXv+Ky16titm2ARWpAydaMuBMGNywqOLbSlZNI7bWjmQZLRtmP/ilv117gS8c+I6WNhWy8EPs5JODfHiwVX2nG+rbX1jc2t7cxOdje3t39gH+YeVJRIhi6LRCTrHlUoeIiu5lpgPZZIA09gzevfTPzaI0rFo/BeD2NsBbQbcp8zqo3UtvNxcfA8PCWjErkiEx6V2nbBKTvTIatQmUMB5lNt2z/NTsSSAEPNBFWqUXFi3Uqp1JwJHGebicKYsj7tYsNgSANUrXS6+5icGKVD/EiaE2oyVf++SGmg1DDwzM2A6p5a9ibiv16QCM1l9LSUr/2LVsrDONEYslm8nwiiIzKph3S4RKbF0ABlkpsfENajkjJtSswuBCRxVyL2x1lTWGW5nlVwz8qXZefOgQwcwTEUoQLncA23UAUXGAzgBV7hzXq3PqzPWbNr1rziPCyM9fUL9AKjtw==</latexit><latexit sha1_base64="FT1R4BmCNdylCWYdf4jBU2Nj/AE=">AAACG3icbZBLSwMxFIXv+Ky16titm2ARWpAydaMuBMGNywqOLbSlZNI7bWjmQZLRtmP/ilv117gS8c+I6WNhWy8EPs5JODfHiwVX2nG+rbX1jc2t7cxOdje3t39gH+YeVJRIhi6LRCTrHlUoeIiu5lpgPZZIA09gzevfTPzaI0rFo/BeD2NsBbQbcp8zqo3UtvNxcfA8PCWjErkiEx6V2nbBKTvTIatQmUMB5lNt2z/NTsSSAEPNBFWqUXFi3Uqp1JwJHGebicKYsj7tYsNgSANUrXS6+5icGKVD/EiaE2oyVf++SGmg1DDwzM2A6p5a9ibiv16QCM1l9LSUr/2LVsrDONEYslm8nwiiIzKph3S4RKbF0ABlkpsfENajkjJtSswuBCRxVyL2x1lTWGW5nlVwz8qXZefOgQwcwTEUoQLncA23UAUXGAzgBV7hzXq3PqzPWbNr1rziPCyM9fUL9AKjtw==</latexit><latexit sha1_base64="nU+XFHMs6qjAvedt1b+MgdixaF0=">AAACJnicbVBdSwJBFJ21L7OvzR57GZJAIWTtpXoIhF56CoM2BV1kdryrg7MfzMyWuvlXeq1+TU8RvfVLolH3IbUDA4dz7uXcOW7EmVSW9WVkVlbX1jeym7mt7Z3dPXM/fy/DWFCwachD0XCJBM4CsBVTHBqRAOK7HOpu/2ri1x9ASBYGd2oYgeOTbsA8RonSUtvMR8XB0/AEj0r4Ek/4qNQ2C1bZmgIvk0pKCihFrW3+tDohjX0IFOVEymbFipSTEKEY5TDOtWIJEaF90oWmpgHxQTrJ9PYxPtZKB3uh0C9QeKr+3UiIL+XQd/WkT1RPLnoT8V/Pj7liInxcyFfeuZOwIIoVBHQW78UcqxBP6sEdJoAqPtSEUMH0DzDtEUGo0iXm5gLiqCsA+uOcLqyyWM8ysU/LF2Xr1ipUb9LmsugQHaEiqqAzVEXXqIZsRNEAPaMX9Gq8Ge/Gh/E5G80Y6c4BmoPx/QsRPKVQ</latexit><latexit sha1_base64="VddZMkVdbLQc4r8RT9q2HgYpYDE=">AAACJnicbVDLSgMxFM34rPU11qWbYBFakDIjgroQCm5cSQXHFtpSMumdNjTzIMloH/ZX3Kpf40rEnV8iZtpZ2NYDgcM593JujhtxJpVlfRlLyyura+uZjezm1vbOrrmXu5dhLCg4NOShqLlEAmcBOIopDrVIAPFdDlW3d5X41QcQkoXBnRpE0PRJJ2Aeo0RpqWXmokL/aXCMh0V8iRM+LLbMvFWyJsCLxE5JHqWotMyfRjuksQ+BopxIWbetSDVHRChGOYyzjVhCRGiPdKCuaUB8kM3R5PYxPtJKG3uh0C9QeKL+3RgRX8qB7+pJn6iunPcS8V/Pj7liInycy1feeXPEgihWENBpvBdzrEKc1IPbTABVfKAJoYLpH2DaJYJQpUvMzgTEUUcA9MZZXZg9X88icU5KFyXr9jRfvkmby6ADdIgKyEZnqIyuUQU5iKI+ekYv6NV4M96ND+NzOrpkpDv7aAbG9y8SfKVU</latexit><latexit sha1_base64="VddZMkVdbLQc4r8RT9q2HgYpYDE=">AAACJnicbVDLSgMxFM34rPU11qWbYBFakDIjgroQCm5cSQXHFtpSMumdNjTzIMloH/ZX3Kpf40rEnV8iZtpZ2NYDgcM593JujhtxJpVlfRlLyyura+uZjezm1vbOrrmXu5dhLCg4NOShqLlEAmcBOIopDrVIAPFdDlW3d5X41QcQkoXBnRpE0PRJJ2Aeo0RpqWXmokL/aXCMh0V8iRM+LLbMvFWyJsCLxE5JHqWotMyfRjuksQ+BopxIWbetSDVHRChGOYyzjVhCRGiPdKCuaUB8kM3R5PYxPtJKG3uh0C9QeKL+3RgRX8qB7+pJn6iunPcS8V/Pj7liInycy1feeXPEgihWENBpvBdzrEKc1IPbTABVfKAJoYLpH2DaJYJQpUvMzgTEUUcA9MZZXZg9X88icU5KFyXr9jRfvkmby6ADdIgKyEZnqIyuUQU5iKI+ekYv6NV4M96ND+NzOrpkpDv7aAbG9y8SfKVU</latexit><latexit sha1_base64="VddZMkVdbLQc4r8RT9q2HgYpYDE=">AAACJnicbVDLSgMxFM34rPU11qWbYBFakDIjgroQCm5cSQXHFtpSMumdNjTzIMloH/ZX3Kpf40rEnV8iZtpZ2NYDgcM593JujhtxJpVlfRlLyyura+uZjezm1vbOrrmXu5dhLCg4NOShqLlEAmcBOIopDrVIAPFdDlW3d5X41QcQkoXBnRpE0PRJJ2Aeo0RpqWXmokL/aXCMh0V8iRM+LLbMvFWyJsCLxE5JHqWotMyfRjuksQ+BopxIWbetSDVHRChGOYyzjVhCRGiPdKCuaUB8kM3R5PYxPtJKG3uh0C9QeKL+3RgRX8qB7+pJn6iunPcS8V/Pj7liInycy1feeXPEgihWENBpvBdzrEKc1IPbTABVfKAJoYLpH2DaJYJQpUvMzgTEUUcA9MZZXZg9X88icU5KFyXr9jRfvkmby6ADdIgKyEZnqIyuUQU5iKI+ekYv6NV4M96ND+NzOrpkpDv7aAbG9y8SfKVU</latexit><latexit sha1_base64="VddZMkVdbLQc4r8RT9q2HgYpYDE=">AAACJnicbVDLSgMxFM34rPU11qWbYBFakDIjgroQCm5cSQXHFtpSMumdNjTzIMloH/ZX3Kpf40rEnV8iZtpZ2NYDgcM593JujhtxJpVlfRlLyyura+uZjezm1vbOrrmXu5dhLCg4NOShqLlEAmcBOIopDrVIAPFdDlW3d5X41QcQkoXBnRpE0PRJJ2Aeo0RpqWXmokL/aXCMh0V8iRM+LLbMvFWyJsCLxE5JHqWotMyfRjuksQ+BopxIWbetSDVHRChGOYyzjVhCRGiPdKCuaUB8kM3R5PYxPtJKG3uh0C9QeKL+3RgRX8qB7+pJn6iunPcS8V/Pj7liInycy1feeXPEgihWENBpvBdzrEKc1IPbTABVfKAJoYLpH2DaJYJQpUvMzgTEUUcA9MZZXZg9X88icU5KFyXr9jRfvkmby6ADdIgKyEZnqIyuUQU5iKI+ekYv6NV4M96ND+NzOrpkpDv7aAbG9y8SfKVU</latexit><latexit sha1_base64="VddZMkVdbLQc4r8RT9q2HgYpYDE=">AAACJnicbVDLSgMxFM34rPU11qWbYBFakDIjgroQCm5cSQXHFtpSMumdNjTzIMloH/ZX3Kpf40rEnV8iZtpZ2NYDgcM593JujhtxJpVlfRlLyyura+uZjezm1vbOrrmXu5dhLCg4NOShqLlEAmcBOIopDrVIAPFdDlW3d5X41QcQkoXBnRpE0PRJJ2Aeo0RpqWXmokL/aXCMh0V8iRM+LLbMvFWyJsCLxE5JHqWotMyfRjuksQ+BopxIWbetSDVHRChGOYyzjVhCRGiPdKCuaUB8kM3R5PYxPtJKG3uh0C9QeKL+3RgRX8qB7+pJn6iunPcS8V/Pj7liInycy1feeXPEgihWENBpvBdzrEKc1IPbTABVfKAJoYLpH2DaJYJQpUvMzgTEUUcA9MZZXZg9X88icU5KFyXr9jRfvkmby6ADdIgKyEZnqIyuUQU5iKI+ekYv6NV4M96ND+NzOrpkpDv7aAbG9y8SfKVU</latexit>

p(x, y|z) = p(x|z)p(y|z)
<latexit sha1_base64="f5lOFKdYX7j20wDqTc2DKlBq6SM=">AAACL3icbVDLSgMxFM3UVx1foy67CRahgpSpCOpCKLhxJRWsLbRDyaS3bWhmJiQZdWy78Gvcql+jG3HrT4jpY2FbL4Sce869HO7xBWdKu+6HlVpYXFpeSa/aa+sbm1vO9s6timJJoUwjHsmqTxRwFkJZM82hKiSQwOdQ8bsXQ71yB1KxKLzRiQAvIO2QtRgl2lANJyNyD4c4wX38eIDPsen6BohcYr6Gk3Xz7qjwPChMQBZNqtRwfurNiMYBhJpyolSt4Art9YjUjHIY2PVYgSC0S9pQMzAkASivNzpigPcN08StSJoXajxi/270SKBUEvhmMiC6o2a1IfmvFsRcMxndz/jr1qnXY6GINYR0bN+KOdYRHuaEm0wC1TwxgFDJzAWYdogkVJs07SmDWLQlQHdgm8AKs/HMg/JR/izvXh9ni1eT5NIog/ZQDhXQCSqiS1RCZUTRE3pGL+jVerPerU/razyasiY7u2iqrO9f6K2oPg==</latexit><latexit sha1_base64="f5lOFKdYX7j20wDqTc2DKlBq6SM=">AAACL3icbVDLSgMxFM3UVx1foy67CRahgpSpCOpCKLhxJRWsLbRDyaS3bWhmJiQZdWy78Gvcql+jG3HrT4jpY2FbL4Sce869HO7xBWdKu+6HlVpYXFpeSa/aa+sbm1vO9s6timJJoUwjHsmqTxRwFkJZM82hKiSQwOdQ8bsXQ71yB1KxKLzRiQAvIO2QtRgl2lANJyNyD4c4wX38eIDPsen6BohcYr6Gk3Xz7qjwPChMQBZNqtRwfurNiMYBhJpyolSt4Art9YjUjHIY2PVYgSC0S9pQMzAkASivNzpigPcN08StSJoXajxi/270SKBUEvhmMiC6o2a1IfmvFsRcMxndz/jr1qnXY6GINYR0bN+KOdYRHuaEm0wC1TwxgFDJzAWYdogkVJs07SmDWLQlQHdgm8AKs/HMg/JR/izvXh9ni1eT5NIog/ZQDhXQCSqiS1RCZUTRE3pGL+jVerPerU/razyasiY7u2iqrO9f6K2oPg==</latexit><latexit sha1_base64="f5lOFKdYX7j20wDqTc2DKlBq6SM=">AAACL3icbVDLSgMxFM3UVx1foy67CRahgpSpCOpCKLhxJRWsLbRDyaS3bWhmJiQZdWy78Gvcql+jG3HrT4jpY2FbL4Sce869HO7xBWdKu+6HlVpYXFpeSa/aa+sbm1vO9s6timJJoUwjHsmqTxRwFkJZM82hKiSQwOdQ8bsXQ71yB1KxKLzRiQAvIO2QtRgl2lANJyNyD4c4wX38eIDPsen6BohcYr6Gk3Xz7qjwPChMQBZNqtRwfurNiMYBhJpyolSt4Art9YjUjHIY2PVYgSC0S9pQMzAkASivNzpigPcN08StSJoXajxi/270SKBUEvhmMiC6o2a1IfmvFsRcMxndz/jr1qnXY6GINYR0bN+KOdYRHuaEm0wC1TwxgFDJzAWYdogkVJs07SmDWLQlQHdgm8AKs/HMg/JR/izvXh9ni1eT5NIog/ZQDhXQCSqiS1RCZUTRE3pGL+jVerPerU/razyasiY7u2iqrO9f6K2oPg==</latexit>



Other rules

• Bayes rule

• Probabilistic chain rule

• Both are derived with a combination of the product and sum rules

p(x|y) = p(y|x)p(x)
p(y)

=
p(y|x)p(x)P
x p(y|x)p(x)

<latexit sha1_base64="l+l0s8/ObOnerslG/Z1jcbP1E+w="></latexit><latexit sha1_base64="l+l0s8/ObOnerslG/Z1jcbP1E+w="></latexit><latexit sha1_base64="l+l0s8/ObOnerslG/Z1jcbP1E+w="></latexit>

p(x1, · · · , xN ) =
NY

n=1

p(xn|x1:n�1)
<latexit sha1_base64="Hsf/33BqYtpdmXqnY1KSYQnfxh8="></latexit><latexit sha1_base64="Hsf/33BqYtpdmXqnY1KSYQnfxh8="></latexit><latexit sha1_base64="Hsf/33BqYtpdmXqnY1KSYQnfxh8="></latexit><latexit sha1_base64="3eVwXr+gxGAfJd+H+cj4FOnx3rM=">AAACBHicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2lIymTttaJIZkoxShr6AW30aV+Jb+DJi+rOwrRcCh3MSzs0X54IbGwTfXmVre2d3r7rvH9T8w6Pjeu3JZIVmGLFMZLoTU4OCK4wstwI7uUYqY4HteHw3y9vPqA3P1KOd5NiXdKh4yhm1zmoN6o2gGcyHbIpwKRqwnEH9p5dkrJCoLBPUmG4Y5LZfUm05Ezj1e4XBnLIxHWLXSUUlmn45X3NKzp2TkDTT7ihL5u7fFyWVxkxk7G5KakdmPZuZ/2ayEJbr7GWt36bX/ZKrvLCo2KI+LQSxGZmRIAnXyKyYOEGZ5u4HhI2opsw6Xv5KQZEPNeJ46jte4TqdTRFdNm+awUMAVTiFM7iAEK7gFu6hBREwSOAV3rx378P7XGCteEu+J7Ay3tcvgBmcVg==</latexit><latexit sha1_base64="xSRoYyBGK4UvajSqktr6Cj9h0og="></latexit><latexit sha1_base64="xSRoYyBGK4UvajSqktr6Cj9h0og="></latexit><latexit sha1_base64="dXKG+ad+okp/kUkFer4+AQHgQsg="></latexit><latexit sha1_base64="Hsf/33BqYtpdmXqnY1KSYQnfxh8="></latexit><latexit sha1_base64="Hsf/33BqYtpdmXqnY1KSYQnfxh8="></latexit><latexit sha1_base64="Hsf/33BqYtpdmXqnY1KSYQnfxh8="></latexit><latexit sha1_base64="Hsf/33BqYtpdmXqnY1KSYQnfxh8="></latexit><latexit sha1_base64="Hsf/33BqYtpdmXqnY1KSYQnfxh8="></latexit><latexit sha1_base64="3eVwXr+gxGAfJd+H+cj4FOnx3rM=">AAACBHicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2lIymTttaJIZkoxShr6AW30aV+Jb+DJi+rOwrRcCh3MSzs0X54IbGwTfXmVre2d3r7rvH9T8w6Pjeu3JZIVmGLFMZLoTU4OCK4wstwI7uUYqY4HteHw3y9vPqA3P1KOd5NiXdKh4yhm1zmoN6o2gGcyHbIpwKRqwnEH9p5dkrJCoLBPUmG4Y5LZfUm05Ezj1e4XBnLIxHWLXSUUlmn45X3NKzp2TkDTT7ihL5u7fFyWVxkxk7G5KakdmPZuZ/2ayEJbr7GWt36bX/ZKrvLCo2KI+LQSxGZmRIAnXyKyYOEGZ5u4HhI2opsw6Xv5KQZEPNeJ46jte4TqdTRFdNm+awUMAVTiFM7iAEK7gFu6hBREwSOAV3rx378P7XGCteEu+J7Ay3tcvgBmcVg==</latexit><latexit sha1_base64="xSRoYyBGK4UvajSqktr6Cj9h0og="></latexit><latexit sha1_base64="xSRoYyBGK4UvajSqktr6Cj9h0og="></latexit><latexit sha1_base64="dXKG+ad+okp/kUkFer4+AQHgQsg="></latexit><latexit sha1_base64="Hsf/33BqYtpdmXqnY1KSYQnfxh8="></latexit><latexit sha1_base64="Hsf/33BqYtpdmXqnY1KSYQnfxh8="></latexit><latexit sha1_base64="Hsf/33BqYtpdmXqnY1KSYQnfxh8="></latexit><latexit sha1_base64="Hsf/33BqYtpdmXqnY1KSYQnfxh8="></latexit><latexit sha1_base64="Hsf/33BqYtpdmXqnY1KSYQnfxh8="></latexit>

