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EECS 183/283a: Natural Language Processing



HMM Inference

they can can fish
<latexit sha1_base64="3q3Eb0Z4UAt3V16MIdThqJNzxig=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwwySLQ==</latexit>

x



HMM Inference

they can can fish

STOP

<latexit sha1_base64="3q3Eb0Z4UAt3V16MIdThqJNzxig=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwwySLQ==</latexit>

x

<latexit sha1_base64="SrBrpWzHYFEGvjTp+wNTwBoUEVE=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjDAM/Q03LhRx68+482/MtLPQ6oHA4Zx7uDcnTDjTxnW/nMra+sbmVnW7trO7t39QPzzqaZkqQrtEcqkGIdaUM0G7hhlOB4miOA457Yez28LvP1KlmRQPJktoEOOJYBEj2FjJ96U1i2yezUf1htt0F0B/iVeSBpTojOqf/liSNKbCEI61HnpuYoIcK8MIp/Oan2qaYDLDEzq0VOCY6iBf3DxHZ1YZo0gq+4RBC/VnIsex1lkc2skYm6le9QrxP2+Ymug6yJlIUkMFWS6KUo6MREUBaMwUJYZnlmCimL0VkSlWmBhbU82W4K1++S/pXTS9VrN1f9lo35R1VOEETuEcPLiCNtxBB7pAIIEneIFXJ3WenTfnfTlaccrMMfyC8/ENxJGSLg==</latexit>

y

Generative story: 

• Observed words are generated from hidden POS tags 

• Each hidden POS tag is generated from a previous hidden 
POS tag 

• The first POS tag is generated from some prior



HMM Inference

they can can fish

STOP

<latexit sha1_base64="3q3Eb0Z4UAt3V16MIdThqJNzxig=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwwySLQ==</latexit>

x

<latexit sha1_base64="SrBrpWzHYFEGvjTp+wNTwBoUEVE=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjDAM/Q03LhRx68+482/MtLPQ6oHA4Zx7uDcnTDjTxnW/nMra+sbmVnW7trO7t39QPzzqaZkqQrtEcqkGIdaUM0G7hhlOB4miOA457Yez28LvP1KlmRQPJktoEOOJYBEj2FjJ96U1i2yezUf1htt0F0B/iVeSBpTojOqf/liSNKbCEI61HnpuYoIcK8MIp/Oan2qaYDLDEzq0VOCY6iBf3DxHZ1YZo0gq+4RBC/VnIsex1lkc2skYm6le9QrxP2+Ymug6yJlIUkMFWS6KUo6MREUBaMwUJYZnlmCimL0VkSlWmBhbU82W4K1++S/pXTS9VrN1f9lo35R1VOEETuEcPLiCNtxBB7pAIIEneIFXJ3WenTfnfTlaccrMMfyC8/ENxJGSLg==</latexit>

y

N -1
V -1

start logprobs



HMM Inference

they can can fish

STOP

<latexit sha1_base64="3q3Eb0Z4UAt3V16MIdThqJNzxig=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwwySLQ==</latexit>

x

<latexit sha1_base64="SrBrpWzHYFEGvjTp+wNTwBoUEVE=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjDAM/Q03LhRx68+482/MtLPQ6oHA4Zx7uDcnTDjTxnW/nMra+sbmVnW7trO7t39QPzzqaZkqQrtEcqkGIdaUM0G7hhlOB4miOA457Yez28LvP1KlmRQPJktoEOOJYBEj2FjJ96U1i2yezUf1htt0F0B/iVeSBpTojOqf/liSNKbCEI61HnpuYoIcK8MIp/Oan2qaYDLDEzq0VOCY6iBf3DxHZ1YZo0gq+4RBC/VnIsex1lkc2skYm6le9QrxP2+Ymug6yJlIUkMFWS6KUo6MREUBaMwUJYZnlmCimL0VkSlWmBhbU82W4K1++S/pXTS9VrN1f9lo35R1VOEETuEcPLiCNtxBB7pAIIEneIFXJ3WenTfnfTlaccrMMfyC8/ENxJGSLg==</latexit>

y

N -1
V -1

start logprobs transition logprobs
N V STOP

N -2 -1 -1
V -1 -1 -2



HMM Inference

they can can fish

STOP

<latexit sha1_base64="3q3Eb0Z4UAt3V16MIdThqJNzxig=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwwySLQ==</latexit>

x

<latexit sha1_base64="SrBrpWzHYFEGvjTp+wNTwBoUEVE=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjDAM/Q03LhRx68+482/MtLPQ6oHA4Zx7uDcnTDjTxnW/nMra+sbmVnW7trO7t39QPzzqaZkqQrtEcqkGIdaUM0G7hhlOB4miOA457Yez28LvP1KlmRQPJktoEOOJYBEj2FjJ96U1i2yezUf1htt0F0B/iVeSBpTojOqf/liSNKbCEI61HnpuYoIcK8MIp/Oan2qaYDLDEzq0VOCY6iBf3DxHZ1YZo0gq+4RBC/VnIsex1lkc2skYm6le9QrxP2+Ymug6yJlIUkMFWS6KUo6MREUBaMwUJYZnlmCimL0VkSlWmBhbU82W4K1++S/pXTS9VrN1f9lo35R1VOEETuEcPLiCNtxBB7pAIIEneIFXJ3WenTfnfTlaccrMMfyC8/ENxJGSLg==</latexit>

y

N -1
V -1

start logprobs transition logprobs
N V STOP

N -2 -1 -1
V -1 -1 -2

emission logprobs
they can fish

N -1 -3 -1
V -3 -1 -1



HMM Inference

they can can fish

STOP

<latexit sha1_base64="3q3Eb0Z4UAt3V16MIdThqJNzxig=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwwySLQ==</latexit>

x

<latexit sha1_base64="SrBrpWzHYFEGvjTp+wNTwBoUEVE=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjDAM/Q03LhRx68+482/MtLPQ6oHA4Zx7uDcnTDjTxnW/nMra+sbmVnW7trO7t39QPzzqaZkqQrtEcqkGIdaUM0G7hhlOB4miOA457Yez28LvP1KlmRQPJktoEOOJYBEj2FjJ96U1i2yezUf1htt0F0B/iVeSBpTojOqf/liSNKbCEI61HnpuYoIcK8MIp/Oan2qaYDLDEzq0VOCY6iBf3DxHZ1YZo0gq+4RBC/VnIsex1lkc2skYm6le9QrxP2+Ymug6yJlIUkMFWS6KUo6MREUBaMwUJYZnlmCimL0VkSlWmBhbU82W4K1++S/pXTS9VrN1f9lo35R1VOEETuEcPLiCNtxBB7pAIIEneIFXJ3WenTfnfTlaccrMMfyC8/ENxJGSLg==</latexit>

y

N -1
V -1

start logprobs transition logprobs
N V STOP

N -2 -1 -1
V -1 -1 -2

emission logprobs
they can fish

N -1 -3 -1
V -3 -1 -1

<latexit sha1_base64="tGhPXqxrMDcPLHfOgI/FuAM+VmM=">AAACKXicbZDLSsNAFIYn9VbrLerSzWARKkJJRKoboejGZQV7gSaEyWTSDp1cmJkUQ+jruPFV3Cgo6tYXcdpGrK0HBn7+7xzOnN+NGRXSMD60wtLyyupacb20sbm1vaPv7rVElHBMmjhiEe+4SBBGQ9KUVDLSiTlBgctI2x1cj3l7SLigUXgn05jYAeqF1KcYSWU5en3omLBiSco8kqWjY3gJLRb1YKNyr4AVUA/OwJMf+Os5et moGpOCi8LMRRnk1XD0F8uLcBKQUGKGhOiaRiztDHFJMSOjkpUIEiM8QD3SVTJEARF2Nrl0BI+U40E/4uqFEk7c2YkMBUKkgas6AyT7Yp6Nzf9YN5H+hZ3RME4kCfF0kZ8wKCM4jg16lBMsWaoEwpyqv0LcRxxhqcItqRDM+ZMXReu0ataqtduzcv0qj6MIDsAhqAATnIM6uAEN0AQYPIAn8AretEftWXvXPqetBS2f2Qd/Svv6BizzpM4=</latexit>

v1(ỹ) = logP (x1 | ỹ) + logP (ỹ)
<latexit sha1_base64="M7hZXzzzwymmnfCHesOvwGS2sKg=">AAACknicbVFbSxtBFJ5d6y2tJta++TIYChEx7IqXIthqfemDDxEaFbJhmZ09uxkye2HmbEhY9gf17/St/8ZJTCVGDwx8fN93LnNOkEuh0XH+WfbKh9W19Y3N2sdPW9v1xs7ne50VikOXZzJTjwHTIEUKXRQo4TFXwJJAwkMwvJnqDyNQWmTpb5zk0E9YnIpIcIaG8ht/Rr6gLQ+FDKGcVAf0knoyi2mnNTaCl4iQLoiHhmFjv3 yhfA9hjKVpOaoqkwkRtv4XeDEtlVnMmZYc+aU4cquFKV47PCXiAR74jabTdmZB3wJ3DppkHh2/8dcLM14kkCKXTOue6+TYL5lCwSVUNa/QkDM+ZDH0DExZArpfzlZa0a+GCWmUKfNSpDN2MaNkidaTJDDOhOFAL2tT8j2tV2D0rV+KNC8QUv7cKCokxYxO70NDoYCjnBjAuBJmVsoHTDGO5oo1swR3+ctvwf1x2z1rn92dNK9+ztexQfbIPmkRl5yTK/KLdEiXcKtunVrfrR/2F/vCvrZvnq22Nc/ZJa/Cvn0CcQDJDg==</latexit>

vi(ỹ) = logP (xi | ỹ) + max
ỹprev

(logP (ỹ | ỹprev) + vi�1(ỹprev))



