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Demonstration (Japanese, Google voice 
search)



Sometimes working, sometimes failed

Reference) 
I want to go to the CMU campus
Recognition result) 
I want to go to the gym you can



Sometimes working, sometimes failed

Reference) 
CMU⼤学のキャンパスに⾏きたいです
Recognition result) 
CMU洋楽のキャンパスに⾏きたいです



Evaluation metric 1

• Sentence error rate
• An entire sentence (utterance) is correct or not (100% error in the case 

below)

• Too strict, and needs to consider some local correctness 

Reference) 
I want to go to the CMU campus
Recognition result) 
I want to go to the gym you can



EvaluaBon metric 2

• Word error rate (WER)
• Using edit distance word-by-word:

• # inser(on errors = 1, # subs(tu(on errors = 2, # of dele(on errors = 0➡ Edit distance = 3
• Word error rate (%): Edit distance (=3) / # reference words (=8) * 100 = 37.5%
• How to compute WERs for languages that do not have word boundaries?

• Chunking or using character error rate

Reference) 
I want to go to the CMU campus
Recognition result) 
I want to go to the gym you can



Evaluation metric 3

• Character error rate (CER)
• Using edit distance character-by-character:

• # inser(on errors = 0, # subs(tu(on errors = 2, # of dele(on errors = 0 
➡ Edit distance = 2

• Character error rate (%): Edit distance (=2) / # reference words (=18) * 100 = 11.1%

Reference) 
CMU⼤学のキャンパスに⾏きたいです
Recognition result) 
CMU洋楽のキャンパスに⾏きたいです



Evaluation metric

• Other metrics
• Phoneme error rate (need a pronunciation dictionary)
• Frame error rate (need an alignment)

• NIST Speech Recognition Scoring Toolkit (SCTK)
• ftp://jaguar.ncsl.nist.gov/pub/sctk-2.4.10-20151007-1312Z.tar.bz2

• WER can be > 100%, insertion case, deletion case
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Speech recogni,on 
research is easy (?)

• We have WER or CER

• Objec(ve, easy to obtain, very 
applica(on-specific, single 
objec(ve

• This can show the clear 
progress of technologies

• This would be one reason that
the effec(veness of deep 
learning was first shown in 
speech
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Speech Recogni,on
• Mapping physical signal sequence to linguistic symbol sequence

“Thatʼs another story”



Automatic speech recognition

Feature 
extraction

“I want to go to
CMU campus”

Acoustic 
modeling Lexicon Language 

modelingASR



Automatic speech recognition

– Instead of star(ng from the waveform, we will oRen start from speech features (MFCC, etc.) 
through the feature extrac-on module

– Let’s think of the conversion from speech feature 𝑂 to text 𝑊

Feature 
extraction

“I want to go to
CMU campus”

Acoustic 
modeling Lexicon Language 

modelingASR

𝑂 𝑊



Speech recogniBon with a probabilisBc 
formulaBon
• MAP decision theory: EsImate the most probable word sequence        

among all possible word sequences       (I’ll omit the domain 
someImes)

Ŵ = argmax
W2W

p(W |O)
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Feature 
extraction

“I want to go to
CMU campus”

Acoustic 
modeling Lexicon

Language 
modelingASR
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Probabilistic rules

• Product rule

• Sum rule

• Condi0onal independence assump0on

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>



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 generaRng process of noisy observaRons!!
• SRll 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>



Speech <-> Text

Speech 𝑂:

Text 𝑊: I want to go to the CMU campus
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Speech <-> Phoneme <-> Text

Speech 𝑂:

Phoneme 𝐿: AY W AA N T T UW G OW T UW DH AH S IY EH M Y UW K AE M P AH 
S

Text𝑊: I want to go to the CMU campus
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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 with phoneme
• Let                                                                                       be a phoneme sequence 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 is not the probability as it lacks a sum to one constraint



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 with phoneme
• Let                                                                                       be a phoneme sequence 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 is not the probability as it lacks a sum to one constraint