where p(x1|x1:0) = p(x1)
<latexit sha1_base64="WwFT6twV21Dtn7+IVcSaUxHRZnQ=">AAACM3icbVDLSgMxFM3UVx1fVZcuDBah3ZQZEXyAUHDjSipYW2hLyaS3bWjmQZJRyzhLv8at+i+CK3HrL4jpdATbeiDkcM69HO5xAs6ksqw3IzM3v7C4lF02V1bX1jdym1s30g8FhSr1uS/qDpHAmQdVxRSHeiCAuA6HmjM4H/m1WxCS+d61GgbQcknPY11GidJSO7cbFO5xO7LjB5z8p1ZcxGf4Vy22c3mrZCXAs8ROSR6lqLRz382OT0MXPEU5kbJhW4FqRUQoRjnEZjOUEBA6ID1oaOoRF2QrSg6J8b5WOrjrC/08hRP170ZEXCmHrqMnXaL6ctobif96bsgVE/7dVL7qHrci5gWhAo+O47shx8rHo65whwmgig81IVQwfQGmfSIIVbpRcyIgDHoCYBCbujB7up5ZUj0onZSsq8N8+TJtLot20B4qIBsdoTK6QBVURRQ9oif0jF6MV+Pd+DA+x6MZI93ZRhMwvn4AskKpmw==</latexit><latexit sha1_base64="WwFT6twV21Dtn7+IVcSaUxHRZnQ=">AAACM3icbVDLSgMxFM3UVx1fVZcuDBah3ZQZEXyAUHDjSipYW2hLyaS3bWjmQZJRyzhLv8at+i+CK3HrL4jpdATbeiDkcM69HO5xAs6ksqw3IzM3v7C4lF02V1bX1jdym1s30g8FhSr1uS/qDpHAmQdVxRSHeiCAuA6HmjM4H/m1WxCS+d61GgbQcknPY11GidJSO7cbFO5xO7LjB5z8p1ZcxGf4Vy22c3mrZCXAs8ROSR6lqLRz382OT0MXPEU5kbJhW4FqRUQoRjnEZjOUEBA6ID1oaOoRF2QrSg6J8b5WOrjrC/08hRP170ZEXCmHrqMnXaL6ctobif96bsgVE/7dVL7qHrci5gWhAo+O47shx8rHo65whwmgig81IVQwfQGmfSIIVbpRcyIgDHoCYBCbujB7up5ZUj0onZSsq8N8+TJtLot20B4qIBsdoTK6QBVURRQ9oif0jF6MV+Pd+DA+x6MZI93ZRhMwvn4AskKpmw==</latexit><latexit sha1_base64="WwFT6twV21Dtn7+IVcSaUxHRZnQ=">AAACM3icbVDLSgMxFM3UVx1fVZcuDBah3ZQZEXyAUHDjSipYW2hLyaS3bWjmQZJRyzhLv8at+i+CK3HrL4jpdATbeiDkcM69HO5xAs6ksqw3IzM3v7C4lF02V1bX1jdym1s30g8FhSr1uS/qDpHAmQdVxRSHeiCAuA6HmjM4H/m1WxCS+d61GgbQcknPY11GidJSO7cbFO5xO7LjB5z8p1ZcxGf4Vy22c3mrZCXAs8ROSR6lqLRz382OT0MXPEU5kbJhW4FqRUQoRjnEZjOUEBA6ID1oaOoRF2QrSg6J8b5WOrjrC/08hRP170ZEXCmHrqMnXaL6ctobif96bsgVE/7dVL7qHrci5gWhAo+O47shx8rHo65whwmgig81IVQwfQGmfSIIVbpRcyIgDHoCYBCbujB7up5ZUj0onZSsq8N8+TJtLot20B4qIBsdoTK6QBVURRQ9oif0jF6MV+Pd+DA+x6MZI93ZRhMwvn4AskKpmw==</latexit>



Why we use a probability?

• It is intuitive
• The value is reasonably bounded, e.g.,

• Easy to formulate. We basically only remember the three rules.

X

x

p(x) = 1, p(x) � 0 8x



Speech recognition with a probabilistic 
formulation
• Let                                                           be a T-length speech feature 

sequence (D-dimensional vector)
• Let                                                            be a N-length word sequence 

with vocabulary 
W = (wn 2 V|n = 1, . . . , N)

<latexit sha1_base64="RD2rs91ccWx+N5ASZ24Z8WmSo0k="></latexit><latexit sha1_base64="RD2rs91ccWx+N5ASZ24Z8WmSo0k="></latexit><latexit sha1_base64="RD2rs91ccWx+N5ASZ24Z8WmSo0k="></latexit><latexit sha1_base64="rb8G4+aBjLPlNqI1qh6V2qVBcfc=">AAAB7nicbZDNSgMxFIXv+FvHqnXtJlgEV2XGjboT3Lis4NhCO5RMJtOGJpMhuaOUoT6AW1/BlfhCvoGPYfqz0NYDgcM5CffmSwopLAbBl7exubW9s1vb8/fr/sHhUaP+aHVpGI+Yltp0E2q5FDmPUKDk3cJwqhLJO8n4dtZ3nrixQucPOCl4rOgwF5lgFF3UHjSaQSuYi6ybcGmasNSg8d1PNSsVz5FJam0vDAqMK2pQMMmnfr+0vKBsTIe852xOFbdxNV9zSs5ckpJMG3dyJPP094uKKmsnKnE3FcWRXe1m4b+dKiUKo59X5mN2FVciL0rkOVuMz0pJUJMZCZIKwxnKiTOUGeF+QNiIGsrQ8fIdmXCVw7qJLlrXreA+gBqcwCmcQwiXcAN30IYIGKTwCm/ei/fufSwAbnhLksfwR97nD+XZk3Q=</latexit><latexit sha1_base64="rsipZXuPNMML4gM64iSFxxky8Us=">AAACIXicbZDLSgNBEEVrfBtf0a2bwiAoSJhxoy4EwY0rUXCSgAmhp9MxTXp6hu4aQxjzF/6He7f6Cy5E3PsZdh4LjRY0XO7toqpOlCppyfffvZnZufmFxaXlwsrq2vpGcXO1YpPMcBHyRCWmFjErlNQiJElK1FIjWBwpUY2658O8ei+MlYm+oX4qGjG707ItOSNnNYvlKp7iXg+buR5gXWqsx4w6nKm8MsAH1C4NDrDeSsge4OV+s1jyy/6o8K8IJqIEk7pqFr9cL89ioYkrZu1t4KfUyJkhyZUYFOqZFSnjXXYnbp3ULBa2kY/uGuCuc1rYTox7mnDk/uzIWWxtP47cz+HWdjobmv9mcaZImqQ3NZ/ax41c6jQjofl4fDtTSAkO0WFLGsFJ9Z1g3Eh3AfIOM4yTA1xwaIJpEH9FeFg+KfvXPizBNuzAHgRwBGdwAVcQAodHeIYXePWevDfvY8xwxpvA3IJf5X1+A2PKpH0=</latexit><latexit sha1_base64="rsipZXuPNMML4gM64iSFxxky8Us=">AAACIXicbZDLSgNBEEVrfBtf0a2bwiAoSJhxoy4EwY0rUXCSgAmhp9MxTXp6hu4aQxjzF/6He7f6Cy5E3PsZdh4LjRY0XO7toqpOlCppyfffvZnZufmFxaXlwsrq2vpGcXO1YpPMcBHyRCWmFjErlNQiJElK1FIjWBwpUY2658O8ei+MlYm+oX4qGjG707ItOSNnNYvlKp7iXg+buR5gXWqsx4w6nKm8MsAH1C4NDrDeSsge4OV+s1jyy/6o8K8IJqIEk7pqFr9cL89ioYkrZu1t4KfUyJkhyZUYFOqZFSnjXXYnbp3ULBa2kY/uGuCuc1rYTox7mnDk/uzIWWxtP47cz+HWdjobmv9mcaZImqQ3NZ/ax41c6jQjofl4fDtTSAkO0WFLGsFJ9Z1g3Eh3AfIOM4yTA1xwaIJpEH9FeFg+KfvXPizBNuzAHgRwBGdwAVcQAodHeIYXePWevDfvY8xwxpvA3IJf5X1+A2PKpH0=</latexit><latexit sha1_base64="C08tGAFEEg05jFAqlCJKieW7peQ=">AAACLHicbVDLSgMxFM3Ud31VXbq5WIQKpcy4UReC4MaVKDi20JaSSdM2NJMZkjtKGfsX/od7t/oLLkTcip9hpu1CWw8EDufcw809QSyFQdd9d3Jz8wuLS8sr+dW19Y3Nwtb2rYkSzbjPIhnpWkANl0JxHwVKXos1p2EgeTXon2d+9Y5rIyJ1g4OYN0PaVaIjGEUrtQqVKpxC6R5aqRpCQyhohBR7jMr0dggPoKzrlaHRjtCU4fKgVSi6FXcEmCXehBTJBFetwrfNsiTkCpmkxtQ9N8ZmSjUKJvkw30gMjynr0y6vW6poyE0zHd01hH2rtKETafsUwkj9nUhpaMwgDOxk9msz7WXiv16YSBQ6up/aj53jZipUnCBXbLy+k0jACLLqoC00ZygHllCmhb0AWI9qytAWnLfVeNNFzBL/sHJSca/d4tnlpKNlskv2SIl45IickQtyRXzCyCN5Ji/k1Xly3pwP53M8mnMmmR3yB87XD4WNphw=</latexit><latexit sha1_base64="RD2rs91ccWx+N5ASZ24Z8WmSo0k="></latexit><latexit sha1_base64="RD2rs91ccWx+N5ASZ24Z8WmSo0k="></latexit><latexit sha1_base64="RD2rs91ccWx+N5ASZ24Z8WmSo0k="></latexit><latexit sha1_base64="RD2rs91ccWx+N5ASZ24Z8WmSo0k="></latexit><latexit sha1_base64="RD2rs91ccWx+N5ASZ24Z8WmSo0k="></latexit>

O = (ot 2 RD|t = 1, . . . , T )
<latexit sha1_base64="5VChE79mxebKE8592BqUGYHP6Eo="></latexit><latexit sha1_base64="5VChE79mxebKE8592BqUGYHP6Eo="></latexit><latexit sha1_base64="5VChE79mxebKE8592BqUGYHP6Eo="></latexit><latexit sha1_base64="rb8G4+aBjLPlNqI1qh6V2qVBcfc=">AAAB7nicbZDNSgMxFIXv+FvHqnXtJlgEV2XGjboT3Lis4NhCO5RMJtOGJpMhuaOUoT6AW1/BlfhCvoGPYfqz0NYDgcM5CffmSwopLAbBl7exubW9s1vb8/fr/sHhUaP+aHVpGI+Yltp0E2q5FDmPUKDk3cJwqhLJO8n4dtZ3nrixQucPOCl4rOgwF5lgFF3UHjSaQSuYi6ybcGmasNSg8d1PNSsVz5FJam0vDAqMK2pQMMmnfr+0vKBsTIe852xOFbdxNV9zSs5ckpJMG3dyJPP094uKKmsnKnE3FcWRXe1m4b+dKiUKo59X5mN2FVciL0rkOVuMz0pJUJMZCZIKwxnKiTOUGeF+QNiIGsrQ8fIdmXCVw7qJLlrXreA+gBqcwCmcQwiXcAN30IYIGKTwCm/ei/fufSwAbnhLksfwR97nD+XZk3Q=</latexit><latexit sha1_base64="ACsTf96QPWmRgxwQoPxKcrwz6Cs="></latexit><latexit sha1_base64="ACsTf96QPWmRgxwQoPxKcrwz6Cs="></latexit><latexit sha1_base64="vBGcI8sSmGGwijRU/WNbM0HU1PQ="></latexit><latexit sha1_base64="5VChE79mxebKE8592BqUGYHP6Eo="></latexit><latexit sha1_base64="5VChE79mxebKE8592BqUGYHP6Eo="></latexit><latexit sha1_base64="5VChE79mxebKE8592BqUGYHP6Eo="></latexit><latexit sha1_base64="5VChE79mxebKE8592BqUGYHP6Eo="></latexit><latexit sha1_base64="5VChE79mxebKE8592BqUGYHP6Eo="></latexit>

V
<latexit sha1_base64="kNHgHZDXPvU6afPlvvmQfeSn28Y=">AAACB3icbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3BjSupYNpCG8pkOmmHzmTCzI1SQn/AvVv9BVfi1s/wD/wMJ20W2nrgwuGce7n3njAR3IDrfjmlldW19Y3yZmVre2d3r7p/0DIq1ZT5VAmlOyExTPCY+cBBsE6iGZGhYO1wfJ377QemDVfxPUwSFkgyjHnEKQErdXuSwIgSkbWm/WrNrbsz4GXiFaSGCjT71e/eQNFUshioIMZ0PTeBICMaOBVsWumlhiWEjsmQdS2NiWQmyGYnT/GJVQY4UtpWDHim/p7IiDRmIkPbmZ9oFr1c/NeTqQCu1ePCfogug4zHSQospvP1USowKJynggdcMwpiYgmhmtsPMB0RTSjY7Co2Gm8xiGXin9Wv6u7dea1xW2RURkfoGJ0iD12gBrpBTeQjihR6Ri/o1Xly3px352PeWnKKmUP0B87nDx9Hmsk=</latexit><latexit sha1_base64="kNHgHZDXPvU6afPlvvmQfeSn28Y=">AAACB3icbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3BjSupYNpCG8pkOmmHzmTCzI1SQn/AvVv9BVfi1s/wD/wMJ20W2nrgwuGce7n3njAR3IDrfjmlldW19Y3yZmVre2d3r7p/0DIq1ZT5VAmlOyExTPCY+cBBsE6iGZGhYO1wfJ377QemDVfxPUwSFkgyjHnEKQErdXuSwIgSkbWm/WrNrbsz4GXiFaSGCjT71e/eQNFUshioIMZ0PTeBICMaOBVsWumlhiWEjsmQdS2NiWQmyGYnT/GJVQY4UtpWDHim/p7IiDRmIkPbmZ9oFr1c/NeTqQCu1ePCfogug4zHSQospvP1USowKJynggdcMwpiYgmhmtsPMB0RTSjY7Co2Gm8xiGXin9Wv6u7dea1xW2RURkfoGJ0iD12gBrpBTeQjihR6Ri/o1Xly3px352PeWnKKmUP0B87nDx9Hmsk=</latexit><latexit sha1_base64="kNHgHZDXPvU6afPlvvmQfeSn28Y=">AAACB3icbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3BjSupYNpCG8pkOmmHzmTCzI1SQn/AvVv9BVfi1s/wD/wMJ20W2nrgwuGce7n3njAR3IDrfjmlldW19Y3yZmVre2d3r7p/0DIq1ZT5VAmlOyExTPCY+cBBsE6iGZGhYO1wfJ377QemDVfxPUwSFkgyjHnEKQErdXuSwIgSkbWm/WrNrbsz4GXiFaSGCjT71e/eQNFUshioIMZ0PTeBICMaOBVsWumlhiWEjsmQdS2NiWQmyGYnT/GJVQY4UtpWDHim/p7IiDRmIkPbmZ9oFr1c/NeTqQCu1ePCfogug4zHSQospvP1USowKJynggdcMwpiYgmhmtsPMB0RTSjY7Co2Gm8xiGXin9Wv6u7dea1xW2RURkfoGJ0iD12gBrpBTeQjihR6Ri/o1Xly3px352PeWnKKmUP0B87nDx9Hmsk=</latexit>