HMM Inference
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<latexit sha1_base64="3q3Eb0Z4UAt3V16MIdThqJNzxig=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwwySLQ==</latexit>

x

<latexit sha1_base64="SrBrpWzHYFEGvjTp+wNTwBoUEVE=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjDAM/Q03LhRx68+482/MtLPQ6oHA4Zx7uDcnTDjTxnW/nMra+sbmVnW7trO7t39QPzzqaZkqQrtEcqkGIdaUM0G7hhlOB4miOA457Yez28LvP1KlmRQPJktoEOOJYBEj2FjJ96U1i2yezUf1htt0F0B/iVeSBpTojOqf/liSNKbCEI61HnpuYoIcK8MIp/Oan2qaYDLDEzq0VOCY6iBf3DxHZ1YZo0gq+4RBC/VnIsex1lkc2skYm6le9QrxP2+Ymug6yJlIUkMFWS6KUo6MREUBaMwUJYZnlmCimL0VkSlWmBhbU82W4K1++S/pXTS9VrN1f9lo35R1VOEETuEcPLiCNtxBB7pAIIEneIFXJ3WenTfnfTlaccrMMfyC8/ENxJGSLg==</latexit>

y

N -1
V -1

start logprobs transition logprobs
N V STOP

N -2 -1 -1
V -1 -1 -2

emission logprobs
they can fish

N -1 -3 -1
V -3 -1 -1

<latexit sha1_base64="tGhPXqxrMDcPLHfOgI/FuAM+VmM=">AAACKXicbZDLSsNAFIYn9VbrLerSzWARKkJJRKoboejGZQV7gSaEyWTSDp1cmJkUQ+jruPFV3Cgo6tYXcdpGrK0HBn7+7xzOnN+NGRXSMD60wtLyyupacb20sbm1vaPv7rVElHBMmjhiEe+4SBBGQ9KUVDLSiTlBgctI2x1cj3l7SLigUXgn05jYAeqF1KcYSWU5en3omLBiSco8kqWjY3gJLRb1YKNyr4AVUA/OwJMf+Os5et moGpOCi8LMRRnk1XD0F8uLcBKQUGKGhOiaRiztDHFJMSOjkpUIEiM8QD3SVTJEARF2Nrl0BI+U40E/4uqFEk7c2YkMBUKkgas6AyT7Yp6Nzf9YN5H+hZ3RME4kCfF0kZ8wKCM4jg16lBMsWaoEwpyqv0LcRxxhqcItqRDM+ZMXReu0ataqtduzcv0qj6MIDsAhqAATnIM6uAEN0AQYPIAn8AretEftWXvXPqetBS2f2Qd/Svv6BizzpM4=</latexit>

v1(ỹ) = logP (x1 | ỹ) + logP (ỹ)

<latexit sha1_base64="MJI3iCSwvI6K+0xzyyQUb5lsJ+A=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh6MVjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxIpDLrul1NYWV1b3yhulra2d3b3yvsHLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+Gbmtx+5NiJWDzhJuB/RoRKhYBStdC+uvH654lbdOchf4uWkAjka/fJnbxCzNOIKmaTGdD03QT+jGgWTfFrqpYYnlI3pkHctVTTixs/mp07JiVUGJIy1LYVkrv6cyGhkzCQKbGdEcWSWvZn4n9dNMbz0M6GSFLlii0VhKgnGZPY3GQjNGcqJJZRpYW8lbEQ1ZWjTKdkQvOWX/5LWWdWrVWt355X6dR5HEY7gGE7Bgwuowy00oAkMhvAEL/DqSOfZeXPeF60FJ585hF9wPr4BxK+Neg==</latexit>

i = 1
<latexit sha1_base64="4QltGHLnAJdVr24t38wjsfw4wfQ=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8hRmR6EUIevEkEcwCmSH0dCpJk56F7hoxDoO/4sWDIl79D2/+jZ3loIkPCh7vVVFVz4+l0Gjb39bC4tLyympuLb++sbm1XdjZresoURxqPJKRavpMgxQh1FCghGasgAW+hIY/uBr5jXtQWkThHQ5j8ALWC0VXcIZGahf2XRSyA+kwoxfURXjA9CZrF4p2yR6DzhNnSopkimq78OV2Ip4EECKXTOuWY8fopUyh4BKyvJtoiBkfsB60DA1ZANpLx9dn9MgoHdqNlKkQ6Vj9PZGyQOth4JvOgGFfz3oj8T+vlWD33EtFGCcIIZ8s6iaSYkRHUdCOUMBRDg1hXAlzK+V9phhHE1jehODMvjxP6iclp1wq354WK5fTOHLkgBySY+KQM1Ih16RKaoSTR/JMXsmb9WS9WO/Wx6R1wZrO7JE/sD5/AHhllUE=</latexit>

ỹ = N
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<latexit sha1_base64="3q3Eb0Z4UAt3V16MIdThqJNzxig=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwwySLQ==</latexit>

x

<latexit sha1_base64="SrBrpWzHYFEGvjTp+wNTwBoUEVE=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjDAM/Q03LhRx68+482/MtLPQ6oHA4Zx7uDcnTDjTxnW/nMra+sbmVnW7trO7t39QPzzqaZkqQrtEcqkGIdaUM0G7hhlOB4miOA457Yez28LvP1KlmRQPJktoEOOJYBEj2FjJ96U1i2yezUf1htt0F0B/iVeSBpTojOqf/liSNKbCEI61HnpuYoIcK8MIp/Oan2qaYDLDEzq0VOCY6iBf3DxHZ1YZo0gq+4RBC/VnIsex1lkc2skYm6le9QrxP2+Ymug6yJlIUkMFWS6KUo6MREUBaMwUJYZnlmCimL0VkSlWmBhbU82W4K1++S/pXTS9VrN1f9lo35R1VOEETuEcPLiCNtxBB7pAIIEneIFXJ3WenTfnfTlaccrMMfyC8/ENxJGSLg==</latexit>

y

N -1
V -1

start logprobs transition logprobs
N V STOP

N -2 -1 -1
V -1 -1 -2

emission logprobs
they can fish

N -1 -3 -1
V -3 -1 -1

<latexit sha1_base64="tGhPXqxrMDcPLHfOgI/FuAM+VmM=">AAACKXicbZDLSsNAFIYn9VbrLerSzWARKkJJRKoboejGZQV7gSaEyWTSDp1cmJkUQ+jruPFV3Cgo6tYXcdpGrK0HBn7+7xzOnN+NGRXSMD60wtLyyupacb20sbm1vaPv7rVElHBMmjhiEe+4SBBGQ9KUVDLSiTlBgctI2x1cj3l7SLigUXgn05jYAeqF1KcYSWU5en3omLBiSco8kqWjY3gJLRb1YKNyr4AVUA/OwJMf+Os5et moGpOCi8LMRRnk1XD0F8uLcBKQUGKGhOiaRiztDHFJMSOjkpUIEiM8QD3SVTJEARF2Nrl0BI+U40E/4uqFEk7c2YkMBUKkgas6AyT7Yp6Nzf9YN5H+hZ3RME4kCfF0kZ8wKCM4jg16lBMsWaoEwpyqv0LcRxxhqcItqRDM+ZMXReu0ataqtduzcv0qj6MIDsAhqAATnIM6uAEN0AQYPIAn8AretEftWXvXPqetBS2f2Qd/Svv6BizzpM4=</latexit>

v1(ỹ) = logP (x1 | ỹ) + logP (ỹ)