Sum rule



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 with phoneme
• Let                                                                                       be a phoneme sequence 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 is not the probability as it lacks a sum to one constraint

Sum rule

Product rule



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 with phoneme
• Let                                                                                       be a phoneme sequence 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 is not the probability as it lacks a sum to one constraint

Sum rule

Product rule

Ignore 𝑝(𝑂) as it does 
not depend on 𝑊



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 with phoneme
• Let                                                                                       be a phoneme sequence 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 is not the probability as it lacks a sum to one constraint

Sum rule

Product rule

Ignore 𝑝(𝑂) as it does 
not depend on 𝑊

Conditional independence 
assumption



argmax
#

𝑝(𝑊|𝑂) = argmax
$

𝑝 𝑂 𝑊 𝑝(𝑊)

≈ argmax
$

/
%

𝑝 𝑂 𝐿 𝑝(𝐿|𝑊)𝑝(𝑊)

• Speech recogni4on
• 𝑝 𝑂 𝐿 : AcousRc model (Hidden Markov model)
• 𝑝 𝐿 𝑊 : Lexicon
• 𝑝(𝑊): Language model (n-gram)

Noisy channel model



argmax
#

𝑝(𝑊|𝑌) = argmax
#

𝑝 𝑌 𝑊 𝑝(𝑊)

• Machine transla4on
• 𝑝 𝑌 𝑊 : TranslaRon model
• 𝑝(𝑊): Language model

Noisy channel model
W: Target language text
Y: Source language text 



Speech recognition pipeline

Feature 
extraction

“I want to go to
CMU 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
𝑊

Ŵ = argmax
W2W

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

𝐿



Speech recogniBon pipeline

Feature 
extraction

“I want to go to
CMU 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 )
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Please remember the noisy channel model

• Factorization
• Conditional independence (Markov) assumptions

We can elegantly factorize the speech recognition problem with a reasonable 
subproblem

In the rest of courses, I’ll introduce
• A bit further details of acoustic, lexicon, and language models

• More and more factorization, conditional independence assumptions
• I’ll skip these parts. If you want to know more about details, please check some other 

materials or take 11-751 “Speech Recognition and Understanding”
• For example, In 11-751 “Speech Recognition and Understanding”, I’ll spend 30% of  the 

entire semester for this problem



Table of Contents

• Speech recognition demo & Evaluation metrics
• (a bit) mathematical formulation of speech recognition
• Standard speech recognition pipeline
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Main blocks (end-to-end ASR)
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Waveform to speech feature

• Performed by so-called feature extraction module
• Mel-frequency cepstral coefficient (MFCC), Perceptual Linear Prediction (PLP) 

used for Gaussian mixture model (GMM)
• Log Mel filterbank used for deep neural network (DNN)

• Time scale
• 0.0625 milliseconds (16kHz) to 10 milliseconds

• Type of values
• Scalar (or discrete) to 12-dimensional vector 

• Mostly language-independent process
• Some languages use special features, e.g., pitch in Mandarin

Feature 
extraction



What kind of representaBon are desired?

• Need to preserve phoneRc/linguisRc 
informaRon
• While suppressing irrelevant informaRon 

(speakers and noises)
• Befer to consider the compaRbility with 

backend modules

• Perceptual Linear PredicRon (PLP) or 
mulRlayer perceptron tandem (MLP-
Tandem)
• Learnable frontend (CNN)
• Self-supervised learning (HuBERT)



Speech recogniBon pipeline
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CMU campus”
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modeling

G OW T UW
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“go two”
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Speech feature to phoneme

• Performed by so-called acoustic modeling module
• Hidden Markov model (HMM) with GMM as an emission probability function
• Hidden Markov model (HMM) with DNN as an emission probability function

• Time scale
• 10 milliseconds to ~100 milliseconds (depending on a phoneme)

• Type of values
• 12-dimensional continuous vector to 50 categorical value (~6bit)

• Mostly language independent
• Map of the speech feature (language independent) to phoneme