Feature 
extraction

“I want to go to
Johns Hopkins campus”

Acoustic 
modeling Lexicon Language 

modeling

G OW T UW

“go to”
“go two”
“go too”
“goes to”
“goes two”
“goes too”

G OW Z T UW

O
<latexit sha1_base64="pOkwjpxlyrycvdtUqg8olv/6Rno=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoN4CXjxpAq4JJEuYncwmQ+axzPQqIQS8e9Vf8CRe/Rb/wM9wkuxBowUNRVU33V1xKrgF3//0CkvLK6trxfXSxubW9k55d+/O6sxQFlIttGnFxDLBFQuBg2Ct1DAiY8Ga8fBy6jfvmbFcq1sYpSySpK94wikBJzVuuuWKX/VnwH9JkJMKylHvlr86PU0zyRRQQaxtB34K0ZgY4FSwSamTWZYSOiR91nZUEclsNJ4dOsFHTunhRBtXCvBM/TkxJtLakYxdpyQwsIveVPzXk5kAbvTDwn5IzqMxV2kGTNH5+iQTGDSeZoF73DAKYuQIoYa7DzAdEEMouMRKLppgMYi/JDypXlT9xmmldp1nVEQH6BAdowCdoRq6QnUUIooYekLP6MV79F69N+993lrw8pl99Avexzfd65Yw</latexit><latexit sha1_base64="pOkwjpxlyrycvdtUqg8olv/6Rno=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoN4CXjxpAq4JJEuYncwmQ+axzPQqIQS8e9Vf8CRe/Rb/wM9wkuxBowUNRVU33V1xKrgF3//0CkvLK6trxfXSxubW9k55d+/O6sxQFlIttGnFxDLBFQuBg2Ct1DAiY8Ga8fBy6jfvmbFcq1sYpSySpK94wikBJzVuuuWKX/VnwH9JkJMKylHvlr86PU0zyRRQQaxtB34K0ZgY4FSwSamTWZYSOiR91nZUEclsNJ4dOsFHTunhRBtXCvBM/TkxJtLakYxdpyQwsIveVPzXk5kAbvTDwn5IzqMxV2kGTNH5+iQTGDSeZoF73DAKYuQIoYa7DzAdEEMouMRKLppgMYi/JDypXlT9xmmldp1nVEQH6BAdowCdoRq6QnUUIooYekLP6MV79F69N+993lrw8pl99Avexzfd65Yw</latexit><latexit sha1_base64="pOkwjpxlyrycvdtUqg8olv/6Rno=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoN4CXjxpAq4JJEuYncwmQ+axzPQqIQS8e9Vf8CRe/Rb/wM9wkuxBowUNRVU33V1xKrgF3//0CkvLK6trxfXSxubW9k55d+/O6sxQFlIttGnFxDLBFQuBg2Ct1DAiY8Ga8fBy6jfvmbFcq1sYpSySpK94wikBJzVuuuWKX/VnwH9JkJMKylHvlr86PU0zyRRQQaxtB34K0ZgY4FSwSamTWZYSOiR91nZUEclsNJ4dOsFHTunhRBtXCvBM/TkxJtLakYxdpyQwsIveVPzXk5kAbvTDwn5IzqMxV2kGTNH5+iQTGDSeZoF73DAKYuQIoYa7DzAdEEMouMRKLppgMYi/JDypXlT9xmmldp1nVEQH6BAdowCdoRq6QnUUIooYekLP6MV79F69N+993lrw8pl99Avexzfd65Yw</latexit><latexit sha1_base64="rb8G4+aBjLPlNqI1qh6V2qVBcfc=">AAAB7nicbZDNSgMxFIXv+FvHqnXtJlgEV2XGjboT3Lis4NhCO5RMJtOGJpMhuaOUoT6AW1/BlfhCvoGPYfqz0NYDgcM5CffmSwopLAbBl7exubW9s1vb8/fr/sHhUaP+aHVpGI+Yltp0E2q5FDmPUKDk3cJwqhLJO8n4dtZ3nrixQucPOCl4rOgwF5lgFF3UHjSaQSuYi6ybcGmasNSg8d1PNSsVz5FJam0vDAqMK2pQMMmnfr+0vKBsTIe852xOFbdxNV9zSs5ckpJMG3dyJPP094uKKmsnKnE3FcWRXe1m4b+dKiUKo59X5mN2FVciL0rkOVuMz0pJUJMZCZIKwxnKiTOUGeF+QNiIGsrQ8fIdmXCVw7qJLlrXreA+gBqcwCmcQwiXcAN30IYIGKTwCm/ei/fufSwAbnhLksfwR97nD+XZk3Q=</latexit><latexit sha1_base64="ZWRBqdg0EedDt5l5fKmwweadSVA=">AAAB8nicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnuHFnC44ttEPJpHfa0CQzJBmlDAX3bvUVXInv4xv4GKY/C209EDick3BvvjgT3Fjf//LW1jc2t7ZLO+Xdyt7+QfWw8mDSXDMMWSpS3Y6pQcEVhpZbge1MI5WxwFY8upn2rUfUhqfq3o4zjCQdKJ5wRq2Lmne9as2v+zORVRMsTA0WavSq391+ynKJyjJBjekEfmajgmrLmcBJuZsbzCgb0QF2nFVUoomK2aITcuqSPklS7Y6yZJb+flFQacxYxu6mpHZolrtp+G8nc2G5Tp+W5tvkMiq4ynKLis3HJ7kgNiVTFqTPNTIrxs5Qprn7AWFDqimzjljZoQmWQaya8Lx+VfebPpTgGE7gDAK4gGu4hQaEwADhBV7hzXv23r2POcM1bwHzCP7I+/wBYdWUvA==</latexit><latexit sha1_base64="ZWRBqdg0EedDt5l5fKmwweadSVA=">AAAB8nicbZDNSgMxFIXv+Ftr1erWTbAIrsqMG3UnuHFnC44ttEPJpHfa0CQzJBmlDAX3bvUVXInv4xv4GKY/C209EDick3BvvjgT3Fjf//LW1jc2t7ZLO+Xdyt7+QfWw8mDSXDMMWSpS3Y6pQcEVhpZbge1MI5WxwFY8upn2rUfUhqfq3o4zjCQdKJ5wRq2Lmne9as2v+zORVRMsTA0WavSq391+ynKJyjJBjekEfmajgmrLmcBJuZsbzCgb0QF2nFVUoomK2aITcuqSPklS7Y6yZJb+flFQacxYxu6mpHZolrtp+G8nc2G5Tp+W5tvkMiq4ynKLis3HJ7kgNiVTFqTPNTIrxs5Qprn7AWFDqimzjljZoQmWQaya8Lx+VfebPpTgGE7gDAK4gGu4hQaEwADhBV7hzXv23r2POcM1bwHzCP7I+/wBYdWUvA==</latexit><latexit sha1_base64="FF8J696rJTCoOUYr5Ab1LUCvHxw=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKWy8qLeAF0+agGsCyRJmJ7PJkHksM71KWALeveoveBKvfot/4Gc4SfagiQUNRVU33V1RIrgF3//yCiura+sbxc3S1vbO7l55/+De6tRQFlAttGlHxDLBFQuAg2DtxDAiI8Fa0ehq6rcemLFcqzsYJyyUZKB4zCkBJzVve+WKX/VnwMuklpMKytHolb+7fU1TyRRQQazt1PwEwowY4FSwSambWpYQOiID1nFUEclsmM0OneATp/RxrI0rBXim/p7IiLR2LCPXKQkM7aI3Ff/1ZCqAG/24sB/iizDjKkmBKTpfH6cCg8bTLHCfG0ZBjB0h1HD3AaZDYggFl1jJRVNbDGKZBGfVy6rf9Cv1mzyjIjpCx+gU1dA5qqNr1EABooihZ/SCXr0n78179z7mrQUvnzlEf+B9/gDcq5Ys</latexit><latexit sha1_base64="pOkwjpxlyrycvdtUqg8olv/6Rno=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoN4CXjxpAq4JJEuYncwmQ+axzPQqIQS8e9Vf8CRe/Rb/wM9wkuxBowUNRVU33V1xKrgF3//0CkvLK6trxfXSxubW9k55d+/O6sxQFlIttGnFxDLBFQuBg2Ct1DAiY8Ga8fBy6jfvmbFcq1sYpSySpK94wikBJzVuuuWKX/VnwH9JkJMKylHvlr86PU0zyRRQQaxtB34K0ZgY4FSwSamTWZYSOiR91nZUEclsNJ4dOsFHTunhRBtXCvBM/TkxJtLakYxdpyQwsIveVPzXk5kAbvTDwn5IzqMxV2kGTNH5+iQTGDSeZoF73DAKYuQIoYa7DzAdEEMouMRKLppgMYi/JDypXlT9xmmldp1nVEQH6BAdowCdoRq6QnUUIooYekLP6MV79F69N+993lrw8pl99Avexzfd65Yw</latexit><latexit sha1_base64="pOkwjpxlyrycvdtUqg8olv/6Rno=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoN4CXjxpAq4JJEuYncwmQ+axzPQqIQS8e9Vf8CRe/Rb/wM9wkuxBowUNRVU33V1xKrgF3//0CkvLK6trxfXSxubW9k55d+/O6sxQFlIttGnFxDLBFQuBg2Ct1DAiY8Ga8fBy6jfvmbFcq1sYpSySpK94wikBJzVuuuWKX/VnwH9JkJMKylHvlr86PU0zyRRQQaxtB34K0ZgY4FSwSamTWZYSOiR91nZUEclsNJ4dOsFHTunhRBtXCvBM/TkxJtLakYxdpyQwsIveVPzXk5kAbvTDwn5IzqMxV2kGTNH5+iQTGDSeZoF73DAKYuQIoYa7DzAdEEMouMRKLppgMYi/JDypXlT9xmmldp1nVEQH6BAdowCdoRq6QnUUIooYekLP6MV79F69N+993lrw8pl99Avexzfd65Yw</latexit><latexit sha1_base64="pOkwjpxlyrycvdtUqg8olv/6Rno=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoN4CXjxpAq4JJEuYncwmQ+axzPQqIQS8e9Vf8CRe/Rb/wM9wkuxBowUNRVU33V1xKrgF3//0CkvLK6trxfXSxubW9k55d+/O6sxQFlIttGnFxDLBFQuBg2Ct1DAiY8Ga8fBy6jfvmbFcq1sYpSySpK94wikBJzVuuuWKX/VnwH9JkJMKylHvlr86PU0zyRRQQaxtB34K0ZgY4FSwSamTWZYSOiR91nZUEclsNJ4dOsFHTunhRBtXCvBM/TkxJtLakYxdpyQwsIveVPzXk5kAbvTDwn5IzqMxV2kGTNH5+iQTGDSeZoF73DAKYuQIoYa7DzAdEEMouMRKLppgMYi/JDypXlT9xmmldp1nVEQH6BAdowCdoRq6QnUUIooYekLP6MV79F69N+993lrw8pl99Avexzfd65Yw</latexit><latexit sha1_base64="pOkwjpxlyrycvdtUqg8olv/6Rno=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoN4CXjxpAq4JJEuYncwmQ+axzPQqIQS8e9Vf8CRe/Rb/wM9wkuxBowUNRVU33V1xKrgF3//0CkvLK6trxfXSxubW9k55d+/O6sxQFlIttGnFxDLBFQuBg2Ct1DAiY8Ga8fBy6jfvmbFcq1sYpSySpK94wikBJzVuuuWKX/VnwH9JkJMKylHvlr86PU0zyRRQQaxtB34K0ZgY4FSwSamTWZYSOiR91nZUEclsNJ4dOsFHTunhRBtXCvBM/TkxJtLakYxdpyQwsIveVPzXk5kAbvTDwn5IzqMxV2kGTNH5+iQTGDSeZoF73DAKYuQIoYa7DzAdEEMouMRKLppgMYi/JDypXlT9xmmldp1nVEQH6BAdowCdoRq6QnUUIooYekLP6MV79F69N+993lrw8pl99Avexzfd65Yw</latexit><latexit sha1_base64="pOkwjpxlyrycvdtUqg8olv/6Rno=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoN4CXjxpAq4JJEuYncwmQ+axzPQqIQS8e9Vf8CRe/Rb/wM9wkuxBowUNRVU33V1xKrgF3//0CkvLK6trxfXSxubW9k55d+/O6sxQFlIttGnFxDLBFQuBg2Ct1DAiY8Ga8fBy6jfvmbFcq1sYpSySpK94wikBJzVuuuWKX/VnwH9JkJMKylHvlr86PU0zyRRQQaxtB34K0ZgY4FSwSamTWZYSOiR91nZUEclsNJ4dOsFHTunhRBtXCvBM/TkxJtLakYxdpyQwsIveVPzXk5kAbvTDwn5IzqMxV2kGTNH5+iQTGDSeZoF73DAKYuQIoYa7DzAdEEMouMRKLppgMYi/JDypXlT9xmmldp1nVEQH6BAdowCdoRq6QnUUIooYekLP6MV79F69N+993lrw8pl99Avexzfd65Yw</latexit>
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extraction