<latexit sha1_base64="MJI3iCSwvI6K+0xzyyQUb5lsJ+A=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh6MVjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxIpDLrul1NYWV1b3yhulra2d3b3yvsHLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+Gbmtx+5NiJWDzhJuB/RoRKhYBStdC+uvH654lbdOchf4uWkAjka/fJnbxCzNOIKmaTGdD03QT+jGgWTfFrqpYYnlI3pkHctVTTixs/mp07JiVUGJIy1LYVkrv6cyGhkzCQKbGdEcWSWvZn4n9dNMbz0M6GSFLlii0VhKgnGZPY3GQjNGcqJJZRpYW8lbEQ1ZWjTKdkQvOWX/5LWWdWrVWt355X6dR5HEY7gGE7Bgwuowy00oAkMhvAEL/DqSOfZeXPeF60FJ585hF9wPr4BxK+Neg==</latexit>

i = 1
<latexit sha1_base64="4QltGHLnAJdVr24t38wjsfw4wfQ=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8hRmR6EUIevEkEcwCmSH0dCpJk56F7hoxDoO/4sWDIl79D2/+jZ3loIkPCh7vVVFVz4+l0Gjb39bC4tLyympuLb++sbm1XdjZresoURxqPJKRavpMgxQh1FCghGasgAW+hIY/uBr5jXtQWkThHQ5j8ALWC0VXcIZGahf2XRSyA+kwoxfURXjA9CZrF4p2yR6DzhNnSopkimq78OV2Ip4EECKXTOuWY8fopUyh4BKyvJtoiBkfsB60DA1ZANpLx9dn9MgoHdqNlKkQ6Vj9PZGyQOth4JvOgGFfz3oj8T+vlWD33EtFGCcIIZ8s6iaSYkRHUdCOUMBRDg1hXAlzK+V9phhHE1jehODMvjxP6iclp1wq354WK5fTOHLkgBySY+KQM1Ih16RKaoSTR/JMXsmb9WS9WO/Wx6R1wZrO7JE/sD5/AHhllUE=</latexit>

ỹ = N

-1



HMM Inference

they

-1

<latexit sha1_base64="3q3Eb0Z4UAt3V16MIdThqJNzxig=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwwySLQ==</latexit>

x

<latexit sha1_base64="SrBrpWzHYFEGvjTp+wNTwBoUEVE=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjDAM/Q03LhRx68+482/MtLPQ6oHA4Zx7uDcnTDjTxnW/nMra+sbmVnW7trO7t39QPzzqaZkqQrtEcqkGIdaUM0G7hhlOB4miOA457Yez28LvP1KlmRQPJktoEOOJYBEj2FjJ96U1i2yezUf1htt0F0B/iVeSBpTojOqf/liSNKbCEI61HnpuYoIcK8MIp/Oan2qaYDLDEzq0VOCY6iBf3DxHZ1YZo0gq+4RBC/VnIsex1lkc2skYm6le9QrxP2+Ymug6yJlIUkMFWS6KUo6MREUBaMwUJYZnlmCimL0VkSlWmBhbU82W4K1++S/pXTS9VrN1f9lo35R1VOEETuEcPLiCNtxBB7pAIIEneIFXJ3WenTfnfTlaccrMMfyC8/ENxJGSLg==</latexit>

y

N -1
V -1

start logprobs transition logprobs
N V STOP

N -2 -1 -1
V -1 -1 -2

emission logprobs
they can fish

N -1 -3 -1
V -3 -1 -1

<latexit sha1_base64="tGhPXqxrMDcPLHfOgI/FuAM+VmM=">AAACKXicbZDLSsNAFIYn9VbrLerSzWARKkJJRKoboejGZQV7gSaEyWTSDp1cmJkUQ+jruPFV3Cgo6tYXcdpGrK0HBn7+7xzOnN+NGRXSMD60wtLyyupacb20sbm1vaPv7rVElHBMmjhiEe+4SBBGQ9KUVDLSiTlBgctI2x1cj3l7SLigUXgn05jYAeqF1KcYSWU5en3omLBiSco8kqWjY3gJLRb1YKNyr4AVUA/OwJMf+Os5et moGpOCi8LMRRnk1XD0F8uLcBKQUGKGhOiaRiztDHFJMSOjkpUIEiM8QD3SVTJEARF2Nrl0BI+U40E/4uqFEk7c2YkMBUKkgas6AyT7Yp6Nzf9YN5H+hZ3RME4kCfF0kZ8wKCM4jg16lBMsWaoEwpyqv0LcRxxhqcItqRDM+ZMXReu0ataqtduzcv0qj6MIDsAhqAATnIM6uAEN0AQYPIAn8AretEftWXvXPqetBS2f2Qd/Svv6BizzpM4=</latexit>

v1(ỹ) = logP (x1 | ỹ) + logP (ỹ)

<latexit sha1_base64="MJI3iCSwvI6K+0xzyyQUb5lsJ+A=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh6MVjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxIpDLrul1NYWV1b3yhulra2d3b3yvsHLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+Gbmtx+5NiJWDzhJuB/RoRKhYBStdC+uvH654lbdOchf4uWkAjka/fJnbxCzNOIKmaTGdD03QT+jGgWTfFrqpYYnlI3pkHctVTTixs/mp07JiVUGJIy1LYVkrv6cyGhkzCQKbGdEcWSWvZn4n9dNMbz0M6GSFLlii0VhKgnGZPY3GQjNGcqJJZRpYW8lbEQ1ZWjTKdkQvOWX/5LWWdWrVWt355X6dR5HEY7gGE7Bgwuowy00oAkMhvAEL/DqSOfZeXPeF60FJ585hF9wPr4BxK+Neg==</latexit>

i = 1
<latexit sha1_base64="4QltGHLnAJdVr24t38wjsfw4wfQ=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8hRmR6EUIevEkEcwCmSH0dCpJk56F7hoxDoO/4sWDIl79D2/+jZ3loIkPCh7vVVFVz4+l0Gjb39bC4tLyympuLb++sbm1XdjZresoURxqPJKRavpMgxQh1FCghGasgAW+hIY/uBr5jXtQWkThHQ5j8ALWC0VXcIZGahf2XRSyA+kwoxfURXjA9CZrF4p2yR6DzhNnSopkimq78OV2Ip4EECKXTOuWY8fopUyh4BKyvJtoiBkfsB60DA1ZANpLx9dn9MgoHdqNlKkQ6Vj9PZGyQOth4JvOgGFfz3oj8T+vlWD33EtFGCcIIZ8s6iaSYkRHUdCOUMBRDg1hXAlzK+V9phhHE1jehODMvjxP6iclp1wq354WK5fTOHLkgBySY+KQM1Ih16RKaoSTR/JMXsmb9WS9WO/Wx6R1wZrO7JE/sD5/AHhllUE=</latexit>

ỹ = N

-1

<latexit sha1_base64="PPqVmYhfpxAo5fWKvtc3QBHPz68=">AAAB+3icbVDLSgNBEJz1GeNrjUcvg0GIB8NukOhFCHrxJBHMA5JlmZ3MJkNmH8z0hoQlv+LFgyJe/RFv/o2TZA+aWNBQVHXT3eXFgiuwrG9jbX1jc2s7t5Pf3ds/ODSPCk0VJZKyBo1EJNseUUzwkDWAg2DtWDISeIK1vOHdzG+NmFQ8Cp9gEjMnIP2Q+5wS0JJrFkauXeoCG0P6MD3HN/ii4ppFq2zNgVeJnZEiylB3za9uL6 JJwEKggijVsa0YnJRI4FSwab6bKBYTOiR91tE0JAFTTjq/fYrPtNLDfiR1hYDn6u+JlARKTQJPdwYEBmrZm4n/eZ0E/Gsn5WGcAAvpYpGfCAwRngWBe1wyCmKiCaGS61sxHRBJKOi48joEe/nlVdKslO1qufp4WazdZnHk0Ak6RSVkoytUQ/eojhqIojF6Rq/ozZgaL8a78bFoXTOymWP0B8bnD9OjkwQ=</latexit>

v1(N) = �2



HMM Inference

they

-1

<latexit sha1_base64="3q3Eb0Z4UAt3V16MIdThqJNzxig=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwwySLQ==</latexit>

x

<latexit sha1_base64="SrBrpWzHYFEGvjTp+wNTwBoUEVE=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjDAM/Q03LhRx68+482/MtLPQ6oHA4Zx7uDcnTDjTxnW/nMra+sbmVnW7trO7t39QPzzqaZkqQrtEcqkGIdaUM0G7hhlOB4miOA457Yez28LvP1KlmRQPJktoEOOJYBEj2FjJ96U1i2yezUf1htt0F0B/iVeSBpTojOqf/liSNKbCEI61HnpuYoIcK8MIp/Oan2qaYDLDEzq0VOCY6iBf3DxHZ1YZo0gq+4RBC/VnIsex1lkc2skYm6le9QrxP2+Ymug6yJlIUkMFWS6KUo6MREUBaMwUJYZnlmCimL0VkSlWmBhbU82W4K1++S/pXTS9VrN1f9lo35R1VOEETuEcPLiCNtxBB7pAIIEneIFXJ3WenTfnfTlaccrMMfyC8/ENxJGSLg==</latexit>