• It can be a probability of possible phoneme sequences, e.g.,
or                           with some scores

Acoustic 
modeling

G OW T UW

G OW T UW G OW Z T UW



AcousBc model 𝑝(𝑂|𝐿)
• O and L are different lengths
• Align speech features and 

phoneme sequences by using 
HMM

• Provide 𝑝 𝑂 𝐿 based on this 
alignment and model
• The most important problem in 

speech recognition

UW1                        UW2                                  UW3

UW1                        UW2                                  UW3 ????

or/UW1/ /UW2/ /UW3/
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Phoneme to word

• Performed by lexicon module
• American English: CMU dictionary

• Time scale
• 100 milliseconds (depending on a phoneme) to 1 second (depending on a 

word and also language)

• Type of values
• 50 categorical value (~6bit) to 100K categorical value (~2Byte)

• Language dependent 
• It can be multiple word sequences (one to many)

LexiconG OW T UW “go to”



Lexicon 𝑝(𝐿|𝑊)

• Basically use a pronunciation dictionary, and map a word to the 
corresponding phoneme sequence
• with the probability = 1.0 when single pronunciation
• with the probability = 1.0/J when multiple (J) pronunciations 

p(L|W ) = p(/T/, /OW/|”two”) = 1.0
<latexit sha1_base64="MZLTFuOQpjLW1k4BcVI44pFK/68="></latexit><latexit sha1_base64="MZLTFuOQpjLW1k4BcVI44pFK/68="></latexit><latexit sha1_base64="MZLTFuOQpjLW1k4BcVI44pFK/68="></latexit><latexit sha1_base64="rb8G4+aBjLPlNqI1qh6V2qVBcfc=">AAAB7nicbZDNSgMxFIXv+FvHqnXtJlgEV2XGjboT3Lis4NhCO5RMJtOGJpMhuaOUoT6AW1/BlfhCvoGPYfqz0NYDgcM5CffmSwopLAbBl7exubW9s1vb8/fr/sHhUaP+aHVpGI+Yltp0E2q5FDmPUKDk3cJwqhLJO8n4dtZ3nrixQucPOCl4rOgwF5lgFF3UHjSaQSuYi6ybcGmasNSg8d1PNSsVz5FJam0vDAqMK2pQMMmnfr+0vKBsTIe852xOFbdxNV9zSs5ckpJMG3dyJPP094uKKmsnKnE3FcWRXe1m4b+dKiUKo59X5mN2FVciL0rkOVuMz0pJUJMZCZIKwxnKiTOUGeF+QNiIGsrQ8fIdmXCVw7qJLlrXreA+gBqcwCmcQwiXcAN30IYIGKTwCm/ei/fufSwAbnhLksfwR97nD+XZk3Q=</latexit><latexit sha1_base64="IwiryUTBrr076tA1W+F3ZizEx0s=">AAACK3icbZA9SwNBEIbn/IzxK9raLBEhgiR3NsZCEGwsBCMYI5gQ9jabZHHv9tidM4bL/RX/h72t9lZWoj/DTbxCoy8sPPvODMO8fiSFQdd9dWZm5+YXFnNL+eWV1bX1wsbKlVGxZrzOlFT62qeGSxHyOgqU/DrSnAa+5A3/9mRcb9xxbYQKL3EY8VZAe6HoCkbRWu1CNSqdjRq75IhEpSbye0wql5V0j2R83qiko+xTxIEqpuNWr+ySdmHbLbsTkb/gZbANmWrtwmezo1gc8BCZpMbceG6ErYRqFEzyNN+MDY8ou6U9fmMxpAE3rWRyYUp2rNMhXaXtC5FM3J8TCQ2MGQa+7Qwo9s10bWz+WwtiiUKrwdR+7FZbiQijGHnIvtd3Y0lQkXGIpCM0ZyiHFijTwl5AWJ9qytBGnbfReNNB/IX6fvmw7F64kIMtKEIJPDiAYziFGtSBwQM8wTO8OI/Om/P+neGMk4W5Cb/kfHwBARuoXA==</latexit><latexit sha1_base64="IwiryUTBrr076tA1W+F3ZizEx0s=">AAACK3icbZA9SwNBEIbn/IzxK9raLBEhgiR3NsZCEGwsBCMYI5gQ9jabZHHv9tidM4bL/RX/h72t9lZWoj/DTbxCoy8sPPvODMO8fiSFQdd9dWZm5+YXFnNL+eWV1bX1wsbKlVGxZrzOlFT62qeGSxHyOgqU/DrSnAa+5A3/9mRcb9xxbYQKL3EY8VZAe6HoCkbRWu1CNSqdjRq75IhEpSbye0wql5V0j2R83qiko+xTxIEqpuNWr+ySdmHbLbsTkb/gZbANmWrtwmezo1gc8BCZpMbceG6ErYRqFEzyNN+MDY8ou6U9fmMxpAE3rWRyYUp2rNMhXaXtC5FM3J8TCQ2MGQa+7Qwo9s10bWz+WwtiiUKrwdR+7FZbiQijGHnIvtd3Y0lQkXGIpCM0ZyiHFijTwl5AWJ9qytBGnbfReNNB/IX6fvmw7F64kIMtKEIJPDiAYziFGtSBwQM8wTO8OI/Om/P+neGMk4W5Cb/kfHwBARuoXA==</latexit><latexit sha1_base64="SJTUlgPn6DikEsNOFKcB4qO00mc="></latexit><latexit sha1_base64="MZLTFuOQpjLW1k4BcVI44pFK/68="></latexit><latexit sha1_base64="MZLTFuOQpjLW1k4BcVI44pFK/68="></latexit><latexit sha1_base64="MZLTFuOQpjLW1k4BcVI44pFK/68="></latexit><latexit sha1_base64="MZLTFuOQpjLW1k4BcVI44pFK/68="></latexit><latexit sha1_base64="MZLTFuOQpjLW1k4BcVI44pFK/68="></latexit>