“I want to go to
Johns Hopkins campus”
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modeling Lexicon Language 

modeling

G OW T UW

“go to”
“go two”
“go too”
“goes to”
“goes two”
“goes too”
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W
<latexit sha1_base64="Er6f7LClGe4Km/21YrGgOvdeWBM=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG8BL54kAdcEkiXMTmaTIfNYZmaVsAS8e9Vf8CRe/Rb/wM9wkuxBEwsaiqpuuruihDNjff/LK6ysrq1vFDdLW9s7u3vl/YN7o1JNaEAUV7odYUM5kzSwzHLaTjTFIuK0FY2up37rgWrDlLyz44SGAg8kixnB1knNVq9c8av+DGiZ1HJSgRyNXvm721ckFVRawrExnZqf2DDD2jLC6aTUTQ1NMBnhAe04KrGgJsxmh07QiVP6KFbalbRopv6eyLAwZiwi1ymwHZpFbyr+64mUW6bV48J+G1+GGZNJaqkk8/VxypFVaJoF6jNNieVjRzDRzH2AyBBrTKxLrOSiqS0GsUyCs+pV1W+eV+q3eUZFOIJjOIUaXEAdbqABARCg8Awv8Oo9eW/eu/cxby14+cwh/IH3+QPqs5Y4</latexit><latexit sha1_base64="Er6f7LClGe4Km/21YrGgOvdeWBM=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG8BL54kAdcEkiXMTmaTIfNYZmaVsAS8e9Vf8CRe/Rb/wM9wkuxBEwsaiqpuuruihDNjff/LK6ysrq1vFDdLW9s7u3vl/YN7o1JNaEAUV7odYUM5kzSwzHLaTjTFIuK0FY2up37rgWrDlLyz44SGAg8kixnB1knNVq9c8av+DGiZ1HJSgRyNXvm721ckFVRawrExnZqf2DDD2jLC6aTUTQ1NMBnhAe04KrGgJsxmh07QiVP6KFbalbRopv6eyLAwZiwi1ymwHZpFbyr+64mUW6bV48J+G1+GGZNJaqkk8/VxypFVaJoF6jNNieVjRzDRzH2AyBBrTKxLrOSiqS0GsUyCs+pV1W+eV+q3eUZFOIJjOIUaXEAdbqABARCg8Awv8Oo9eW/eu/cxby14+cwh/IH3+QPqs5Y4</latexit><latexit sha1_base64="Er6f7LClGe4Km/21YrGgOvdeWBM=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG8BL54kAdcEkiXMTmaTIfNYZmaVsAS8e9Vf8CRe/Rb/wM9wkuxBEwsaiqpuuruihDNjff/LK6ysrq1vFDdLW9s7u3vl/YN7o1JNaEAUV7odYUM5kzSwzHLaTjTFIuK0FY2up37rgWrDlLyz44SGAg8kixnB1knNVq9c8av+DGiZ1HJSgRyNXvm721ckFVRawrExnZqf2DDD2jLC6aTUTQ1NMBnhAe04KrGgJsxmh07QiVP6KFbalbRopv6eyLAwZiwi1ymwHZpFbyr+64mUW6bV48J+G1+GGZNJaqkk8/VxypFVaJoF6jNNieVjRzDRzH2AyBBrTKxLrOSiqS0GsUyCs+pV1W+eV+q3eUZFOIJjOIUaXEAdbqABARCg8Awv8Oo9eW/eu/cxby14+cwh/IH3+QPqs5Y4</latexit><latexit sha1_base64="rb8G4+aBjLPlNqI1qh6V2qVBcfc=">AAAB7nicbZDNSgMxFIXv+FvHqnXtJlgEV2XGjboT3Lis4NhCO5RMJtOGJpMhuaOUoT6AW1/BlfhCvoGPYfqz0NYDgcM5CffmSwopLAbBl7exubW9s1vb8/fr/sHhUaP+aHVpGI+Yltp0E2q5FDmPUKDk3cJwqhLJO8n4dtZ3nrixQucPOCl4rOgwF5lgFF3UHjSaQSuYi6ybcGmasNSg8d1PNSsVz5FJam0vDAqMK2pQMMmnfr+0vKBsTIe852xOFbdxNV9zSs5ckpJMG3dyJPP094uKKmsnKnE3FcWRXe1m4b+dKiUKo59X5mN2FVciL0rkOVuMz0pJUJMZCZIKwxnKiTOUGeF+QNiIGsrQ8fIdmXCVw7qJLlrXreA+gBqcwCmcQwiXcAN30IYIGKTwCm/ei/fufSwAbnhLksfwR97nD+XZk3Q=</latexit><latexit sha1_base64="+AuiUL49Ove6wZJ+ZK52TlkCMmg=">AAAB8nicbZDNSgMxFIXv1L9aq1a3bgaL4KrMuFF3ghuXLTi20A4lk95pQ/MzJBmlDAX3bvUVXInv4xv4GKY/C209EDick3BvviTjzNgg+PJKG5tb2zvl3cpedf/gsHZUfTAq1xQjqrjSnYQY5ExiZJnl2Mk0EpFwbCfj21nffkRtmJL3dpJhLMhQspRRYl3Uavdr9aARzOWvm3Bp6rBUs1/77g0UzQVKSzkxphsGmY0Loi2jHKeVXm4wI3RMhth1VhKBJi7mi079M5cM/FRpd6T15+nvFwURxkxE4m4KYkdmtZuF/3Yi55Zp9bQy36ZXccFklluUdDE+zblvlT9j4Q+YRmr5xBlCNXM/8OmIaEKtI1ZxaMJVEOsmumhcN4JWAGU4gVM4hxAu4QbuoAkRUEB4gVd48569d+9jwbDkLWEewx95nz9uRZTE</latexit><latexit sha1_base64="+AuiUL49Ove6wZJ+ZK52TlkCMmg=">AAAB8nicbZDNSgMxFIXv1L9aq1a3bgaL4KrMuFF3ghuXLTi20A4lk95pQ/MzJBmlDAX3bvUVXInv4xv4GKY/C209EDick3BvviTjzNgg+PJKG5tb2zvl3cpedf/gsHZUfTAq1xQjqrjSnYQY5ExiZJnl2Mk0EpFwbCfj21nffkRtmJL3dpJhLMhQspRRYl3Uavdr9aARzOWvm3Bp6rBUs1/77g0UzQVKSzkxphsGmY0Loi2jHKeVXm4wI3RMhth1VhKBJi7mi079M5cM/FRpd6T15+nvFwURxkxE4m4KYkdmtZuF/3Yi55Zp9bQy36ZXccFklluUdDE+zblvlT9j4Q+YRmr5xBlCNXM/8OmIaEKtI1ZxaMJVEOsmumhcN4JWAGU4gVM4hxAu4QbuoAkRUEB4gVd48569d+9jwbDkLWEewx95nz9uRZTE</latexit><latexit sha1_base64="2U0L7WKHZlorzK06z+erd3Ne1PY=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKex6UW8BL54kAdcIyRJmJ7PJkHksM7NKWALeveoveBKvfot/4Gc4SfagiQUNRVU33V1xypmxvv/llVZW19Y3ypuVre2d3b3q/sGdUZkmNCSKK30fY0M5kzS0zHJ6n2qKRcxpOx5dTf32A9WGKXlrxymNBB5IljCCrZNa7V615tf9GdAyCQpSgwLNXvW721ckE1RawrExncBPbZRjbRnhdFLpZoammIzwgHYclVhQE+WzQyfoxCl9lCjtSlo0U39P5FgYMxax6xTYDs2iNxX/9UTGLdPqcWG/TS6inMk0s1SS+fok48gqNM0C9ZmmxPKxI5ho5j5AZIg1JtYlVnHRBItBLJPwrH5Z91t+rXFTZFSGIziGUwjgHBpwDU0IgQCFZ3iBV+/Je/PevY95a8krZg7hD7zPH+lzljQ=</latexit><latexit sha1_base64="Er6f7LClGe4Km/21YrGgOvdeWBM=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG8BL54kAdcEkiXMTmaTIfNYZmaVsAS8e9Vf8CRe/Rb/wM9wkuxBEwsaiqpuuruihDNjff/LK6ysrq1vFDdLW9s7u3vl/YN7o1JNaEAUV7odYUM5kzSwzHLaTjTFIuK0FY2up37rgWrDlLyz44SGAg8kixnB1knNVq9c8av+DGiZ1HJSgRyNXvm721ckFVRawrExnZqf2DDD2jLC6aTUTQ1NMBnhAe04KrGgJsxmh07QiVP6KFbalbRopv6eyLAwZiwi1ymwHZpFbyr+64mUW6bV48J+G1+GGZNJaqkk8/VxypFVaJoF6jNNieVjRzDRzH2AyBBrTKxLrOSiqS0GsUyCs+pV1W+eV+q3eUZFOIJjOIUaXEAdbqABARCg8Awv8Oo9eW/eu/cxby14+cwh/IH3+QPqs5Y4</latexit><latexit sha1_base64="Er6f7LClGe4Km/21YrGgOvdeWBM=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG8BL54kAdcEkiXMTmaTIfNYZmaVsAS8e9Vf8CRe/Rb/wM9wkuxBEwsaiqpuuruihDNjff/LK6ysrq1vFDdLW9s7u3vl/YN7o1JNaEAUV7odYUM5kzSwzHLaTjTFIuK0FY2up37rgWrDlLyz44SGAg8kixnB1knNVq9c8av+DGiZ1HJSgRyNXvm721ckFVRawrExnZqf2DDD2jLC6aTUTQ1NMBnhAe04KrGgJsxmh07QiVP6KFbalbRopv6eyLAwZiwi1ymwHZpFbyr+64mUW6bV48J+G1+GGZNJaqkk8/VxypFVaJoF6jNNieVjRzDRzH2AyBBrTKxLrOSiqS0GsUyCs+pV1W+eV+q3eUZFOIJjOIUaXEAdbqABARCg8Awv8Oo9eW/eu/cxby14+cwh/IH3+QPqs5Y4</latexit><latexit sha1_base64="Er6f7LClGe4Km/21YrGgOvdeWBM=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG8BL54kAdcEkiXMTmaTIfNYZmaVsAS8e9Vf8CRe/Rb/wM9wkuxBEwsaiqpuuruihDNjff/LK6ysrq1vFDdLW9s7u3vl/YN7o1JNaEAUV7odYUM5kzSwzHLaTjTFIuK0FY2up37rgWrDlLyz44SGAg8kixnB1knNVq9c8av+DGiZ1HJSgRyNXvm721ckFVRawrExnZqf2DDD2jLC6aTUTQ1NMBnhAe04KrGgJsxmh07QiVP6KFbalbRopv6eyLAwZiwi1ymwHZpFbyr+64mUW6bV48J+G1+GGZNJaqkk8/VxypFVaJoF6jNNieVjRzDRzH2AyBBrTKxLrOSiqS0GsUyCs+pV1W+eV+q3eUZFOIJjOIUaXEAdbqABARCg8Awv8Oo9eW/eu/cxby14+cwh/IH3+QPqs5Y4</latexit><latexit sha1_base64="Er6f7LClGe4Km/21YrGgOvdeWBM=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG8BL54kAdcEkiXMTmaTIfNYZmaVsAS8e9Vf8CRe/Rb/wM9wkuxBEwsaiqpuuruihDNjff/LK6ysrq1vFDdLW9s7u3vl/YN7o1JNaEAUV7odYUM5kzSwzHLaTjTFIuK0FY2up37rgWrDlLyz44SGAg8kixnB1knNVq9c8av+DGiZ1HJSgRyNXvm721ckFVRawrExnZqf2DDD2jLC6aTUTQ1NMBnhAe04KrGgJsxmh07QiVP6KFbalbRopv6eyLAwZiwi1ymwHZpFbyr+64mUW6bV48J+G1+GGZNJaqkk8/VxypFVaJoF6jNNieVjRzDRzH2AyBBrTKxLrOSiqS0GsUyCs+pV1W+eV+q3eUZFOIJjOIUaXEAdbqABARCg8Awv8Oo9eW/eu/cxby14+cwh/IH3+QPqs5Y4</latexit><latexit sha1_base64="Er6f7LClGe4Km/21YrGgOvdeWBM=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG8BL54kAdcEkiXMTmaTIfNYZmaVsAS8e9Vf8CRe/Rb/wM9wkuxBEwsaiqpuuruihDNjff/LK6ysrq1vFDdLW9s7u3vl/YN7o1JNaEAUV7odYUM5kzSwzHLaTjTFIuK0FY2up37rgWrDlLyz44SGAg8kixnB1knNVq9c8av+DGiZ1HJSgRyNXvm721ckFVRawrExnZqf2DDD2jLC6aTUTQ1NMBnhAe04KrGgJsxmh07QiVP6KFbalbRopv6eyLAwZiwi1ymwHZpFbyr+64mUW6bV48J+G1+GGZNJaqkk8/VxypFVaJoF6jNNieVjRzDRzH2AyBBrTKxLrOSiqS0GsUyCs+pV1W+eV+q3eUZFOIJjOIUaXEAdbqABARCg8Awv8Oo9eW/eu/cxby14+cwh/IH3+QPqs5Y4</latexit>

• MAP decision theory: Estimate the most probable word sequence        
among all possible word sequences       (I’ll omit the domain 
sometimes)

Ŵ = argmax
W2W

p(W |O)
<latexit sha1_base64="8q84OQzs6R703hpiksMSHRHku1k="></latexit><latexit sha1_base64="8q84OQzs6R703hpiksMSHRHku1k="></latexit><latexit sha1_base64="8q84OQzs6R703hpiksMSHRHku1k="></latexit>

Ŵ
<latexit sha1_base64="/y4110sx9Hg8ojHmBRmrANK0eAk="></latexit><latexit sha1_base64="/y4110sx9Hg8ojHmBRmrANK0eAk="></latexit><latexit sha1_base64="/y4110sx9Hg8ojHmBRmrANK0eAk="></latexit>

W
<latexit sha1_base64="QvGZepEr8Ei1sC9USKY3Ki9GAH0="></latexit><latexit sha1_base64="QvGZepEr8Ei1sC9USKY3Ki9GAH0="></latexit><latexit sha1_base64="QvGZepEr8Ei1sC9USKY3Ki9GAH0="></latexit><latexit sha1_base64="UCVdQAUobHOL6CCgCuMDHI9qnb8=">AAACUnicbVHLSgMxFE3HVx2rtms3wSK4KlM36k5wI7ipYG2hU8qdTNqG5jEkd6xl6A+49evc+iWmD0RbLwQO5+RwknOTTAqHUfRZCnZ29/YPyofhUSU8PjmtVl6cyS3jbWaksd0EHJdC8zYKlLybWQ4qkbyTTO4XeueVWyeMfsZZxvsKRloMBQP0VGtQrUeNaDl0GzTXoE7WM6iVHuPUsFxxjUyCc71mlGG/AIuCST4P49zxDNgERrznoQbFXb9YvnNOLzyT0qGx/mikS/a3owDl3Ewl/qYCHLtNbUH+q6lcorBmupGPw5t+IXSWI9dsFT/MJUVDF1XQVFjOUM48AGaF/wFlY7DA0BcWhrHmU2aUAp0WMdiRgrd5ES/CTVbEVtE1F0uhBLr5tkHobYPnfgy+/eZm19ugfdW4bURPESmTM3JOLkmTXJM78kBapE0YSck7+Sh9BeXgZLWkoLTeVo38maD6DWK+uXQ=</latexit><latexit sha1_base64="dpEvunwZ3xB5cKvgzMuzWE2Yvkk=">AAACYXicbVHLSgNBEOysrxjfgicRBkXwFDZe1JvgRfASwRjBDdI7mcTBeSwzvcaw7G941d/yK/wFJzGIJjYMFFVTdHd1minpKY4/KtHc/MLiUnW5trK6tr6xubV6623uuGhxq6y7S9ELJY1okSQl7jInUKdKtNOni5HefhbOS2tuaJiJjsa+kT3JkQKVJBrpkaMq2iV72DyI6/G42CxoTMABTKr5sFW5SrqW51oY4gq9v2/EGXUKdCS5EmUtyb3IkD9hX9wHaFAL3ynGQ5fsMDBd1rMuPENszP52FKi9H+o0/BwN6ae1EfmvpnNF0tnBVH/qnXYKabKchOHf7Xu5YmTZKBfWlU5wUsMAkDsZNmD8ER1yCunVaokRA261RtMtEnR9jS9lMU7PZkXiNJtwiZJaki9nDdLMGgL3YwjxN6bDngWt4/pZPb6OoQq7sA9H0IATOIdLaEILOGTwCm/wXvmMdqLd7ztFlcnBtuFPRXtfkfm/dQ==</latexit><latexit sha1_base64="dpEvunwZ3xB5cKvgzMuzWE2Yvkk=">AAACYXicbVHLSgNBEOysrxjfgicRBkXwFDZe1JvgRfASwRjBDdI7mcTBeSwzvcaw7G941d/yK/wFJzGIJjYMFFVTdHd1minpKY4/KtHc/MLiUnW5trK6tr6xubV6623uuGhxq6y7S9ELJY1okSQl7jInUKdKtNOni5HefhbOS2tuaJiJjsa+kT3JkQKVJBrpkaMq2iV72DyI6/G42CxoTMABTKr5sFW5SrqW51oY4gq9v2/EGXUKdCS5EmUtyb3IkD9hX9wHaFAL3ynGQ5fsMDBd1rMuPENszP52FKi9H+o0/BwN6ae1EfmvpnNF0tnBVH/qnXYKabKchOHf7Xu5YmTZKBfWlU5wUsMAkDsZNmD8ER1yCunVaokRA261RtMtEnR9jS9lMU7PZkXiNJtwiZJaki9nDdLMGgL3YwjxN6bDngWt4/pZPb6OoQq7sA9H0IATOIdLaEILOGTwCm/wXvmMdqLd7ztFlcnBtuFPRXtfkfm/dQ==</latexit><latexit sha1_base64="rISbRYpiX4/4wcNwJU0OWYzrPmY="></latexit><latexit sha1_base64="QvGZepEr8Ei1sC9USKY3Ki9GAH0="></latexit><latexit sha1_base64="QvGZepEr8Ei1sC9USKY3Ki9GAH0="></latexit><latexit sha1_base64="QvGZepEr8Ei1sC9USKY3Ki9GAH0="></latexit><latexit sha1_base64="QvGZepEr8Ei1sC9USKY3Ki9GAH0="></latexit><latexit sha1_base64="QvGZepEr8Ei1sC9USKY3Ki9GAH0="></latexit>

Sequence to 
sequence mapping 
was really difficult 
problems!!!