y

N -1
V -1

start logprobs transition logprobs
N V STOP

N -2 -1 -1
V -1 -1 -2

emission logprobs
they can fish

N -1 -3 -1
V -3 -1 -1

<latexit sha1_base64="tGhPXqxrMDcPLHfOgI/FuAM+VmM=">AAACKXicbZDLSsNAFIYn9VbrLerSzWARKkJJRKoboejGZQV7gSaEyWTSDp1cmJkUQ+jruPFV3Cgo6tYXcdpGrK0HBn7+7xzOnN+NGRXSMD60wtLyyupacb20sbm1vaPv7rVElHBMmjhiEe+4SBBGQ9KUVDLSiTlBgctI2x1cj3l7SLigUXgn05jYAeqF1KcYSWU5en3omLBiSco8kqWjY3gJLRb1YKNyr4AVUA/OwJMf+Os5et moGpOCi8LMRRnk1XD0F8uLcBKQUGKGhOiaRiztDHFJMSOjkpUIEiM8QD3SVTJEARF2Nrl0BI+U40E/4uqFEk7c2YkMBUKkgas6AyT7Yp6Nzf9YN5H+hZ3RME4kCfF0kZ8wKCM4jg16lBMsWaoEwpyqv0LcRxxhqcItqRDM+ZMXReu0ataqtduzcv0qj6MIDsAhqAATnIM6uAEN0AQYPIAn8AretEftWXvXPqetBS2f2Qd/Svv6BizzpM4=</latexit>

v1(ỹ) = logP (x1 | ỹ) + logP (ỹ)

<latexit sha1_base64="MJI3iCSwvI6K+0xzyyQUb5lsJ+A=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh6MVjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxIpDLrul1NYWV1b3yhulra2d3b3yvsHLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+Gbmtx+5NiJWDzhJuB/RoRKhYBStdC+uvH654lbdOchf4uWkAjka/fJnbxCzNOIKmaTGdD03QT+jGgWTfFrqpYYnlI3pkHctVTTixs/mp07JiVUGJIy1LYVkrv6cyGhkzCQKbGdEcWSWvZn4n9dNMbz0M6GSFLlii0VhKgnGZPY3GQjNGcqJJZRpYW8lbEQ1ZWjTKdkQvOWX/5LWWdWrVWt355X6dR5HEY7gGE7Bgwuowy00oAkMhvAEL/DqSOfZeXPeF60FJ585hF9wPr4BxK+Neg==</latexit>

i = 1

-3

<latexit sha1_base64="PPqVmYhfpxAo5fWKvtc3QBHPz68=">AAAB+3icbVDLSgNBEJz1GeNrjUcvg0GIB8NukOhFCHrxJBHMA5JlmZ3MJkNmH8z0hoQlv+LFgyJe/RFv/o2TZA+aWNBQVHXT3eXFgiuwrG9jbX1jc2s7t5Pf3ds/ODSPCk0VJZKyBo1EJNseUUzwkDWAg2DtWDISeIK1vOHdzG+NmFQ8Cp9gEjMnIP2Q+5wS0JJrFkauXeoCG0P6MD3HN/ii4ppFq2zNgVeJnZEiylB3za9uL6 JJwEKggijVsa0YnJRI4FSwab6bKBYTOiR91tE0JAFTTjq/fYrPtNLDfiR1hYDn6u+JlARKTQJPdwYEBmrZm4n/eZ0E/Gsn5WGcAAvpYpGfCAwRngWBe1wyCmKiCaGS61sxHRBJKOi48joEe/nlVdKslO1qufp4WazdZnHk0Ak6RSVkoytUQ/eojhqIojF6Rq/ozZgaL8a78bFoXTOymWP0B8bnD9OjkwQ=</latexit>

v1(N) = �2

<latexit sha1_base64="XNKITKLJH2bUu4Nep3Bmq4ZPajI=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9C0IvHCOYByRJmZyfJkNmHM72BZcl3ePGgiFc/xpt/4yTZgyYWNBRV3XR3ebEUGm372yqsrW9sbhW3Szu7e/sH5cOjlo4SxXiTRTJSHY9qLkXImyhQ8k6sOA08ydve+G7mtydcaRGFj5jG3A3oMBQDwSgaye2hkD7P0im5Ia1+uWJX7TnIKnFyUoEcjX75q+dHLAl4iExSrbuOHaObUYWCST4t9RLNY8rGdMi7hoY04NrN5kdPyZlRfDKIlKkQyVz9PZHRQOs08ExnQHGkl72Z+J/XTXBw7WYijBPkIVssGiSSYERmCRBfKM5QpoZQpoS5lbARVZShyalkQnCWX14lrYuqU6vWHi4r9ds8jiKcwCmcgwNXUId7aEATGDzBM7zCmzWxXqx362PRWrDymWP4A+vzByywkbk=</latexit>

ỹ = V

<latexit sha1_base64="fWagoUVDY9b8GLitYs4d/2f8rE0=">AAAB8nicbVBNSwMxEM36WetX1aOXYBHqwbIrpXoRil48VrAfsF1KNs22odlkSWYLpfRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XbW1jc2t7ZzO/ndvf2Dw8LRcdOoVFPWoEoo3Q6JYYJL1gAOgrUTzUgcCtYKh/czvzVi2nAln2CcsCAmfckjTglYyR91vVLzAt/iy0q3UHTL7hx4lXgZKaIM9W7hq9NTNI2ZBCqIMb 7nJhBMiAZOBZvmO6lhCaFD0me+pZLEzAST+clTfG6VHo6UtiUBz9XfExMSGzOOQ9sZExiYZW8m/uf5KUQ3wYTLJAUm6WJRlAoMCs/+xz2uGQUxtoRQze2tmA6IJhRsSnkbgrf88ippXpW9arn6WCnW7rI4cugUnaES8tA1qqEHVEcNRJFCz+gVvTngvDjvzseidc3JZk7QHzifP48sj34=</latexit>

v1(V ) = �4



HMM Inference

they
<latexit sha1_base64="3q3Eb0Z4UAt3V16MIdThqJNzxig=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwwySLQ==</latexit>

x

<latexit sha1_base64="SrBrpWzHYFEGvjTp+wNTwBoUEVE=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjDAM/Q03LhRx68+482/MtLPQ6oHA4Zx7uDcnTDjTxnW/nMra+sbmVnW7trO7t39QPzzqaZkqQrtEcqkGIdaUM0G7hhlOB4miOA457Yez28LvP1KlmRQPJktoEOOJYBEj2FjJ96U1i2yezUf1htt0F0B/iVeSBpTojOqf/liSNKbCEI61HnpuYoIcK8MIp/Oan2qaYDLDEzq0VOCY6iBf3DxHZ1YZo0gq+4RBC/VnIsex1lkc2skYm6le9QrxP2+Ymug6yJlIUkMFWS6KUo6MREUBaMwUJYZnlmCimL0VkSlWmBhbU82W4K1++S/pXTS9VrN1f9lo35R1VOEETuEcPLiCNtxBB7pAIIEneIFXJ3WenTfnfTlaccrMMfyC8/ENxJGSLg==</latexit>

y

N -1
V -1

start logprobs transition logprobs
N V STOP

N -2 -1 -1
V -1 -1 -2

emission logprobs
they can fish

N -1 -3 -1
V -3 -1 -1

<latexit sha1_base64="PPqVmYhfpxAo5fWKvtc3QBHPz68=">AAAB+3icbVDLSgNBEJz1GeNrjUcvg0GIB8NukOhFCHrxJBHMA5JlmZ3MJkNmH8z0hoQlv+LFgyJe/RFv/o2TZA+aWNBQVHXT3eXFgiuwrG9jbX1jc2s7t5Pf3ds/ODSPCk0VJZKyBo1EJNseUUzwkDWAg2DtWDISeIK1vOHdzG+NmFQ8Cp9gEjMnIP2Q+5wS0JJrFkauXeoCG0P6MD3HN/ii4ppFq2zNgVeJnZEiylB3za9uL6 JJwEKggijVsa0YnJRI4FSwab6bKBYTOiR91tE0JAFTTjq/fYrPtNLDfiR1hYDn6u+JlARKTQJPdwYEBmrZm4n/eZ0E/Gsn5WGcAAvpYpGfCAwRngWBe1wyCmKiCaGS61sxHRBJKOi48joEe/nlVdKslO1qufp4WazdZnHk0Ak6RSVkoytUQ/eojhqIojF6Rq/ozZgaL8a78bFoXTOymWP0B8bnD9OjkwQ=</latexit>