What is phone and phoneme???
GO TO: “ɡ oʊ t u” or “G OW T UW”
• Phone: ɡ oʊ t u

• Devised by International Phonetic Association
• Physical categorization of speech sound
• Not applicable to all languages, needs special characters, too many variations

• Phoneme: one of the units that distinguish one word from another in a 
particular language
• /r/ and /l/ are degenerated in some languages (e.g., “rice” and “lice” sounds same 

for me!). Then, we don’t have to distinguish them.
• ARPAbet: G OW T UW

• Proposed by ARPA for the development of speech recognition of only “American English”
• Represented by ASCII characters



Pronunciation dictionary

• CMU dictionary
• http://www.speech.cs.cmu.edu/cgi-bin/cmudict

”I want to go to the CMU campus”
àAY W AA N T T UW G OW T UW DH AH S IY EH M Y UW K AE M P AH S

• Powerful, but limited
• Out of vocabulary issue, especially new word

→ Grapheme2Phoneme mapping based on machine learning 



Let’s play the CMU dicBonary!

• Access: hXp://www.speech.cs.cmu.edu/cgi-bin/cmudict

• Find some in-vocabulary words

• Find five out-of-vocabulary words
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Multilingual phone dictionary

• hXps://en.wikIonary.org/wiki/WikIonary:Main_Page

48

https://en.wiktionary.org/wiki/Wiktionary:Main_Page


Speech recognition pipeline

Feature 
extraction

“I want to go to
CMU 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>



Word to text

• Performed by language modeling module 𝑝(𝑊)
• N-gram
• Recurrent neural network language model (RNNLM)

• From training data, we can basically find how possibly ”to”, “two”, and 
“too” will be appeared a_er “go”
• Part of WSJ training data, 37,416 uferances

• “go to”: 51 (mes
• “go two”:
• “go too”:

Language 
modeling

“go to”
“go two”
“go too”

“go to”