How to obtain the posterior p(W |O)
<latexit sha1_base64="2MXxoVE9vT6LzCn8jBWTYQ+msIE="></latexit><latexit sha1_base64="2MXxoVE9vT6LzCn8jBWTYQ+msIE="></latexit><latexit sha1_base64="2MXxoVE9vT6LzCn8jBWTYQ+msIE="></latexit><latexit sha1_base64="UCVdQAUobHOL6CCgCuMDHI9qnb8=">AAACUnicbVHLSgMxFE3HVx2rtms3wSK4KlM36k5wI7ipYG2hU8qdTNqG5jEkd6xl6A+49evc+iWmD0RbLwQO5+RwknOTTAqHUfRZCnZ29/YPyofhUSU8PjmtVl6cyS3jbWaksd0EHJdC8zYKlLybWQ4qkbyTTO4XeueVWyeMfsZZxvsKRloMBQP0VGtQrUeNaDl0GzTXoE7WM6iVHuPUsFxxjUyCc71mlGG/AIuCST4P49zxDNgERrznoQbFXb9YvnNOLzyT0qGx/mikS/a3owDl3Ewl/qYCHLtNbUH+q6lcorBmupGPw5t+IXSWI9dsFT/MJUVDF1XQVFjOUM48AGaF/wFlY7DA0BcWhrHmU2aUAp0WMdiRgrd5ES/CTVbEVtE1F0uhBLr5tkHobYPnfgy+/eZm19ugfdW4bURPESmTM3JOLkmTXJM78kBapE0YSck7+Sh9BeXgZLWkoLTeVo38maD6DWK+uXQ=</latexit><latexit sha1_base64="xwDivYSReHTA7gFZpqF1pAdM3nM=">AAACW3icbVHLSgMxFL0d3/VRFcSFm6AIuilTN+pOcCO4UMFawSlyJ01rNI8huaOWsf/gVv/MT/AvTGsRbb0QOJyTw0nOTTMlPcXxRymamJyanpmdK88vLC5VllcWrrzNHRd1bpV11yl6oaQRdZKkxHXmBOpUiUb6cNzXG4/CeWnNJXUz0dTYMbItOVKgrrKdxsvZ7u3yVlyNB8PGQW0ItmA457crpdOkZXmuhSGu0PubWpxRs0BHkivRKye5FxnyB+yImwANauGbxeC5PbYdmBZrWxeOITZgfzsK1N53dRpuaqQ7P6r1yX81nSuSzj6N5FP7oFlIk+UkDP+Ob+eKkWX9RlhLOsFJdQNA7mT4AeN36JBT6K1cTox44lZrNK0iQdfR+Nwrkn64zYrEaTbkEiW1JN8bN0gzbgjcjyHUXxstexzU96qH1fgihlnYgE3YgRrswxGcwDnUgcM9vMIbvJc+o0q09r2nqDRc2Cr8mWj9Cz+1vH0=</latexit><latexit sha1_base64="xwDivYSReHTA7gFZpqF1pAdM3nM=">AAACW3icbVHLSgMxFL0d3/VRFcSFm6AIuilTN+pOcCO4UMFawSlyJ01rNI8huaOWsf/gVv/MT/AvTGsRbb0QOJyTw0nOTTMlPcXxRymamJyanpmdK88vLC5VllcWrrzNHRd1bpV11yl6oaQRdZKkxHXmBOpUiUb6cNzXG4/CeWnNJXUz0dTYMbItOVKgrrKdxsvZ7u3yVlyNB8PGQW0ItmA457crpdOkZXmuhSGu0PubWpxRs0BHkivRKye5FxnyB+yImwANauGbxeC5PbYdmBZrWxeOITZgfzsK1N53dRpuaqQ7P6r1yX81nSuSzj6N5FP7oFlIk+UkDP+Ob+eKkWX9RlhLOsFJdQNA7mT4AeN36JBT6K1cTox44lZrNK0iQdfR+Nwrkn64zYrEaTbkEiW1JN8bN0gzbgjcjyHUXxstexzU96qH1fgihlnYgE3YgRrswxGcwDnUgcM9vMIbvJc+o0q09r2nqDRc2Cr8mWj9Cz+1vH0=</latexit><latexit sha1_base64="Ss39s5IFN7Jmy9ewDsDUpoQelGQ="></latexit><latexit sha1_base64="2MXxoVE9vT6LzCn8jBWTYQ+msIE="></latexit><latexit sha1_base64="2MXxoVE9vT6LzCn8jBWTYQ+msIE="></latexit><latexit sha1_base64="2MXxoVE9vT6LzCn8jBWTYQ+msIE="></latexit><latexit sha1_base64="2MXxoVE9vT6LzCn8jBWTYQ+msIE="></latexit><latexit sha1_base64="2MXxoVE9vT6LzCn8jBWTYQ+msIE="></latexit>

• Noisy channel model
• Regarding O as a probabilistic variable (noisy observation)
• Use the product rule

argmax
W

p(W |O) = argmax
W

p(O|W )p(W )

p(O)

= argmax
W

p(O|W )p(W )
<latexit sha1_base64="kbuW3BvsSqghYatpi54YL9Zx/e4="></latexit><latexit sha1_base64="kbuW3BvsSqghYatpi54YL9Zx/e4="></latexit><latexit sha1_base64="kbuW3BvsSqghYatpi54YL9Zx/e4="></latexit>

Ŵ
<latexit sha1_base64="/y4110sx9Hg8ojHmBRmrANK0eAk="></latexit><latexit sha1_base64="/y4110sx9Hg8ojHmBRmrANK0eAk="></latexit><latexit sha1_base64="/y4110sx9Hg8ojHmBRmrANK0eAk="></latexit><latexit sha1_base64="UCVdQAUobHOL6CCgCuMDHI9qnb8=">AAACUnicbVHLSgMxFE3HVx2rtms3wSK4KlM36k5wI7ipYG2hU8qdTNqG5jEkd6xl6A+49evc+iWmD0RbLwQO5+RwknOTTAqHUfRZCnZ29/YPyofhUSU8PjmtVl6cyS3jbWaksd0EHJdC8zYKlLybWQ4qkbyTTO4XeueVWyeMfsZZxvsKRloMBQP0VGtQrUeNaDl0GzTXoE7WM6iVHuPUsFxxjUyCc71mlGG/AIuCST4P49zxDNgERrznoQbFXb9YvnNOLzyT0qGx/mikS/a3owDl3Ewl/qYCHLtNbUH+q6lcorBmupGPw5t+IXSWI9dsFT/MJUVDF1XQVFjOUM48AGaF/wFlY7DA0BcWhrHmU2aUAp0WMdiRgrd5ES/CTVbEVtE1F0uhBLr5tkHobYPnfgy+/eZm19ugfdW4bURPESmTM3JOLkmTXJM78kBapE0YSck7+Sh9BeXgZLWkoLTeVo38maD6DWK+uXQ=</latexit><latexit sha1_base64="qaTiWFstu+Bk3PgyUYPo2V8lQjs=">AAACXHicbVHLSgMxFL0d3/VVXYjgJiiCqzJ1o+4EN4IbBWsFp8idNG1D8xiSO2oZ5iPc6pf5C36FaS2irRcCh3NyOMm5aaakpzj+qERz8wuLS8sr1dW19Y3N2tbanbe546LJrbLuPkUvlDSiSZKUuM+cQJ0q0UoHFyO99SScl9bc0jATbY09I7uSIwWqlfSRilb5WDuI6/F42CxoTMABTOb6catylXQsz7UwxBV6/9CIM2oX6EhyJcpqknuRIR9gTzwEaFAL3y7G7y3ZYWA6rGtdOIbYmP3tKFB7P9RpuKmR+n5aG5H/ajpXJJ19nsqn7mm7kCbLSRj+Hd/NFSPLRpWwjnSCkxoGgNzJ8APG++iQUyiuWk2MeOZWazSdIkHX0/hSFsko3GZF4jSbcImSWpIvZw3SzBoC92MI9Temy54FzeP6WT2+iWEZ9mAfjqABJ3AOl3ANTeAwgFd4g/fKZ1SLdr73FFUmC9uGPxPtfgFj9b2L</latexit><latexit sha1_base64="qaTiWFstu+Bk3PgyUYPo2V8lQjs=">AAACXHicbVHLSgMxFL0d3/VVXYjgJiiCqzJ1o+4EN4IbBWsFp8idNG1D8xiSO2oZ5iPc6pf5C36FaS2irRcCh3NyOMm5aaakpzj+qERz8wuLS8sr1dW19Y3N2tbanbe546LJrbLuPkUvlDSiSZKUuM+cQJ0q0UoHFyO99SScl9bc0jATbY09I7uSIwWqlfSRilb5WDuI6/F42CxoTMABTOb6catylXQsz7UwxBV6/9CIM2oX6EhyJcpqknuRIR9gTzwEaFAL3y7G7y3ZYWA6rGtdOIbYmP3tKFB7P9RpuKmR+n5aG5H/ajpXJJ19nsqn7mm7kCbLSRj+Hd/NFSPLRpWwjnSCkxoGgNzJ8APG++iQUyiuWk2MeOZWazSdIkHX0/hSFsko3GZF4jSbcImSWpIvZw3SzBoC92MI9Temy54FzeP6WT2+iWEZ9mAfjqABJ3AOl3ANTeAwgFd4g/fKZ1SLdr73FFUmC9uGPxPtfgFj9b2L</latexit><latexit sha1_base64="sIMdOTxvHqeFiVxOh3cJV1yyKGc="></latexit><latexit sha1_base64="/y4110sx9Hg8ojHmBRmrANK0eAk="></latexit><latexit sha1_base64="/y4110sx9Hg8ojHmBRmrANK0eAk="></latexit><latexit sha1_base64="/y4110sx9Hg8ojHmBRmrANK0eAk="></latexit><latexit sha1_base64="/y4110sx9Hg8ojHmBRmrANK0eAk="></latexit><latexit sha1_base64="/y4110sx9Hg8ojHmBRmrANK0eAk="></latexit>

O
<latexit sha1_base64="SyrbBqHvMyV7keV1ntc3huFjTHU="></latexit><latexit sha1_base64="SyrbBqHvMyV7keV1ntc3huFjTHU="></latexit><latexit sha1_base64="SyrbBqHvMyV7keV1ntc3huFjTHU="></latexit><latexit sha1_base64="UCVdQAUobHOL6CCgCuMDHI9qnb8=">AAACUnicbVHLSgMxFE3HVx2rtms3wSK4KlM36k5wI7ipYG2hU8qdTNqG5jEkd6xl6A+49evc+iWmD0RbLwQO5+RwknOTTAqHUfRZCnZ29/YPyofhUSU8PjmtVl6cyS3jbWaksd0EHJdC8zYKlLybWQ4qkbyTTO4XeueVWyeMfsZZxvsKRloMBQP0VGtQrUeNaDl0GzTXoE7WM6iVHuPUsFxxjUyCc71mlGG/AIuCST4P49zxDNgERrznoQbFXb9YvnNOLzyT0qGx/mikS/a3owDl3Ewl/qYCHLtNbUH+q6lcorBmupGPw5t+IXSWI9dsFT/MJUVDF1XQVFjOUM48AGaF/wFlY7DA0BcWhrHmU2aUAp0WMdiRgrd5ES/CTVbEVtE1F0uhBLr5tkHobYPnfgy+/eZm19ugfdW4bURPESmTM3JOLkmTXJM78kBapE0YSck7+Sh9BeXgZLWkoLTeVo38maD6DWK+uXQ=</latexit><latexit sha1_base64="+iVVWZjxDeJFCEVVuCyln/wgrKg=">AAACVnicbVFNS1tBFL15Vmuf0Ua33QxKoavw4kbdFdwIXVShMYIvhPsmN8ngfDxm7lPDI7+g2/bHufeHOImh2MQLA4dz5nBmzi1KrQJn2VMj2fiwufVx+1O609zd+9zab14HV3lJXem08zcFBtLKUpcVa7opPaEpNPWKu/O53rsnH5Szv3haUt/g2KqRksiRuvo5aB1l7WwxYh10luAIlnM52G/8yIdOVoYsS40h3Haykvs1elZS0yzNq0Alyjsc022EFg2Ffr146Ux8jcxQjJyPx7JYsG8dNZoQpqaINw3yJKxqc/JdzVSalXcPK/k8Ou3XypYVk5Wv8aNKC3ZiXoYYKk+S9TQClF7FHwg5QY+SY2Vpmlt6kM4YtMM6Rz82+Dir83m4K+vcG7Hkcq2M4jBbNyi7bojcP0Osv7Na9jroHrfP2tlVBtvwBQ7hG3TgBL7DBVxCFyQQ/IY/8LfxnKRJ63VPSWO5sAP4b5KDF27Qurw=</latexit><latexit sha1_base64="+iVVWZjxDeJFCEVVuCyln/wgrKg=">AAACVnicbVFNS1tBFL15Vmuf0Ua33QxKoavw4kbdFdwIXVShMYIvhPsmN8ngfDxm7lPDI7+g2/bHufeHOImh2MQLA4dz5nBmzi1KrQJn2VMj2fiwufVx+1O609zd+9zab14HV3lJXem08zcFBtLKUpcVa7opPaEpNPWKu/O53rsnH5Szv3haUt/g2KqRksiRuvo5aB1l7WwxYh10luAIlnM52G/8yIdOVoYsS40h3Haykvs1elZS0yzNq0Alyjsc022EFg2Ffr146Ux8jcxQjJyPx7JYsG8dNZoQpqaINw3yJKxqc/JdzVSalXcPK/k8Ou3XypYVk5Wv8aNKC3ZiXoYYKk+S9TQClF7FHwg5QY+SY2Vpmlt6kM4YtMM6Rz82+Dir83m4K+vcG7Hkcq2M4jBbNyi7bojcP0Osv7Na9jroHrfP2tlVBtvwBQ7hG3TgBL7DBVxCFyQQ/IY/8LfxnKRJ63VPSWO5sAP4b5KDF27Qurw=</latexit><latexit sha1_base64="PxiV24sKMSzIbWN2k4xS76CRKcs="></latexit><latexit sha1_base64="SyrbBqHvMyV7keV1ntc3huFjTHU="></latexit><latexit sha1_base64="SyrbBqHvMyV7keV1ntc3huFjTHU="></latexit><latexit sha1_base64="SyrbBqHvMyV7keV1ntc3huFjTHU="></latexit><latexit sha1_base64="SyrbBqHvMyV7keV1ntc3huFjTHU="></latexit><latexit sha1_base64="SyrbBqHvMyV7keV1ntc3huFjTHU="></latexit>