v1(N) = �2
<latexit sha1_base64="fWagoUVDY9b8GLitYs4d/2f8rE0=">AAAB8nicbVBNSwMxEM36WetX1aOXYBHqwbIrpXoRil48VrAfsF1KNs22odlkSWYLpfRnePGgiFd/jTf/jWm7B219MPB4b4aZeWEiuAHX/XbW1jc2t7ZzO/ndvf2Dw8LRcdOoVFPWoEoo3Q6JYYJL1gAOgrUTzUgcCtYKh/czvzVi2nAln2CcsCAmfckjTglYyR91vVLzAt/iy0q3UHTL7hx4lXgZKaIM9W7hq9NTNI2ZBCqIMb 7nJhBMiAZOBZvmO6lhCaFD0me+pZLEzAST+clTfG6VHo6UtiUBz9XfExMSGzOOQ9sZExiYZW8m/uf5KUQ3wYTLJAUm6WJRlAoMCs/+xz2uGQUxtoRQze2tmA6IJhRsSnkbgrf88ippXpW9arn6WCnW7rI4cugUnaES8tA1qqEHVEcNRJFCz+gVvTngvDjvzseidc3JZk7QHzifP48sj34=</latexit>

v1(V ) = �4

<latexit sha1_base64="M7hZXzzzwymmnfCHesOvwGS2sKg=">AAACknicbVFbSxtBFJ5d6y2tJta++TIYChEx7IqXIthqfemDDxEaFbJhmZ09uxkye2HmbEhY9gf17/St/8ZJTCVGDwx8fN93LnNOkEuh0XH+WfbKh9W19Y3N2sdPW9v1xs7ne50VikOXZzJTjwHTIEUKXRQo4TFXwJJAwkMwvJnqDyNQWmTpb5zk0E9YnIpIcIaG8ht/Rr6gLQ+FDKGcVAf0knoyi2mnNTaCl4iQLoiHhmFjv3 yhfA9hjKVpOaoqkwkRtv4XeDEtlVnMmZYc+aU4cquFKV47PCXiAR74jabTdmZB3wJ3DppkHh2/8dcLM14kkCKXTOue6+TYL5lCwSVUNa/QkDM+ZDH0DExZArpfzlZa0a+GCWmUKfNSpDN2MaNkidaTJDDOhOFAL2tT8j2tV2D0rV+KNC8QUv7cKCokxYxO70NDoYCjnBjAuBJmVsoHTDGO5oo1swR3+ctvwf1x2z1rn92dNK9+ztexQfbIPmkRl5yTK/KLdEiXcKtunVrfrR/2F/vCvrZvnq22Nc/ZJa/Cvn0CcQDJDg==</latexit>

vi(ỹ) = logP (xi | ỹ) + max
ỹprev

(logP (ỹ | ỹprev) + vi�1(ỹprev))

<latexit sha1_base64="DCPOZcOwFgcAOjSC91ejsKNX+6w=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6kUoevFYwX5AG8pmu2mXbjZhdyKU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmBYkUBl3321lb39jc2i7sFHf39g8OS0fHLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+G7mt5+4NiJWjzhJuB/RoRKhYBSt1BTkhlT7pbJbcecgq8TLSRlyNPqlr94gZmnEFTJJjel6boJ+RjUKJvm02EsNTygb0yHvWqpoxI2fzY+dknOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WdCJSlyxRaLwlQSjMnsczIQmjOUE0so08LeStiIasrQ5lO0IXjLL6+SVrXi1Sq1h8ty/TaPowCncAYX4MEV1OEeGtAEBgKe4RXeHOW8OO/Ox6J1zclnTuAPnM8fcqONzw==</latexit>

i = 2



HMM Inference

they
<latexit sha1_base64="3q3Eb0Z4UAt3V16MIdThqJNzxig=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwwySLQ==</latexit>

x

<latexit sha1_base64="SrBrpWzHYFEGvjTp+wNTwBoUEVE=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjDAM/Q03LhRx68+482/MtLPQ6oHA4Zx7uDcnTDjTxnW/nMra+sbmVnW7trO7t39QPzzqaZkqQrtEcqkGIdaUM0G7hhlOB4miOA457Yez28LvP1KlmRQPJktoEOOJYBEj2FjJ96U1i2yezUf1htt0F0B/iVeSBpTojOqf/liSNKbCEI61HnpuYoIcK8MIp/Oan2qaYDLDEzq0VOCY6iBf3DxHZ1YZo0gq+4RBC/VnIsex1lkc2skYm6le9QrxP2+Ymug6yJlIUkMFWS6KUo6MREUBaMwUJYZnlmCimL0VkSlWmBhbU82W4K1++S/pXTS9VrN1f9lo35R1VOEETuEcPLiCNtxBB7pAIIEneIFXJ3WenTfnfTlaccrMMfyC8/ENxJGSLg==</latexit>

y

N -1
V -1

start logprobs transition logprobs
N V STOP

N -2 -1 -1
V -1 -1 -2

emission logprobs
they can fish

N -1 -3 -1
V -3 -1 -1

<latexit sha1_base64="M7hZXzzzwymmnfCHesOvwGS2sKg=">AAACknicbVFbSxtBFJ5d6y2tJta++TIYChEx7IqXIthqfemDDxEaFbJhmZ09uxkye2HmbEhY9gf17/St/8ZJTCVGDwx8fN93LnNOkEuh0XH+WfbKh9W19Y3N2sdPW9v1xs7ne50VikOXZzJTjwHTIEUKXRQo4TFXwJJAwkMwvJnqDyNQWmTpb5zk0E9YnIpIcIaG8ht/Rr6gLQ+FDKGcVAf0knoyi2mnNTaCl4iQLoiHhmFjv3 yhfA9hjKVpOaoqkwkRtv4XeDEtlVnMmZYc+aU4cquFKV47PCXiAR74jabTdmZB3wJ3DppkHh2/8dcLM14kkCKXTOue6+TYL5lCwSVUNa/QkDM+ZDH0DExZArpfzlZa0a+GCWmUKfNSpDN2MaNkidaTJDDOhOFAL2tT8j2tV2D0rV+KNC8QUv7cKCokxYxO70NDoYCjnBjAuBJmVsoHTDGO5oo1swR3+ctvwf1x2z1rn92dNK9+ztexQfbIPmkRl5yTK/KLdEiXcKtunVrfrR/2F/vCvrZvnq22Nc/ZJa/Cvn0CcQDJDg==</latexit>

vi(ỹ) = logP (xi | ỹ) + max
ỹprev

(logP (ỹ | ỹprev) + vi�1(ỹprev))

<latexit sha1_base64="DCPOZcOwFgcAOjSC91ejsKNX+6w=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6kUoevFYwX5AG8pmu2mXbjZhdyKU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmBYkUBl3321lb39jc2i7sFHf39g8OS0fHLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+G7mt5+4NiJWjzhJuB/RoRKhYBSt1BTkhlT7pbJbcecgq8TLSRlyNPqlr94gZmnEFTJJjel6boJ+RjUKJvm02EsNTygb0yHvWqpoxI2fzY+dknOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WdCJSlyxRaLwlQSjMnsczIQmjOUE0so08LeStiIasrQ5lO0IXjLL6+SVrXi1Sq1h8ty/TaPowCncAYX4MEV1OEeGtAEBgKe4RXeHOW8OO/Ox6J1zclnTuAPnM8fcqONzw==</latexit>

i = 2

<latexit sha1_base64="q1HaZbYry+LxnhTjsJoSeYOQa28=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI7NDAyO7uZmSUhG77AiweN8eonefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU0eJYthgkYhUO6AaBZfYMNwIbMcKaRgIbAXj+7nfmqDSPJKPZhqjH9Kh5APOqLFSfdIrltyyuwBZJ15GSpCh1it+dfsRS0KUhgmqdcdzY+OnVBnOBM4K3URjTNmYDrFjqaQhaj9dHDojF1bpk0GkbElDFurviZSGWk/DwHaG1Iz0qjcX//M6iRnc+imXcWJQsuWiQSKIicj8a9LnCpkRU0soU9zeStiIKsqMzaZgQ/BWX14nzauyVylX6tel6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AObDjQU=</latexit>v 1
N -2
V -4