Word to text

• Performed by language modeling module 𝑝(𝑊)
• N-gram
• Recurrent neural network language model (RNNLM)

• From training data, we can basically find how possibly ”to”, “two”, and 
“too” will be appeared after “go”
• Part of WSJ training data, 37,416 utterances

• “go to”: 51 times
• “go two”: 0 times
• “go too”: 0 times

Language 
modeling

“go to”
“go two”
“go too”

“go to”



Word to text

• Performed by language modeling module 𝑝(𝑊)
• N-gram
• Recurrent neural network language model (RNNLM)

• From training data, we can basically find how possibly ”to”, “two”, and 
“too” will be appeared after “go”
• WSJ all text data, 6,375,622 sentences

• “go to”: 2710 times
• “go two”: 
• “go too”: 

Language 
modeling

“go to”
“go two”
“go too”

“go to”



Word to text

• Performed by language modeling module 𝑝(𝑊)
• N-gram
• Recurrent neural network language model (RNNLM)

• From training data, we can basically find how possibly ”to”, “two”, and 
“too” will be appeared a_er “go”
• WSJ all text data, 6,375,622 sentences

• “go to”: 2710 (mes
• “go two”: 2 (mes, e.g., “those serving shore plants o7en go two hundred miles or more”
• “go too”: 

Language 
modeling

“go to”
“go two”
“go too”

“go to”



Word to text

• Performed by language modeling module 𝑝(𝑊)
• N-gram
• Recurrent neural network language model (RNNLM)

• From training data, we can basically find how possibly ”to”, “two”, and 
“too” will be appeared after “go”
• WSJ all text data, 6,375,622 sentences

• “go to”: 2710 times
• “go two”: 2 times, e.g., “those serving shore plants often go two hundred miles or more”
• “go too”: 41 times, e.g., “he could go too far”

Language 
modeling

“go to”
“go two”
“go too”

“go to”



Word to text

• Performed by language modeling module 𝑝(𝑊)
• N-gram
• Recurrent neural network language model (RNNLM)

• From training data, we can basically find how possibly ”to”, “two”, and 
“too” will be appeared a_er “go”
• WSJ all text data, 6,375,622 sentences

• “go to”: 2710 (mes
• “go two”: 2 (mes, e.g., “those serving shore plants o7en go two hundred miles or more”
• “go too”: 41 (mes, e.g., “he could go too far”

• Language dependent

Language 
modeling

“go to”
“go two”
“go too”

“go to”



Building speech recognition is really difficult…

• We need to develop all components
• Each component requires a lot of background knowledge
• We need to tune hyper-parameters in each module

Feature 
extraction

“I want to go to
CMU 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



End-to-end speech recogniBon

“I want to go to 
CMU campus”

Neural network

Simple, but not perfect 
soluAon for mulAlingual 
ASR



How to apply it to the other language?

Feature 
extraction

“I want to go to
CMU 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



How to apply it to the other language?

• We can just change the lexicon and language models (dic\onary and text only data)
• Not easy for end-to-end ASR (we need parallel data)

Feature 
extraction

“今日は家に帰る”

Acoustic 
modeling Lexicon Language 

modeling

k a e r u

“帰る”
“カエル”
“変える”



Summary

• Speech recogniIon
• Well defined problem (input: sound, output: text, evaluaRon metric)
• The problem is well factorized with 1) feature extracRon, 2) acousRc model, 3) 

lexicon, and 4) language model
• 1 and 2 are mostly language intendent while 3 and 4 are language dependent



Discussion

1. Please try one of speech recognition engines in English (Google, 
Apple, Amazon, etc.)
• If you find some recognition errors, please discuss why such errors occur
• You can do some stress tests by making a difficult situation for the engine

2. Please try the above speech recognition engine in the other 
language 
• If you find some difference between English and the other language for the 

performance or behavior, please discuss it

In my case, I found that English and Japanese are equally good in terms of the 
ASR performance, but the spoken language understanding part in Japanese was 
very poor…