Likelihood Prior



How to obtain the posterior p(W |O)
<latexit sha1_base64="2MXxoVE9vT6LzCn8jBWTYQ+msIE="></latexit><latexit sha1_base64="2MXxoVE9vT6LzCn8jBWTYQ+msIE="></latexit><latexit sha1_base64="2MXxoVE9vT6LzCn8jBWTYQ+msIE="></latexit><latexit sha1_base64="UCVdQAUobHOL6CCgCuMDHI9qnb8=">AAACUnicbVHLSgMxFE3HVx2rtms3wSK4KlM36k5wI7ipYG2hU8qdTNqG5jEkd6xl6A+49evc+iWmD0RbLwQO5+RwknOTTAqHUfRZCnZ29/YPyofhUSU8PjmtVl6cyS3jbWaksd0EHJdC8zYKlLybWQ4qkbyTTO4XeueVWyeMfsZZxvsKRloMBQP0VGtQrUeNaDl0GzTXoE7WM6iVHuPUsFxxjUyCc71mlGG/AIuCST4P49zxDNgERrznoQbFXb9YvnNOLzyT0qGx/mikS/a3owDl3Ewl/qYCHLtNbUH+q6lcorBmupGPw5t+IXSWI9dsFT/MJUVDF1XQVFjOUM48AGaF/wFlY7DA0BcWhrHmU2aUAp0WMdiRgrd5ES/CTVbEVtE1F0uhBLr5tkHobYPnfgy+/eZm19ugfdW4bURPESmTM3JOLkmTXJM78kBapE0YSck7+Sh9BeXgZLWkoLTeVo38maD6DWK+uXQ=</latexit><latexit sha1_base64="xwDivYSReHTA7gFZpqF1pAdM3nM=">AAACW3icbVHLSgMxFL0d3/VRFcSFm6AIuilTN+pOcCO4UMFawSlyJ01rNI8huaOWsf/gVv/MT/AvTGsRbb0QOJyTw0nOTTMlPcXxRymamJyanpmdK88vLC5VllcWrrzNHRd1bpV11yl6oaQRdZKkxHXmBOpUiUb6cNzXG4/CeWnNJXUz0dTYMbItOVKgrrKdxsvZ7u3yVlyNB8PGQW0ItmA457crpdOkZXmuhSGu0PubWpxRs0BHkivRKye5FxnyB+yImwANauGbxeC5PbYdmBZrWxeOITZgfzsK1N53dRpuaqQ7P6r1yX81nSuSzj6N5FP7oFlIk+UkDP+Ob+eKkWX9RlhLOsFJdQNA7mT4AeN36JBT6K1cTox44lZrNK0iQdfR+Nwrkn64zYrEaTbkEiW1JN8bN0gzbgjcjyHUXxstexzU96qH1fgihlnYgE3YgRrswxGcwDnUgcM9vMIbvJc+o0q09r2nqDRc2Cr8mWj9Cz+1vH0=</latexit><latexit sha1_base64="xwDivYSReHTA7gFZpqF1pAdM3nM=">AAACW3icbVHLSgMxFL0d3/VRFcSFm6AIuilTN+pOcCO4UMFawSlyJ01rNI8huaOWsf/gVv/MT/AvTGsRbb0QOJyTw0nOTTMlPcXxRymamJyanpmdK88vLC5VllcWrrzNHRd1bpV11yl6oaQRdZKkxHXmBOpUiUb6cNzXG4/CeWnNJXUz0dTYMbItOVKgrrKdxsvZ7u3yVlyNB8PGQW0ItmA457crpdOkZXmuhSGu0PubWpxRs0BHkivRKye5FxnyB+yImwANauGbxeC5PbYdmBZrWxeOITZgfzsK1N53dRpuaqQ7P6r1yX81nSuSzj6N5FP7oFlIk+UkDP+Ob+eKkWX9RlhLOsFJdQNA7mT4AeN36JBT6K1cTox44lZrNK0iQdfR+Nwrkn64zYrEaTbkEiW1JN8bN0gzbgjcjyHUXxstexzU96qH1fgihlnYgE3YgRrswxGcwDnUgcM9vMIbvJc+o0q09r2nqDRc2Cr8mWj9Cz+1vH0=</latexit><latexit sha1_base64="Ss39s5IFN7Jmy9ewDsDUpoQelGQ="></latexit><latexit sha1_base64="2MXxoVE9vT6LzCn8jBWTYQ+msIE="></latexit><latexit sha1_base64="2MXxoVE9vT6LzCn8jBWTYQ+msIE="></latexit><latexit sha1_base64="2MXxoVE9vT6LzCn8jBWTYQ+msIE="></latexit><latexit sha1_base64="2MXxoVE9vT6LzCn8jBWTYQ+msIE="></latexit><latexit sha1_base64="2MXxoVE9vT6LzCn8jBWTYQ+msIE="></latexit>

• Noisy channel model

• Solving generating process of noisy observations!!
• Still difficult to deal with them…. 

Ŵ
<latexit sha1_base64="/y4110sx9Hg8ojHmBRmrANK0eAk="></latexit><latexit sha1_base64="/y4110sx9Hg8ojHmBRmrANK0eAk="></latexit><latexit sha1_base64="/y4110sx9Hg8ojHmBRmrANK0eAk="></latexit><latexit sha1_base64="UCVdQAUobHOL6CCgCuMDHI9qnb8=">AAACUnicbVHLSgMxFE3HVx2rtms3wSK4KlM36k5wI7ipYG2hU8qdTNqG5jEkd6xl6A+49evc+iWmD0RbLwQO5+RwknOTTAqHUfRZCnZ29/YPyofhUSU8PjmtVl6cyS3jbWaksd0EHJdC8zYKlLybWQ4qkbyTTO4XeueVWyeMfsZZxvsKRloMBQP0VGtQrUeNaDl0GzTXoE7WM6iVHuPUsFxxjUyCc71mlGG/AIuCST4P49zxDNgERrznoQbFXb9YvnNOLzyT0qGx/mikS/a3owDl3Ewl/qYCHLtNbUH+q6lcorBmupGPw5t+IXSWI9dsFT/MJUVDF1XQVFjOUM48AGaF/wFlY7DA0BcWhrHmU2aUAp0WMdiRgrd5ES/CTVbEVtE1F0uhBLr5tkHobYPnfgy+/eZm19ugfdW4bURPESmTM3JOLkmTXJM78kBapE0YSck7+Sh9BeXgZLWkoLTeVo38maD6DWK+uXQ=</latexit><latexit sha1_base64="qaTiWFstu+Bk3PgyUYPo2V8lQjs=">AAACXHicbVHLSgMxFL0d3/VVXYjgJiiCqzJ1o+4EN4IbBWsFp8idNG1D8xiSO2oZ5iPc6pf5C36FaS2irRcCh3NyOMm5aaakpzj+qERz8wuLS8sr1dW19Y3N2tbanbe546LJrbLuPkUvlDSiSZKUuM+cQJ0q0UoHFyO99SScl9bc0jATbY09I7uSIwWqlfSRilb5WDuI6/F42CxoTMABTOb6catylXQsz7UwxBV6/9CIM2oX6EhyJcpqknuRIR9gTzwEaFAL3y7G7y3ZYWA6rGtdOIbYmP3tKFB7P9RpuKmR+n5aG5H/ajpXJJ19nsqn7mm7kCbLSRj+Hd/NFSPLRpWwjnSCkxoGgNzJ8APG++iQUyiuWk2MeOZWazSdIkHX0/hSFsko3GZF4jSbcImSWpIvZw3SzBoC92MI9Temy54FzeP6WT2+iWEZ9mAfjqABJ3AOl3ANTeAwgFd4g/fKZ1SLdr73FFUmC9uGPxPtfgFj9b2L</latexit><latexit sha1_base64="qaTiWFstu+Bk3PgyUYPo2V8lQjs=">AAACXHicbVHLSgMxFL0d3/VVXYjgJiiCqzJ1o+4EN4IbBWsFp8idNG1D8xiSO2oZ5iPc6pf5C36FaS2irRcCh3NyOMm5aaakpzj+qERz8wuLS8sr1dW19Y3N2tbanbe546LJrbLuPkUvlDSiSZKUuM+cQJ0q0UoHFyO99SScl9bc0jATbY09I7uSIwWqlfSRilb5WDuI6/F42CxoTMABTOb6catylXQsz7UwxBV6/9CIM2oX6EhyJcpqknuRIR9gTzwEaFAL3y7G7y3ZYWA6rGtdOIbYmP3tKFB7P9RpuKmR+n5aG5H/ajpXJJ19nsqn7mm7kCbLSRj+Hd/NFSPLRpWwjnSCkxoGgNzJ8APG++iQUyiuWk2MeOZWazSdIkHX0/hSFsko3GZF4jSbcImSWpIvZw3SzBoC92MI9Temy54FzeP6WT2+iWEZ9mAfjqABJ3AOl3ANTeAwgFd4g/fKZ1SLdr73FFUmC9uGPxPtfgFj9b2L</latexit><latexit sha1_base64="sIMdOTxvHqeFiVxOh3cJV1yyKGc="></latexit><latexit sha1_base64="/y4110sx9Hg8ojHmBRmrANK0eAk="></latexit><latexit sha1_base64="/y4110sx9Hg8ojHmBRmrANK0eAk="></latexit><latexit sha1_base64="/y4110sx9Hg8ojHmBRmrANK0eAk="></latexit><latexit sha1_base64="/y4110sx9Hg8ojHmBRmrANK0eAk="></latexit><latexit sha1_base64="/y4110sx9Hg8ojHmBRmrANK0eAk="></latexit>

O
<latexit sha1_base64="SyrbBqHvMyV7keV1ntc3huFjTHU="></latexit><latexit sha1_base64="SyrbBqHvMyV7keV1ntc3huFjTHU="></latexit><latexit sha1_base64="SyrbBqHvMyV7keV1ntc3huFjTHU="></latexit><latexit sha1_base64="UCVdQAUobHOL6CCgCuMDHI9qnb8=">AAACUnicbVHLSgMxFE3HVx2rtms3wSK4KlM36k5wI7ipYG2hU8qdTNqG5jEkd6xl6A+49evc+iWmD0RbLwQO5+RwknOTTAqHUfRZCnZ29/YPyofhUSU8PjmtVl6cyS3jbWaksd0EHJdC8zYKlLybWQ4qkbyTTO4XeueVWyeMfsZZxvsKRloMBQP0VGtQrUeNaDl0GzTXoE7WM6iVHuPUsFxxjUyCc71mlGG/AIuCST4P49zxDNgERrznoQbFXb9YvnNOLzyT0qGx/mikS/a3owDl3Ewl/qYCHLtNbUH+q6lcorBmupGPw5t+IXSWI9dsFT/MJUVDF1XQVFjOUM48AGaF/wFlY7DA0BcWhrHmU2aUAp0WMdiRgrd5ES/CTVbEVtE1F0uhBLr5tkHobYPnfgy+/eZm19ugfdW4bURPESmTM3JOLkmTXJM78kBapE0YSck7+Sh9BeXgZLWkoLTeVo38maD6DWK+uXQ=</latexit><latexit sha1_base64="+iVVWZjxDeJFCEVVuCyln/wgrKg=">AAACVnicbVFNS1tBFL15Vmuf0Ua33QxKoavw4kbdFdwIXVShMYIvhPsmN8ngfDxm7lPDI7+g2/bHufeHOImh2MQLA4dz5nBmzi1KrQJn2VMj2fiwufVx+1O609zd+9zab14HV3lJXem08zcFBtLKUpcVa7opPaEpNPWKu/O53rsnH5Szv3haUt/g2KqRksiRuvo5aB1l7WwxYh10luAIlnM52G/8yIdOVoYsS40h3Haykvs1elZS0yzNq0Alyjsc022EFg2Ffr146Ux8jcxQjJyPx7JYsG8dNZoQpqaINw3yJKxqc/JdzVSalXcPK/k8Ou3XypYVk5Wv8aNKC3ZiXoYYKk+S9TQClF7FHwg5QY+SY2Vpmlt6kM4YtMM6Rz82+Dir83m4K+vcG7Hkcq2M4jBbNyi7bojcP0Osv7Na9jroHrfP2tlVBtvwBQ7hG3TgBL7DBVxCFyQQ/IY/8LfxnKRJ63VPSWO5sAP4b5KDF27Qurw=</latexit><latexit sha1_base64="+iVVWZjxDeJFCEVVuCyln/wgrKg=">AAACVnicbVFNS1tBFL15Vmuf0Ua33QxKoavw4kbdFdwIXVShMYIvhPsmN8ngfDxm7lPDI7+g2/bHufeHOImh2MQLA4dz5nBmzi1KrQJn2VMj2fiwufVx+1O609zd+9zab14HV3lJXem08zcFBtLKUpcVa7opPaEpNPWKu/O53rsnH5Szv3haUt/g2KqRksiRuvo5aB1l7WwxYh10luAIlnM52G/8yIdOVoYsS40h3Haykvs1elZS0yzNq0Alyjsc022EFg2Ffr146Ux8jcxQjJyPx7JYsG8dNZoQpqaINw3yJKxqc/JdzVSalXcPK/k8Ou3XypYVk5Wv8aNKC3ZiXoYYKk+S9TQClF7FHwg5QY+SY2Vpmlt6kM4YtMM6Rz82+Dir83m4K+vcG7Hkcq2M4jBbNyi7bojcP0Osv7Na9jroHrfP2tlVBtvwBQ7hG3TgBL7DBVxCFyQQ/IY/8LfxnKRJ63VPSWO5sAP4b5KDF27Qurw=</latexit><latexit sha1_base64="PxiV24sKMSzIbWN2k4xS76CRKcs="></latexit><latexit sha1_base64="SyrbBqHvMyV7keV1ntc3huFjTHU="></latexit><latexit sha1_base64="SyrbBqHvMyV7keV1ntc3huFjTHU="></latexit><latexit sha1_base64="SyrbBqHvMyV7keV1ntc3huFjTHU="></latexit><latexit sha1_base64="SyrbBqHvMyV7keV1ntc3huFjTHU="></latexit><latexit sha1_base64="SyrbBqHvMyV7keV1ntc3huFjTHU="></latexit>

argmax
W

p(W |O) = argmax
W

p(O|W )p(W )

p(O)

= argmax
W

p(O|W )p(W )
<latexit sha1_base64="kbuW3BvsSqghYatpi54YL9Zx/e4="></latexit><latexit sha1_base64="kbuW3BvsSqghYatpi54YL9Zx/e4="></latexit><latexit sha1_base64="kbuW3BvsSqghYatpi54YL9Zx/e4="></latexit>



How to obtain the posterior p(W |O)
<latexit sha1_base64="2MXxoVE9vT6LzCn8jBWTYQ+msIE="></latexit><latexit sha1_base64="2MXxoVE9vT6LzCn8jBWTYQ+msIE="></latexit><latexit sha1_base64="2MXxoVE9vT6LzCn8jBWTYQ+msIE="></latexit><latexit sha1_base64="UCVdQAUobHOL6CCgCuMDHI9qnb8=">AAACUnicbVHLSgMxFE3HVx2rtms3wSK4KlM36k5wI7ipYG2hU8qdTNqG5jEkd6xl6A+49evc+iWmD0RbLwQO5+RwknOTTAqHUfRZCnZ29/YPyofhUSU8PjmtVl6cyS3jbWaksd0EHJdC8zYKlLybWQ4qkbyTTO4XeueVWyeMfsZZxvsKRloMBQP0VGtQrUeNaDl0GzTXoE7WM6iVHuPUsFxxjUyCc71mlGG/AIuCST4P49zxDNgERrznoQbFXb9YvnNOLzyT0qGx/mikS/a3owDl3Ewl/qYCHLtNbUH+q6lcorBmupGPw5t+IXSWI9dsFT/MJUVDF1XQVFjOUM48AGaF/wFlY7DA0BcWhrHmU2aUAp0WMdiRgrd5ES/CTVbEVtE1F0uhBLr5tkHobYPnfgy+/eZm19ugfdW4bURPESmTM3JOLkmTXJM78kBapE0YSck7+Sh9BeXgZLWkoLTeVo38maD6DWK+uXQ=</latexit><latexit sha1_base64="xwDivYSReHTA7gFZpqF1pAdM3nM=">AAACW3icbVHLSgMxFL0d3/VRFcSFm6AIuilTN+pOcCO4UMFawSlyJ01rNI8huaOWsf/gVv/MT/AvTGsRbb0QOJyTw0nOTTMlPcXxRymamJyanpmdK88vLC5VllcWrrzNHRd1bpV11yl6oaQRdZKkxHXmBOpUiUb6cNzXG4/CeWnNJXUz0dTYMbItOVKgrrKdxsvZ7u3yVlyNB8PGQW0ItmA457crpdOkZXmuhSGu0PubWpxRs0BHkivRKye5FxnyB+yImwANauGbxeC5PbYdmBZrWxeOITZgfzsK1N53dRpuaqQ7P6r1yX81nSuSzj6N5FP7oFlIk+UkDP+Ob+eKkWX9RlhLOsFJdQNA7mT4AeN36JBT6K1cTox44lZrNK0iQdfR+Nwrkn64zYrEaTbkEiW1JN8bN0gzbgjcjyHUXxstexzU96qH1fgihlnYgE3YgRrswxGcwDnUgcM9vMIbvJc+o0q09r2nqDRc2Cr8mWj9Cz+1vH0=</latexit><latexit sha1_base64="xwDivYSReHTA7gFZpqF1pAdM3nM=">AAACW3icbVHLSgMxFL0d3/VRFcSFm6AIuilTN+pOcCO4UMFawSlyJ01rNI8huaOWsf/gVv/MT/AvTGsRbb0QOJyTw0nOTTMlPcXxRymamJyanpmdK88vLC5VllcWrrzNHRd1bpV11yl6oaQRdZKkxHXmBOpUiUb6cNzXG4/CeWnNJXUz0dTYMbItOVKgrrKdxsvZ7u3yVlyNB8PGQW0ItmA457crpdOkZXmuhSGu0PubWpxRs0BHkivRKye5FxnyB+yImwANauGbxeC5PbYdmBZrWxeOITZgfzsK1N53dRpuaqQ7P6r1yX81nSuSzj6N5FP7oFlIk+UkDP+Ob+eKkWX9RlhLOsFJdQNA7mT4AeN36JBT6K1cTox44lZrNK0iQdfR+Nwrkn64zYrEaTbkEiW1JN8bN0gzbgjcjyHUXxstexzU96qH1fgihlnYgE3YgRrswxGcwDnUgcM9vMIbvJc+o0q09r2nqDRc2Cr8mWj9Cz+1vH0=</latexit><latexit sha1_base64="Ss39s5IFN7Jmy9ewDsDUpoQelGQ="></latexit><latexit sha1_base64="2MXxoVE9vT6LzCn8jBWTYQ+msIE="></latexit><latexit sha1_base64="2MXxoVE9vT6LzCn8jBWTYQ+msIE="></latexit><latexit sha1_base64="2MXxoVE9vT6LzCn8jBWTYQ+msIE="></latexit><latexit sha1_base64="2MXxoVE9vT6LzCn8jBWTYQ+msIE="></latexit><latexit sha1_base64="2MXxoVE9vT6LzCn8jBWTYQ+msIE="></latexit>