HMM Inference

they

N

<latexit sha1_base64="3q3Eb0Z4UAt3V16MIdThqJNzxig=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwwySLQ==</latexit>

x

<latexit sha1_base64="SrBrpWzHYFEGvjTp+wNTwBoUEVE=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjDAM/Q03LhRx68+482/MtLPQ6oHA4Zx7uDcnTDjTxnW/nMra+sbmVnW7trO7t39QPzzqaZkqQrtEcqkGIdaUM0G7hhlOB4miOA457Yez28LvP1KlmRQPJktoEOOJYBEj2FjJ96U1i2yezUf1htt0F0B/iVeSBpTojOqf/liSNKbCEI61HnpuYoIcK8MIp/Oan2qaYDLDEzq0VOCY6iBf3DxHZ1YZo0gq+4RBC/VnIsex1lkc2skYm6le9QrxP2+Ymug6yJlIUkMFWS6KUo6MREUBaMwUJYZnlmCimL0VkSlWmBhbU82W4K1++S/pXTS9VrN1f9lo35R1VOEETuEcPLiCNtxBB7pAIIEneIFXJ3WenTfnfTlaccrMMfyC8/ENxJGSLg==</latexit>

y

N -1
V -1

start logprobs transition logprobs
N V STOP

N -2 -1 -1
V -1 -1 -2

emission logprobs
they can fish

N -1 -3 -1
V -3 -1 -1

<latexit sha1_base64="M7hZXzzzwymmnfCHesOvwGS2sKg=">AAACknicbVFbSxtBFJ5d6y2tJta++TIYChEx7IqXIthqfemDDxEaFbJhmZ09uxkye2HmbEhY9gf17/St/8ZJTCVGDwx8fN93LnNOkEuh0XH+WfbKh9W19Y3N2sdPW9v1xs7ne50VikOXZzJTjwHTIEUKXRQo4TFXwJJAwkMwvJnqDyNQWmTpb5zk0E9YnIpIcIaG8ht/Rr6gLQ+FDKGcVAf0knoyi2mnNTaCl4iQLoiHhmFjv3 yhfA9hjKVpOaoqkwkRtv4XeDEtlVnMmZYc+aU4cquFKV47PCXiAR74jabTdmZB3wJ3DppkHh2/8dcLM14kkCKXTOue6+TYL5lCwSVUNa/QkDM+ZDH0DExZArpfzlZa0a+GCWmUKfNSpDN2MaNkidaTJDDOhOFAL2tT8j2tV2D0rV+KNC8QUv7cKCokxYxO70NDoYCjnBjAuBJmVsoHTDGO5oo1swR3+ctvwf1x2z1rn92dNK9+ztexQfbIPmkRl5yTK/KLdEiXcKtunVrfrR/2F/vCvrZvnq22Nc/ZJa/Cvn0CcQDJDg==</latexit>

vi(ỹ) = logP (xi | ỹ) + max
ỹprev

(logP (ỹ | ỹprev) + vi�1(ỹprev))

<latexit sha1_base64="DCPOZcOwFgcAOjSC91ejsKNX+6w=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6kUoevFYwX5AG8pmu2mXbjZhdyKU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmBYkUBl3321lb39jc2i7sFHf39g8OS0fHLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+G7mt5+4NiJWjzhJuB/RoRKhYBSt1BTkhlT7pbJbcecgq8TLSRlyNPqlr94gZmnEFTJJjel6boJ+RjUKJvm02EsNTygb0yHvWqpoxI2fzY+dknOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WdCJSlyxRaLwlQSjMnsczIQmjOUE0so08LeStiIasrQ5lO0IXjLL6+SVrXi1Sq1h8ty/TaPowCncAYX4MEV1OEeGtAEBgKe4RXeHOW8OO/Ox6J1zclnTuAPnM8fcqONzw==</latexit>

i = 2

<latexit sha1_base64="q1HaZbYry+LxnhTjsJoSeYOQa28=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI7NDAyO7uZmSUhG77AiweN8eonefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU0eJYthgkYhUO6AaBZfYMNwIbMcKaRgIbAXj+7nfmqDSPJKPZhqjH9Kh5APOqLFSfdIrltyyuwBZJ15GSpCh1it+dfsRS0KUhgmqdcdzY+OnVBnOBM4K3URjTNmYDrFjqaQhaj9dHDojF1bpk0GkbElDFurviZSGWk/DwHaG1Iz0qjcX//M6iRnc+imXcWJQsuWiQSKIicj8a9LnCpkRU0soU9zeStiIKsqMzaZgQ/BWX14nzauyVylX6tel6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AObDjQU=</latexit>v 1
N -2
V -4

<latexit sha1_base64="4QltGHLnAJdVr24t38wjsfw4wfQ=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8hRmR6EUIevEkEcwCmSH0dCpJk56F7hoxDoO/4sWDIl79D2/+jZ3loIkPCh7vVVFVz4+l0Gjb39bC4tLyympuLb++sbm1XdjZresoURxqPJKRavpMgxQh1FCghGasgAW+hIY/uBr5jXtQWkThHQ5j8ALWC0VXcIZGahf2XRSyA+kwoxfURXjA9CZrF4p2yR6DzhNnSopkimq78OV2Ip4EECKXTOuWY8fopUyh4BKyvJtoiBkfsB60DA1ZANpLx9dn9MgoHdqNlKkQ6Vj9PZGyQOth4JvOgGFfz3oj8T+vlWD33EtFGCcIIZ8s6iaSYkRHUdCOUMBRDg1hXAlzK+V9phhHE1jehODMvjxP6iclp1wq354WK5fTOHLkgBySY+KQM1Ih16RKaoSTR/JMXsmb9WS9WO/Wx6R1wZrO7JE/sD5/AHhllUE=</latexit>

ỹ = N

-2

<latexit sha1_base64="3hmSNLIe13YAfpMS4CExd9YvH9E=">AAACCXicbVC7SgNBFJ31GeMramkzGASrsCsSbYSgjZVEMA/ILmF2cpMMmX0wczcYlm1t/BUbC0Vs/QM7/8bJo9DEAwNnzrmHmXv8WAqNtv1tLS2vrK6t5zbym1vbO7uFvf26jhLFocYjGammzzRIEUINBUpoxgpY4Eto+IPrsd8YgtIiCu9xFIMXsF4ouoIzNFK7QF0UsgPpKGu7CA+YmvQwo5d0ervN2oWiXbInoIvEmZEimaHaLny5nYgnAYTIJdO65dgxeilTKLiELO8mGmLGB6wHLUNDFoD20skmGT02Sod2I2VOiHSi/k6kLNB6FPhmMmDY1/PeWPzPayXYvfBSEcYJQsinD3UTSTGi41poRyjgKEeGMK6E+SvlfaYYR1Ne3pTgzK+8SOqnJadcKt+dFStXszpy5JAckRPikHNSITekSmqEk0fyTF7Jm/VkvVjv1sd0dMmaZQ7IH1ifP58gmu4=</latexit>

ỹprev = N

N



HMM Inference

they

N

<latexit sha1_base64="3q3Eb0Z4UAt3V16MIdThqJNzxig=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwwySLQ==</latexit>

x

<latexit sha1_base64="SrBrpWzHYFEGvjTp+wNTwBoUEVE=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjDAM/Q03LhRx68+482/MtLPQ6oHA4Zx7uDcnTDjTxnW/nMra+sbmVnW7trO7t39QPzzqaZkqQrtEcqkGIdaUM0G7hhlOB4miOA457Yez28LvP1KlmRQPJktoEOOJYBEj2FjJ96U1i2yezUf1htt0F0B/iVeSBpTojOqf/liSNKbCEI61HnpuYoIcK8MIp/Oan2qaYDLDEzq0VOCY6iBf3DxHZ1YZo0gq+4RBC/VnIsex1lkc2skYm6le9QrxP2+Ymug6yJlIUkMFWS6KUo6MREUBaMwUJYZnlmCimL0VkSlWmBhbU82W4K1++S/pXTS9VrN1f9lo35R1VOEETuEcPLiCNtxBB7pAIIEneIFXJ3WenTfnfTlaccrMMfyC8/ENxJGSLg==</latexit>

y

N -1
V -1

start logprobs transition logprobs
N V STOP

N -2 -1 -1
V -1 -1 -2

emission logprobs
they can fish

N -1 -3 -1
V -3 -1 -1

<latexit sha1_base64="M7hZXzzzwymmnfCHesOvwGS2sKg=">AAACknicbVFbSxtBFJ5d6y2tJta++TIYChEx7IqXIthqfemDDxEaFbJhmZ09uxkye2HmbEhY9gf17/St/8ZJTCVGDwx8fN93LnNOkEuh0XH+WfbKh9W19Y3N2sdPW9v1xs7ne50VikOXZzJTjwHTIEUKXRQo4TFXwJJAwkMwvJnqDyNQWmTpb5zk0E9YnIpIcIaG8ht/Rr6gLQ+FDKGcVAf0knoyi2mnNTaCl4iQLoiHhmFjv3 yhfA9hjKVpOaoqkwkRtv4XeDEtlVnMmZYc+aU4cquFKV47PCXiAR74jabTdmZB3wJ3DppkHh2/8dcLM14kkCKXTOue6+TYL5lCwSVUNa/QkDM+ZDH0DExZArpfzlZa0a+GCWmUKfNSpDN2MaNkidaTJDDOhOFAL2tT8j2tV2D0rV+KNC8QUv7cKCokxYxO70NDoYCjnBjAuBJmVsoHTDGO5oo1swR3+ctvwf1x2z1rn92dNK9+ztexQfbIPmkRl5yTK/KLdEiXcKtunVrfrR/2F/vCvrZvnq22Nc/ZJa/Cvn0CcQDJDg==</latexit>

vi(ỹ) = logP (xi | ỹ) + max
ỹprev

(logP (ỹ | ỹprev) + vi�1(ỹprev))