• Further factorize the model
• Let                                                                                       be a phoneme sequence 

argmax
W

p(W |O) = argmax
W

X

L

p(W,L|O)

= argmax
W

X

L

p(O|L,W )p(L,W )

= argmax
W

X

L

p(O|L)p(L|W )p(W )
<latexit sha1_base64="d7OxcnUqwg/shIPI7hVie8NUo5U="></latexit><latexit sha1_base64="d7OxcnUqwg/shIPI7hVie8NUo5U="></latexit><latexit sha1_base64="d7OxcnUqwg/shIPI7hVie8NUo5U="></latexit>

L = (li 2 {/AA/, /AE/, · · · }|i = 1, · · · , J)
<latexit sha1_base64="KN43CPtPAVw7yqFSdFdZB/oBxow="></latexit><latexit sha1_base64="KN43CPtPAVw7yqFSdFdZB/oBxow="></latexit><latexit sha1_base64="KN43CPtPAVw7yqFSdFdZB/oBxow="></latexit><latexit sha1_base64="UCVdQAUobHOL6CCgCuMDHI9qnb8=">AAACUnicbVHLSgMxFE3HVx2rtms3wSK4KlM36k5wI7ipYG2hU8qdTNqG5jEkd6xl6A+49evc+iWmD0RbLwQO5+RwknOTTAqHUfRZCnZ29/YPyofhUSU8PjmtVl6cyS3jbWaksd0EHJdC8zYKlLybWQ4qkbyTTO4XeueVWyeMfsZZxvsKRloMBQP0VGtQrUeNaDl0GzTXoE7WM6iVHuPUsFxxjUyCc71mlGG/AIuCST4P49zxDNgERrznoQbFXb9YvnNOLzyT0qGx/mikS/a3owDl3Ewl/qYCHLtNbUH+q6lcorBmupGPw5t+IXSWI9dsFT/MJUVDF1XQVFjOUM48AGaF/wFlY7DA0BcWhrHmU2aUAp0WMdiRgrd5ES/CTVbEVtE1F0uhBLr5tkHobYPnfgy+/eZm19ugfdW4bURPESmTM3JOLkmTXJM78kBapE0YSck7+Sh9BeXgZLWkoLTeVo38maD6DWK+uXQ=</latexit><latexit sha1_base64="Cwh3pMiHLm0KfkgflRI2agSrV4c="></latexit><latexit sha1_base64="Cwh3pMiHLm0KfkgflRI2agSrV4c="></latexit><latexit sha1_base64="RXOg8FkMk8BtTVG7fGjoZk8xfqQ="></latexit><latexit sha1_base64="KN43CPtPAVw7yqFSdFdZB/oBxow="></latexit><latexit sha1_base64="KN43CPtPAVw7yqFSdFdZB/oBxow="></latexit><latexit sha1_base64="KN43CPtPAVw7yqFSdFdZB/oBxow="></latexit><latexit sha1_base64="KN43CPtPAVw7yqFSdFdZB/oBxow="></latexit><latexit sha1_base64="KN43CPtPAVw7yqFSdFdZB/oBxow="></latexit>

Note: the right hand side does not hold the sum to one constraint
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p(O|L)
<latexit sha1_base64="cMYLn3i1AeIom9oOH+cAMLvYguU="></latexit><latexit sha1_base64="cMYLn3i1AeIom9oOH+cAMLvYguU="></latexit><latexit sha1_base64="cMYLn3i1AeIom9oOH+cAMLvYguU="></latexit>

p(L|W )
<latexit sha1_base64="qYK2KgpnsCiH8bB8m2PrFisTtYs="></latexit><latexit sha1_base64="qYK2KgpnsCiH8bB8m2PrFisTtYs="></latexit><latexit sha1_base64="qYK2KgpnsCiH8bB8m2PrFisTtYs="></latexit>

p(W )
<latexit sha1_base64="TXBIpHjV3+jB6mD/iHvO6m+VfPA="></latexit><latexit sha1_base64="TXBIpHjV3+jB6mD/iHvO6m+VfPA="></latexit><latexit sha1_base64="TXBIpHjV3+jB6mD/iHvO6m+VfPA="></latexit><latexit sha1_base64="UCVdQAUobHOL6CCgCuMDHI9qnb8=">AAACUnicbVHLSgMxFE3HVx2rtms3wSK4KlM36k5wI7ipYG2hU8qdTNqG5jEkd6xl6A+49evc+iWmD0RbLwQO5+RwknOTTAqHUfRZCnZ29/YPyofhUSU8PjmtVl6cyS3jbWaksd0EHJdC8zYKlLybWQ4qkbyTTO4XeueVWyeMfsZZxvsKRloMBQP0VGtQrUeNaDl0GzTXoE7WM6iVHuPUsFxxjUyCc71mlGG/AIuCST4P49zxDNgERrznoQbFXb9YvnNOLzyT0qGx/mikS/a3owDl3Ewl/qYCHLtNbUH+q6lcorBmupGPw5t+IXSWI9dsFT/MJUVDF1XQVFjOUM48AGaF/wFlY7DA0BcWhrHmU2aUAp0WMdiRgrd5ES/CTVbEVtE1F0uhBLr5tkHobYPnfgy+/eZm19ugfdW4bURPESmTM3JOLkmTXJM78kBapE0YSck7+Sh9BeXgZLWkoLTeVo38maD6DWK+uXQ=</latexit><latexit sha1_base64="O3q582xEhxBOkT56OfOWdZ/scaU=">AAACWXicbVHLSgMxFL0d3/VVFVdugiLopkzdqDvBjeBGwVrBKXInTdtgHkNyRy1Df8Gt/ppf4G+YqUW09ULgcE4OJzk3zZT0FMcflWhmdm5+YXGpuryyurZe21i59TZ3XDS5VdbdpeiFkkY0SZISd5kTqFMlWunjeam3noTz0pobGmSirbFnZFdypJLKDlqHD7W9uB6Phk2DxhjswXiuHjYql0nH8lwLQ1yh9/eNOKN2gY4kV2JYTXIvMuSP2BP3ARrUwreL0WOHbD8wHda1LhxDbMT+dhSovR/oNNzUSH0/qZXkv5rOFUlnnyfyqXvSLqTJchKGf8d3c8XIsrIP1pFOcFKDAJA7GX7AeB8dcgqtVauJEc/cao2mUyToehpfhkVShtusSJxmYy5RUkvyw2mDNNOGwP0YQv2NybKnQfOoflqPr2NYhB3YhQNowDGcwQVcQRM49OEV3uC98hmtRlvfe4oq44Vtwp+Jtr8AZ0S7oA==</latexit><latexit sha1_base64="O3q582xEhxBOkT56OfOWdZ/scaU=">AAACWXicbVHLSgMxFL0d3/VVFVdugiLopkzdqDvBjeBGwVrBKXInTdtgHkNyRy1Df8Gt/ppf4G+YqUW09ULgcE4OJzk3zZT0FMcflWhmdm5+YXGpuryyurZe21i59TZ3XDS5VdbdpeiFkkY0SZISd5kTqFMlWunjeam3noTz0pobGmSirbFnZFdypJLKDlqHD7W9uB6Phk2DxhjswXiuHjYql0nH8lwLQ1yh9/eNOKN2gY4kV2JYTXIvMuSP2BP3ARrUwreL0WOHbD8wHda1LhxDbMT+dhSovR/oNNzUSH0/qZXkv5rOFUlnnyfyqXvSLqTJchKGf8d3c8XIsrIP1pFOcFKDAJA7GX7AeB8dcgqtVauJEc/cao2mUyToehpfhkVShtusSJxmYy5RUkvyw2mDNNOGwP0YQv2NybKnQfOoflqPr2NYhB3YhQNowDGcwQVcQRM49OEV3uC98hmtRlvfe4oq44Vtwp+Jtr8AZ0S7oA==</latexit><latexit sha1_base64="9aYdZ0Xohvj92Q9L2Vaw21RnMm4="></latexit><latexit sha1_base64="TXBIpHjV3+jB6mD/iHvO6m+VfPA="></latexit><latexit sha1_base64="TXBIpHjV3+jB6mD/iHvO6m+VfPA="></latexit><latexit sha1_base64="TXBIpHjV3+jB6mD/iHvO6m+VfPA="></latexit><latexit sha1_base64="TXBIpHjV3+jB6mD/iHvO6m+VfPA="></latexit><latexit sha1_base64="TXBIpHjV3+jB6mD/iHvO6m+VfPA="></latexit>
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p(W )
<latexit sha1_base64="TXBIpHjV3+jB6mD/iHvO6m+VfPA="></latexit><latexit sha1_base64="TXBIpHjV3+jB6mD/iHvO6m+VfPA="></latexit><latexit sha1_base64="TXBIpHjV3+jB6mD/iHvO6m+VfPA="></latexit><latexit sha1_base64="UCVdQAUobHOL6CCgCuMDHI9qnb8=">AAACUnicbVHLSgMxFE3HVx2rtms3wSK4KlM36k5wI7ipYG2hU8qdTNqG5jEkd6xl6A+49evc+iWmD0RbLwQO5+RwknOTTAqHUfRZCnZ29/YPyofhUSU8PjmtVl6cyS3jbWaksd0EHJdC8zYKlLybWQ4qkbyTTO4XeueVWyeMfsZZxvsKRloMBQP0VGtQrUeNaDl0GzTXoE7WM6iVHuPUsFxxjUyCc71mlGG/AIuCST4P49zxDNgERrznoQbFXb9YvnNOLzyT0qGx/mikS/a3owDl3Ewl/qYCHLtNbUH+q6lcorBmupGPw5t+IXSWI9dsFT/MJUVDF1XQVFjOUM48AGaF/wFlY7DA0BcWhrHmU2aUAp0WMdiRgrd5ES/CTVbEVtE1F0uhBLr5tkHobYPnfgy+/eZm19ugfdW4bURPESmTM3JOLkmTXJM78kBapE0YSck7+Sh9BeXgZLWkoLTeVo38maD6DWK+uXQ=</latexit><latexit sha1_base64="O3q582xEhxBOkT56OfOWdZ/scaU=">AAACWXicbVHLSgMxFL0d3/VVFVdugiLopkzdqDvBjeBGwVrBKXInTdtgHkNyRy1Df8Gt/ppf4G+YqUW09ULgcE4OJzk3zZT0FMcflWhmdm5+YXGpuryyurZe21i59TZ3XDS5VdbdpeiFkkY0SZISd5kTqFMlWunjeam3noTz0pobGmSirbFnZFdypJLKDlqHD7W9uB6Phk2DxhjswXiuHjYql0nH8lwLQ1yh9/eNOKN2gY4kV2JYTXIvMuSP2BP3ARrUwreL0WOHbD8wHda1LhxDbMT+dhSovR/oNNzUSH0/qZXkv5rOFUlnnyfyqXvSLqTJchKGf8d3c8XIsrIP1pFOcFKDAJA7GX7AeB8dcgqtVauJEc/cao2mUyToehpfhkVShtusSJxmYy5RUkvyw2mDNNOGwP0YQv2NybKnQfOoflqPr2NYhB3YhQNowDGcwQVcQRM49OEV3uC98hmtRlvfe4oq44Vtwp+Jtr8AZ0S7oA==</latexit><latexit sha1_base64="O3q582xEhxBOkT56OfOWdZ/scaU=">AAACWXicbVHLSgMxFL0d3/VVFVdugiLopkzdqDvBjeBGwVrBKXInTdtgHkNyRy1Df8Gt/ppf4G+YqUW09ULgcE4OJzk3zZT0FMcflWhmdm5+YXGpuryyurZe21i59TZ3XDS5VdbdpeiFkkY0SZISd5kTqFMlWunjeam3noTz0pobGmSirbFnZFdypJLKDlqHD7W9uB6Phk2DxhjswXiuHjYql0nH8lwLQ1yh9/eNOKN2gY4kV2JYTXIvMuSP2BP3ARrUwreL0WOHbD8wHda1LhxDbMT+dhSovR/oNNzUSH0/qZXkv5rOFUlnnyfyqXvSLqTJchKGf8d3c8XIsrIP1pFOcFKDAJA7GX7AeB8dcgqtVauJEc/cao2mUyToehpfhkVShtusSJxmYy5RUkvyw2mDNNOGwP0YQv2NybKnQfOoflqPr2NYhB3YhQNowDGcwQVcQRM49OEV3uC98hmtRlvfe4oq44Vtwp+Jtr8AZ0S7oA==</latexit><latexit sha1_base64="9aYdZ0Xohvj92Q9L2Vaw21RnMm4="></latexit><latexit sha1_base64="TXBIpHjV3+jB6mD/iHvO6m+VfPA="></latexit><latexit sha1_base64="TXBIpHjV3+jB6mD/iHvO6m+VfPA="></latexit><latexit sha1_base64="TXBIpHjV3+jB6mD/iHvO6m+VfPA="></latexit><latexit sha1_base64="TXBIpHjV3+jB6mD/iHvO6m+VfPA="></latexit><latexit sha1_base64="TXBIpHjV3+jB6mD/iHvO6m+VfPA="></latexit>
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Character seq. vs. word seq.

• Example: “I see”
• ! = ($% ∈ {“i”, “see”,… . }|2 = 1, 2)
• 6 = (78 ∈ 9|: = 1,… , 5), where 9 = “a”, “b”, “c”, “d“, “e”,…

• Low/zero count problem
• Word “bitcoin” is not appeared in old WSJ sentences, but character seq. can 

cover it
• Semantic context, lexicon constraint
• Word unit can handle them, but not in the character unit

• No word unit in some languages
• Some languages do not have word boundaries (no explicit word units)
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Connectionist temporal classification

• Formulation
• Let character seq. be ! = ($% ∈ '|) = 1,… , -) and feature seq. be / = (0% ∈ℝ2|3 = 1,… , 4)
• Focus on the posterior distribution 5(!|/), and rewrite it as

• No Bayes theorem, but use conditional independence 
• Introduce latent variable seq. 6 = (7% ∈ {',< b >}|3 = 1,… , 4) that has the 

same length as input feature seq.
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Recurrent neural network

• Input and output are same length in general 

20
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Introduction of blank symbol <b>

• First we insert <b> to the character seq.
”see” 
→ ! = (“s”, “e”, “e”), where ! = %
→ !′ = (“<b>”, “s”, “<b>”, “e”, “<b>”, “e”, “<b>”), where !' = 2% + 1
• Then, expand !′ to the frame length + to form ,
• All characters can be repeated
• <b> can be skipped except when it is inserted between repeated character

• “s”, ”<b>”, ”e”: we can skip <b>
• “e”, ”<b>”, ”e”: we cannot skip <b>

21



Example of !
• " = (“s”, “e”, “e”)
• "′ = (“<b>”, “s”, “<b>”, “e”, “<b>”, “e”, “<b>”)
• ' = 5
• ! = (“<b>”, “s”, “e”, “<b>”, “e”), ( “s”, “<b>”, “e”, “<b>”, “e”), (“s”, “s”, 

“e”, “<b>”, “e”),…. 