<latexit sha1_base64="DCPOZcOwFgcAOjSC91ejsKNX+6w=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6kUoevFYwX5AG8pmu2mXbjZhdyKU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmBYkUBl3321lb39jc2i7sFHf39g8OS0fHLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+G7mt5+4NiJWjzhJuB/RoRKhYBSt1BTkhlT7pbJbcecgq8TLSRlyNPqlr94gZmnEFTJJjel6boJ+RjUKJvm02EsNTygb0yHvWqpoxI2fzY+dknOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WdCJSlyxRaLwlQSjMnsczIQmjOUE0so08LeStiIasrQ5lO0IXjLL6+SVrXi1Sq1h8ty/TaPowCncAYX4MEV1OEeGtAEBgKe4RXeHOW8OO/Ox6J1zclnTuAPnM8fcqONzw==</latexit>

i = 2

<latexit sha1_base64="q1HaZbYry+LxnhTjsJoSeYOQa28=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI7NDAyO7uZmSUhG77AiweN8eonefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU0eJYthgkYhUO6AaBZfYMNwIbMcKaRgIbAXj+7nfmqDSPJKPZhqjH9Kh5APOqLFSfdIrltyyuwBZJ15GSpCh1it+dfsRS0KUhgmqdcdzY+OnVBnOBM4K3URjTNmYDrFjqaQhaj9dHDojF1bpk0GkbElDFurviZSGWk/DwHaG1Iz0qjcX//M6iRnc+imXcWJQsuWiQSKIicj8a9LnCpkRU0soU9zeStiIKsqMzaZgQ/BWX14nzauyVylX6tel6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AObDjQU=</latexit>v 1
N -2
V -4

<latexit sha1_base64="4QltGHLnAJdVr24t38wjsfw4wfQ=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8hRmR6EUIevEkEcwCmSH0dCpJk56F7hoxDoO/4sWDIl79D2/+jZ3loIkPCh7vVVFVz4+l0Gjb39bC4tLyympuLb++sbm1XdjZresoURxqPJKRavpMgxQh1FCghGasgAW+hIY/uBr5jXtQWkThHQ5j8ALWC0VXcIZGahf2XRSyA+kwoxfURXjA9CZrF4p2yR6DzhNnSopkimq78OV2Ip4EECKXTOuWY8fopUyh4BKyvJtoiBkfsB60DA1ZANpLx9dn9MgoHdqNlKkQ6Vj9PZGyQOth4JvOgGFfz3oj8T+vlWD33EtFGCcIIZ8s6iaSYkRHUdCOUMBRDg1hXAlzK+V9phhHE1jehODMvjxP6iclp1wq354WK5fTOHLkgBySY+KQM1Ih16RKaoSTR/JMXsmb9WS9WO/Wx6R1wZrO7JE/sD5/AHhllUE=</latexit>

ỹ = N

-2

<latexit sha1_base64="3hmSNLIe13YAfpMS4CExd9YvH9E=">AAACCXicbVC7SgNBFJ31GeMramkzGASrsCsSbYSgjZVEMA/ILmF2cpMMmX0wczcYlm1t/BUbC0Vs/QM7/8bJo9DEAwNnzrmHmXv8WAqNtv1tLS2vrK6t5zbym1vbO7uFvf26jhLFocYjGammzzRIEUINBUpoxgpY4Eto+IPrsd8YgtIiCu9xFIMXsF4ouoIzNFK7QF0UsgPpKGu7CA+YmvQwo5d0ervN2oWiXbInoIvEmZEimaHaLny5nYgnAYTIJdO65dgxeilTKLiELO8mGmLGB6wHLUNDFoD20skmGT02Sod2I2VOiHSi/k6kLNB6FPhmMmDY1/PeWPzPayXYvfBSEcYJQsinD3UTSTGi41poRyjgKEeGMK6E+SvlfaYYR1Ne3pTgzK+8SOqnJadcKt+dFStXszpy5JAckRPikHNSITekSmqEk0fyTF7Jm/VkvVjv1sd0dMmaZQ7IH1ifP58gmu4=</latexit>

ỹprev = N

-2

-4

N
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they

V

<latexit sha1_base64="3q3Eb0Z4UAt3V16MIdThqJNzxig=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwwySLQ==</latexit>

x

<latexit sha1_base64="SrBrpWzHYFEGvjTp+wNTwBoUEVE=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjDAM/Q03LhRx68+482/MtLPQ6oHA4Zx7uDcnTDjTxnW/nMra+sbmVnW7trO7t39QPzzqaZkqQrtEcqkGIdaUM0G7hhlOB4miOA457Yez28LvP1KlmRQPJktoEOOJYBEj2FjJ96U1i2yezUf1htt0F0B/iVeSBpTojOqf/liSNKbCEI61HnpuYoIcK8MIp/Oan2qaYDLDEzq0VOCY6iBf3DxHZ1YZo0gq+4RBC/VnIsex1lkc2skYm6le9QrxP2+Ymug6yJlIUkMFWS6KUo6MREUBaMwUJYZnlmCimL0VkSlWmBhbU82W4K1++S/pXTS9VrN1f9lo35R1VOEETuEcPLiCNtxBB7pAIIEneIFXJ3WenTfnfTlaccrMMfyC8/ENxJGSLg==</latexit>

y

N -1
V -1

start logprobs transition logprobs
N V STOP

N -2 -1 -1
V -1 -1 -2

emission logprobs
they can fish

N -1 -3 -1
V -3 -1 -1

<latexit sha1_base64="M7hZXzzzwymmnfCHesOvwGS2sKg=">AAACknicbVFbSxtBFJ5d6y2tJta++TIYChEx7IqXIthqfemDDxEaFbJhmZ09uxkye2HmbEhY9gf17/St/8ZJTCVGDwx8fN93LnNOkEuh0XH+WfbKh9W19Y3N2sdPW9v1xs7ne50VikOXZzJTjwHTIEUKXRQo4TFXwJJAwkMwvJnqDyNQWmTpb5zk0E9YnIpIcIaG8ht/Rr6gLQ+FDKGcVAf0knoyi2mnNTaCl4iQLoiHhmFjv3 yhfA9hjKVpOaoqkwkRtv4XeDEtlVnMmZYc+aU4cquFKV47PCXiAR74jabTdmZB3wJ3DppkHh2/8dcLM14kkCKXTOue6+TYL5lCwSVUNa/QkDM+ZDH0DExZArpfzlZa0a+GCWmUKfNSpDN2MaNkidaTJDDOhOFAL2tT8j2tV2D0rV+KNC8QUv7cKCokxYxO70NDoYCjnBjAuBJmVsoHTDGO5oo1swR3+ctvwf1x2z1rn92dNK9+ztexQfbIPmkRl5yTK/KLdEiXcKtunVrfrR/2F/vCvrZvnq22Nc/ZJa/Cvn0CcQDJDg==</latexit>

vi(ỹ) = logP (xi | ỹ) + max
ỹprev

(logP (ỹ | ỹprev) + vi�1(ỹprev))

<latexit sha1_base64="DCPOZcOwFgcAOjSC91ejsKNX+6w=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6kUoevFYwX5AG8pmu2mXbjZhdyKU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmBYkUBl3321lb39jc2i7sFHf39g8OS0fHLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+G7mt5+4NiJWjzhJuB/RoRKhYBSt1BTkhlT7pbJbcecgq8TLSRlyNPqlr94gZmnEFTJJjel6boJ+RjUKJvm02EsNTygb0yHvWqpoxI2fzY+dknOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WdCJSlyxRaLwlQSjMnsczIQmjOUE0so08LeStiIasrQ5lO0IXjLL6+SVrXi1Sq1h8ty/TaPowCncAYX4MEV1OEeGtAEBgKe4RXeHOW8OO/Ox6J1zclnTuAPnM8fcqONzw==</latexit>

i = 2

<latexit sha1_base64="q1HaZbYry+LxnhTjsJoSeYOQa28=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI7NDAyO7uZmSUhG77AiweN8eonefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU0eJYthgkYhUO6AaBZfYMNwIbMcKaRgIbAXj+7nfmqDSPJKPZhqjH9Kh5APOqLFSfdIrltyyuwBZJ15GSpCh1it+dfsRS0KUhgmqdcdzY+OnVBnOBM4K3URjTNmYDrFjqaQhaj9dHDojF1bpk0GkbElDFurviZSGWk/DwHaG1Iz0qjcX//M6iRnc+imXcWJQsuWiQSKIicj8a9LnCpkRU0soU9zeStiIKsqMzaZgQ/BWX14nzauyVylX6tel6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AObDjQU=</latexit>v 1
N -2
V -4