22



Example of !
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Example of !
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CTC Formulation

• CTC acoustic model

• Using conditional independence assumption to factorize the posterior ! " #
but this is not bad assumption compared with HMM
• This can be realized by Bidirectional LSTM
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Forward directional RNN

• !" = $(&',… , &")
Then,
• + ," &',… , &"
≈ +(,"|!")

27
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Backward directional RNN

• !" = $(&",… , &))
Then,
• + ," &",… , &)
≈ +(,"|!")

28
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Bidirectional RNN

• !" = !"
!"

= $(& = ('(,… , '+))
Then,
• - ." &
≈ -(."|!1)
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CTC Formulation

• CTC Language model

• Using conditional independence assumption (1st order Markov) to factorize 
the posterior, same as the HMM
• !(#): Letter language model (we can also combine the word language model)
• !(%): Prior probability for the state sequence
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Summary of CTC formulation

• !(#|%) is rewritten as follows

• In general, prior probabilities !(#) and ! ' are separately obtained (not fully 
end-to-end)
• We can further eliminate the prior probabilities by assuming the uniform 

distributions as follows (( # denotes all possible CTC paths given #):

• Basically, we can use a forward-backward algorithm to estimate the parameter
31



Baidu CTC
[Amodei+(2015)]
• Optimization of computational cost of CTC dynamic programming
• Multiple GPUs
• Architecture optimization (BLSTM -> GRU, use of CNN)
• Use 12,000 hours of data for training
• Data augmentation (noise)
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Google CTC
[Soltau+(2016)]
• Word-level CTC, conventional BLSTM
• No language model
• 125,000 hours of training data (!) from Youtube

• Word-level CTC obtains comparable performance (even without LM)
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Summary

• CTC
• One promising direction of end-to-end
• No language model
• Still based on conditional independence assumptions and Markov 

assumptions
• CTC is really end-to-end?

• Attention
• Another end-to-end
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“I want to go to
Johns Hopkins campus”

Acoustic 
modeling

Lexicon
Language 
modeling

G OW T UW

“go to”
“go two”
“go too”
“goes to”
“goes two”
“goes too”

G OW Z T UW

p(O|L)
<latexit sha1_base64="cMYLn3i1AeIom9oOH+cAMLvYguU="></latexit><latexit sha1_base64="cMYLn3i1AeIom9oOH+cAMLvYguU="></latexit><latexit sha1_base64="cMYLn3i1AeIom9oOH+cAMLvYguU="></latexit>

p(L|W )
<latexit sha1_base64="qYK2KgpnsCiH8bB8m2PrFisTtYs="></latexit><latexit sha1_base64="qYK2KgpnsCiH8bB8m2PrFisTtYs="></latexit><latexit sha1_base64="qYK2KgpnsCiH8bB8m2PrFisTtYs="></latexit>

p(W )
<latexit sha1_base64="TXBIpHjV3+jB6mD/iHvO6m+VfPA="></latexit><latexit sha1_base64="TXBIpHjV3+jB6mD/iHvO6m+VfPA="></latexit><latexit sha1_base64="TXBIpHjV3+jB6mD/iHvO6m+VfPA="></latexit><latexit sha1_base64="UCVdQAUobHOL6CCgCuMDHI9qnb8=">AAACUnicbVHLSgMxFE3HVx2rtms3wSK4KlM36k5wI7ipYG2hU8qdTNqG5jEkd6xl6A+49evc+iWmD0RbLwQO5+RwknOTTAqHUfRZCnZ29/YPyofhUSU8PjmtVl6cyS3jbWaksd0EHJdC8zYKlLybWQ4qkbyTTO4XeueVWyeMfsZZxvsKRloMBQP0VGtQrUeNaDl0GzTXoE7WM6iVHuPUsFxxjUyCc71mlGG/AIuCST4P49zxDNgERrznoQbFXb9YvnNOLzyT0qGx/mikS/a3owDl3Ewl/qYCHLtNbUH+q6lcorBmupGPw5t+IXSWI9dsFT/MJUVDF1XQVFjOUM48AGaF/wFlY7DA0BcWhrHmU2aUAp0WMdiRgrd5ES/CTVbEVtE1F0uhBLr5tkHobYPnfgy+/eZm19ugfdW4bURPESmTM3JOLkmTXJM78kBapE0YSck7+Sh9BeXgZLWkoLTeVo38maD6DWK+uXQ=</latexit><latexit sha1_base64="O3q582xEhxBOkT56OfOWdZ/scaU=">AAACWXicbVHLSgMxFL0d3/VVFVdugiLopkzdqDvBjeBGwVrBKXInTdtgHkNyRy1Df8Gt/ppf4G+YqUW09ULgcE4OJzk3zZT0FMcflWhmdm5+YXGpuryyurZe21i59TZ3XDS5VdbdpeiFkkY0SZISd5kTqFMlWunjeam3noTz0pobGmSirbFnZFdypJLKDlqHD7W9uB6Phk2DxhjswXiuHjYql0nH8lwLQ1yh9/eNOKN2gY4kV2JYTXIvMuSP2BP3ARrUwreL0WOHbD8wHda1LhxDbMT+dhSovR/oNNzUSH0/qZXkv5rOFUlnnyfyqXvSLqTJchKGf8d3c8XIsrIP1pFOcFKDAJA7GX7AeB8dcgqtVauJEc/cao2mUyToehpfhkVShtusSJxmYy5RUkvyw2mDNNOGwP0YQv2NybKnQfOoflqPr2NYhB3YhQNowDGcwQVcQRM49OEV3uC98hmtRlvfe4oq44Vtwp+Jtr8AZ0S7oA==</latexit><latexit sha1_base64="O3q582xEhxBOkT56OfOWdZ/scaU=">AAACWXicbVHLSgMxFL0d3/VVFVdugiLopkzdqDvBjeBGwVrBKXInTdtgHkNyRy1Df8Gt/ppf4G+YqUW09ULgcE4OJzk3zZT0FMcflWhmdm5+YXGpuryyurZe21i59TZ3XDS5VdbdpeiFkkY0SZISd5kTqFMlWunjeam3noTz0pobGmSirbFnZFdypJLKDlqHD7W9uB6Phk2DxhjswXiuHjYql0nH8lwLQ1yh9/eNOKN2gY4kV2JYTXIvMuSP2BP3ARrUwreL0WOHbD8wHda1LhxDbMT+dhSovR/oNNzUSH0/qZXkv5rOFUlnnyfyqXvSLqTJchKGf8d3c8XIsrIP1pFOcFKDAJA7GX7AeB8dcgqtVauJEc/cao2mUyToehpfhkVShtusSJxmYy5RUkvyw2mDNNOGwP0YQv2NybKnQfOoflqPr2NYhB3YhQNowDGcwQVcQRM49OEV3uC98hmtRlvfe4oq44Vtwp+Jtr8AZ0S7oA==</latexit><latexit sha1_base64="9aYdZ0Xohvj92Q9L2Vaw21RnMm4="></latexit><latexit sha1_base64="TXBIpHjV3+jB6mD/iHvO6m+VfPA="></latexit><latexit sha1_base64="TXBIpHjV3+jB6mD/iHvO6m+VfPA="></latexit><latexit sha1_base64="TXBIpHjV3+jB6mD/iHvO6m+VfPA="></latexit><latexit sha1_base64="TXBIpHjV3+jB6mD/iHvO6m+VfPA="></latexit><latexit sha1_base64="TXBIpHjV3+jB6mD/iHvO6m+VfPA="></latexit>

37



Speech recognition pipeline

Feature 
extraction

“I want to go to
Johns Hopkins campus”

Attention-based encoder decoder

G OW T UW

“go to”
“go two”
“go too”
“goes to”
“goes two”
“goes too”

G OW Z T UW

p(O|L)
<latexit sha1_base64="cMYLn3i1AeIom9oOH+cAMLvYguU="></latexit><latexit sha1_base64="cMYLn3i1AeIom9oOH+cAMLvYguU="></latexit><latexit sha1_base64="cMYLn3i1AeIom9oOH+cAMLvYguU="></latexit>

p(L|W )
<latexit sha1_base64="qYK2KgpnsCiH8bB8m2PrFisTtYs="></latexit><latexit sha1_base64="qYK2KgpnsCiH8bB8m2PrFisTtYs="></latexit><latexit sha1_base64="qYK2KgpnsCiH8bB8m2PrFisTtYs="></latexit>

p(W )
<latexit sha1_base64="TXBIpHjV3+jB6mD/iHvO6m+VfPA="></latexit><latexit sha1_base64="TXBIpHjV3+jB6mD/iHvO6m+VfPA="></latexit><latexit sha1_base64="TXBIpHjV3+jB6mD/iHvO6m+VfPA="></latexit><latexit sha1_base64="UCVdQAUobHOL6CCgCuMDHI9qnb8=">AAACUnicbVHLSgMxFE3HVx2rtms3wSK4KlM36k5wI7ipYG2hU8qdTNqG5jEkd6xl6A+49evc+iWmD0RbLwQO5+RwknOTTAqHUfRZCnZ29/YPyofhUSU8PjmtVl6cyS3jbWaksd0EHJdC8zYKlLybWQ4qkbyTTO4XeueVWyeMfsZZxvsKRloMBQP0VGtQrUeNaDl0GzTXoE7WM6iVHuPUsFxxjUyCc71mlGG/AIuCST4P49zxDNgERrznoQbFXb9YvnNOLzyT0qGx/mikS/a3owDl3Ewl/qYCHLtNbUH+q6lcorBmupGPw5t+IXSWI9dsFT/MJUVDF1XQVFjOUM48AGaF/wFlY7DA0BcWhrHmU2aUAp0WMdiRgrd5ES/CTVbEVtE1F0uhBLr5tkHobYPnfgy+/eZm19ugfdW4bURPESmTM3JOLkmTXJM78kBapE0YSck7+Sh9BeXgZLWkoLTeVo38maD6DWK+uXQ=</latexit><latexit sha1_base64="O3q582xEhxBOkT56OfOWdZ/scaU=">AAACWXicbVHLSgMxFL0d3/VVFVdugiLopkzdqDvBjeBGwVrBKXInTdtgHkNyRy1Df8Gt/ppf4G+YqUW09ULgcE4OJzk3zZT0FMcflWhmdm5+YXGpuryyurZe21i59TZ3XDS5VdbdpeiFkkY0SZISd5kTqFMlWunjeam3noTz0pobGmSirbFnZFdypJLKDlqHD7W9uB6Phk2DxhjswXiuHjYql0nH8lwLQ1yh9/eNOKN2gY4kV2JYTXIvMuSP2BP3ARrUwreL0WOHbD8wHda1LhxDbMT+dhSovR/oNNzUSH0/qZXkv5rOFUlnnyfyqXvSLqTJchKGf8d3c8XIsrIP1pFOcFKDAJA7GX7AeB8dcgqtVauJEc/cao2mUyToehpfhkVShtusSJxmYy5RUkvyw2mDNNOGwP0YQv2NybKnQfOoflqPr2NYhB3YhQNowDGcwQVcQRM49OEV3uC98hmtRlvfe4oq44Vtwp+Jtr8AZ0S7oA==</latexit><latexit sha1_base64="O3q582xEhxBOkT56OfOWdZ/scaU=">AAACWXicbVHLSgMxFL0d3/VVFVdugiLopkzdqDvBjeBGwVrBKXInTdtgHkNyRy1Df8Gt/ppf4G+YqUW09ULgcE4OJzk3zZT0FMcflWhmdm5+YXGpuryyurZe21i59TZ3XDS5VdbdpeiFkkY0SZISd5kTqFMlWunjeam3noTz0pobGmSirbFnZFdypJLKDlqHD7W9uB6Phk2DxhjswXiuHjYql0nH8lwLQ1yh9/eNOKN2gY4kV2JYTXIvMuSP2BP3ARrUwreL0WOHbD8wHda1LhxDbMT+dhSovR/oNNzUSH0/qZXkv5rOFUlnnyfyqXvSLqTJchKGf8d3c8XIsrIP1pFOcFKDAJA7GX7AeB8dcgqtVauJEc/cao2mUyToehpfhkVShtusSJxmYy5RUkvyw2mDNNOGwP0YQv2NybKnQfOoflqPr2NYhB3YhQNowDGcwQVcQRM49OEV3uC98hmtRlvfe4oq44Vtwp+Jtr8AZ0S7oA==</latexit><latexit sha1_base64="9aYdZ0Xohvj92Q9L2Vaw21RnMm4="></latexit><latexit sha1_base64="TXBIpHjV3+jB6mD/iHvO6m+VfPA="></latexit><latexit sha1_base64="TXBIpHjV3+jB6mD/iHvO6m+VfPA="></latexit><latexit sha1_base64="TXBIpHjV3+jB6mD/iHvO6m+VfPA="></latexit><latexit sha1_base64="TXBIpHjV3+jB6mD/iHvO6m+VfPA="></latexit><latexit sha1_base64="TXBIpHjV3+jB6mD/iHvO6m+VfPA="></latexit>

38



Attention based encoder-decoder

• Let ! = ($% ∈ '|) = 1,… , -), be a character sequence
• ' : set of characters

• Let / = (01 ∈ ℝ3|4 = 1,… , 5), be a sequence of 6 dimensional 
feature vectors 7! = argmax=>(!|/)
• Problem: 5 and - are different, and we cannot use normal neural 

networks
• Sequence to sequence is a solution to deal with it

39



Sequence to sequence

• We only use a probabilistic chain rule

• Encoder-decoder architecture
• Taking a final LSTM vector as an initial vector of a decoder network  

• RNNLM-style text generation given summarized acoustic information !"#
40
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Problem of encoder-decoder architecture

• We cannot explicitly have an alignment 
property
• No connection between frame-level activations 
!′# and output labels $%
• Long sentence would have issues

• Attention mechanism
• Compute the assignment probability for each 

output & from a neural network
• '% = )%# * = 1,… , .} ∈ ℝ2 , 0 < )%# <
1,∑#672 )%# = 1
• Obtain the context vector 8% = ∑#672 )%# !′# , which 

is feeded to the RNNLM generator

42
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From seq2seq to attention encoder-decoder 
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Encoder network
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• Reduces computational 
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• Input and output lengths 
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Attention mechanism 
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H

a0 a1 a2 … aJ

v1 v2 vJ…

ΣAttention
Mechanism

Σ Σ

v0

Σ



Decoder network
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• RNNLM generator given the 
context vector !"
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context vector
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How to compute the attention?

• Use the decode state !" ∈ ℝ%&'(and 
encoder output ) ∈ ℝ%*+×-to compute 
." ∈ ℝ-

• Dot product attention 
/"0 = 2

3*+3&'(

43*+3&'(5"3&'(ℎ3*+0
7

= )-8!" "0
• Energy based attention

/"0 = 9-tanh(8?!" +8AB0 + C)
9 ∈ ℝ%E(( ,8? ∈ ℝ%E((×%&'( ,8A ∈ ℝ%E((×%*+

• There are a lot of variations
• Softmax operation ." = softmax(L")
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Summary of attention encoder-decoder

• No conditional independence assumption
• No need for pronunciation lexicon
• Attention & Encoder: acoustic model
• Decoder: language model
• Combine acoustic and language

models with single network
• Attention model is too flexible for alignment 

issues

• Not easy to combine the language model trained 
with a bunch of text data
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Experiments (Google, *slides from T. Sainath)

• WPM: Word piece model, MHA: Multihead attention, MWER, minimum 
word error rate
• Hybrid DNN/HMM system 6.7%
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Experiments (MERL)

• Hybrid CTC/attention
• Combine CTC and attention encoder-decoder networks

• Corpus of spontaneous Japanese (CSJ)

• HKUST Chinese Telephone Conversation
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Eval1 Eval2 Eval3

End-to-end 7.9 5.8 6.7

Hybrid DNN/HMM 8.4 6.9 7.1

Test

End-to-end 28.0

Hybrid DNN/HMM 28.2



Summary

• Attention encoder-decoder
• Another possible direction for end-to-end ASR
• Single neural network to have acoustic, linguistic, and language modeling
• Several reports that achieve better performance from conventional hybrid 

DNN/HMM

• Connection to NLP
• No need for pronunciation lexicon

• Easily applied to multilingual ASR

• Opensource
ESPnet https://github.com/espnet/espnet

Today’s lab
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