<latexit sha1_base64="4QltGHLnAJdVr24t38wjsfw4wfQ=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8hRmR6EUIevEkEcwCmSH0dCpJk56F7hoxDoO/4sWDIl79D2/+jZ3loIkPCh7vVVFVz4+l0Gjb39bC4tLyympuLb++sbm1XdjZresoURxqPJKRavpMgxQh1FCghGasgAW+hIY/uBr5jXtQWkThHQ5j8ALWC0VXcIZGahf2XRSyA+kwoxfURXjA9CZrF4p2yR6DzhNnSopkimq78OV2Ip4EECKXTOuWY8fopUyh4BKyvJtoiBkfsB60DA1ZANpLx9dn9MgoHdqNlKkQ6Vj9PZGyQOth4JvOgGFfz3oj8T+vlWD33EtFGCcIIZ8s6iaSYkRHUdCOUMBRDg1hXAlzK+V9phhHE1jehODMvjxP6iclp1wq354WK5fTOHLkgBySY+KQM1Ih16RKaoSTR/JMXsmb9WS9WO/Wx6R1wZrO7JE/sD5/AHhllUE=</latexit>

ỹ = N

-4

<latexit sha1_base64="3hmSNLIe13YAfpMS4CExd9YvH9E=">AAACCXicbVC7SgNBFJ31GeMramkzGASrsCsSbYSgjZVEMA/ILmF2cpMMmX0wczcYlm1t/BUbC0Vs/QM7/8bJo9DEAwNnzrmHmXv8WAqNtv1tLS2vrK6t5zbym1vbO7uFvf26jhLFocYjGammzzRIEUINBUpoxgpY4Eto+IPrsd8YgtIiCu9xFIMXsF4ouoIzNFK7QF0UsgPpKGu7CA+YmvQwo5d0ervN2oWiXbInoIvEmZEimaHaLny5nYgnAYTIJdO65dgxeilTKLiELO8mGmLGB6wHLUNDFoD20skmGT02Sod2I2VOiHSi/k6kLNB6FPhmMmDY1/PeWPzPayXYvfBSEcYJQsinD3UTSTGi41poRyjgKEeGMK6E+SvlfaYYR1Ne3pTgzK+8SOqnJadcKt+dFStXszpy5JAckRPikHNSITekSmqEk0fyTF7Jm/VkvVjv1sd0dMmaZQ7IH1ifP58gmu4=</latexit>

ỹprev = N-4

N
<latexit sha1_base64="3UDGyudvCSngQJNaDxI1m8Aoj1Y=">AAACCXicbVC7SgNBFJ2Nrxhfq5Y2g0GwCrsi0UYI2lhGMA9IljA7uUmGzD6YuRsMy7Y2/oqNhSK2/oGdf+PkUWjigYEz59zDzD1+LIVGx/m2ciura+sb+c3C1vbO7p69f1DXUaI41HgkI9X0mQYpQqihQAnNWAELfAkNf3gz8RsjUFpE4T2OY/AC1g9FT3CGRurYtI1CdiEdZ502wgOmJj3K6BWd3epZxy46JWcKukzcOSmSOaod+6vdjXgSQIhcMq1brhOjlzKFgkvICu1EQ8z4kPWhZWjIAtBeOt0koydG6dJepMwJkU7V34mUBVqPA99MBgwHetGbiP95rQR7l14qwjhBCPnsoV4iKUZ0UgvtCgUc5dgQxpUwf6V8wBTjaMormBLcxZWXSf2s5JZL5bvzYuV6XkeeHJFjckpcckEq5JZUSY1w8kieySt5s56sF+vd+piN5qx55pD8gfX5A6tImvY=</latexit>

ỹprev = V
-1

-5
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N

<latexit sha1_base64="3q3Eb0Z4UAt3V16MIdThqJNzxig=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwwySLQ==</latexit>

x

<latexit sha1_base64="SrBrpWzHYFEGvjTp+wNTwBoUEVE=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjDAM/Q03LhRx68+482/MtLPQ6oHA4Zx7uDcnTDjTxnW/nMra+sbmVnW7trO7t39QPzzqaZkqQrtEcqkGIdaUM0G7hhlOB4miOA457Yez28LvP1KlmRQPJktoEOOJYBEj2FjJ96U1i2yezUf1htt0F0B/iVeSBpTojOqf/liSNKbCEI61HnpuYoIcK8MIp/Oan2qaYDLDEzq0VOCY6iBf3DxHZ1YZo0gq+4RBC/VnIsex1lkc2skYm6le9QrxP2+Ymug6yJlIUkMFWS6KUo6MREUBaMwUJYZnlmCimL0VkSlWmBhbU82W4K1++S/pXTS9VrN1f9lo35R1VOEETuEcPLiCNtxBB7pAIIEneIFXJ3WenTfnfTlaccrMMfyC8/ENxJGSLg==</latexit>

y

N -1
V -1

start logprobs transition logprobs
N V STOP

N -2 -1 -1
V -1 -1 -2

emission logprobs
they can fish

N -1 -3 -1
V -3 -1 -1

<latexit sha1_base64="M7hZXzzzwymmnfCHesOvwGS2sKg=">AAACknicbVFbSxtBFJ5d6y2tJta++TIYChEx7IqXIthqfemDDxEaFbJhmZ09uxkye2HmbEhY9gf17/St/8ZJTCVGDwx8fN93LnNOkEuh0XH+WfbKh9W19Y3N2sdPW9v1xs7ne50VikOXZzJTjwHTIEUKXRQo4TFXwJJAwkMwvJnqDyNQWmTpb5zk0E9YnIpIcIaG8ht/Rr6gLQ+FDKGcVAf0knoyi2mnNTaCl4iQLoiHhmFjv3 yhfA9hjKVpOaoqkwkRtv4XeDEtlVnMmZYc+aU4cquFKV47PCXiAR74jabTdmZB3wJ3DppkHh2/8dcLM14kkCKXTOue6+TYL5lCwSVUNa/QkDM+ZDH0DExZArpfzlZa0a+GCWmUKfNSpDN2MaNkidaTJDDOhOFAL2tT8j2tV2D0rV+KNC8QUv7cKCokxYxO70NDoYCjnBjAuBJmVsoHTDGO5oo1swR3+ctvwf1x2z1rn92dNK9+ztexQfbIPmkRl5yTK/KLdEiXcKtunVrfrR/2F/vCvrZvnq22Nc/ZJa/Cvn0CcQDJDg==</latexit>

vi(ỹ) = logP (xi | ỹ) + max
ỹprev

(logP (ỹ | ỹprev) + vi�1(ỹprev))

<latexit sha1_base64="DCPOZcOwFgcAOjSC91ejsKNX+6w=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6kUoevFYwX5AG8pmu2mXbjZhdyKU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmBYkUBl3321lb39jc2i7sFHf39g8OS0fHLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+G7mt5+4NiJWjzhJuB/RoRKhYBSt1BTkhlT7pbJbcecgq8TLSRlyNPqlr94gZmnEFTJJjel6boJ+RjUKJvm02EsNTygb0yHvWqpoxI2fzY+dknOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WdCJSlyxRaLwlQSjMnsczIQmjOUE0so08LeStiIasrQ5lO0IXjLL6+SVrXi1Sq1h8ty/TaPowCncAYX4MEV1OEeGtAEBgKe4RXeHOW8OO/Ox6J1zclnTuAPnM8fcqONzw==</latexit>

i = 2

<latexit sha1_base64="q1HaZbYry+LxnhTjsJoSeYOQa28=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI7NDAyO7uZmSUhG77AiweN8eonefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU0eJYthgkYhUO6AaBZfYMNwIbMcKaRgIbAXj+7nfmqDSPJKPZhqjH9Kh5APOqLFSfdIrltyyuwBZJ15GSpCh1it+dfsRS0KUhgmqdcdzY+OnVBnOBM4K3URjTNmYDrFjqaQhaj9dHDojF1bpk0GkbElDFurviZSGWk/DwHaG1Iz0qjcX//M6iRnc+imXcWJQsuWiQSKIicj8a9LnCpkRU0soU9zeStiIKsqMzaZgQ/BWX14nzauyVylX6tel6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AObDjQU=</latexit>v 1 2
N -2
V -4

<latexit sha1_base64="4QltGHLnAJdVr24t38wjsfw4wfQ=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8hRmR6EUIevEkEcwCmSH0dCpJk56F7hoxDoO/4sWDIl79D2/+jZ3loIkPCh7vVVFVz4+l0Gjb39bC4tLyympuLb++sbm1XdjZresoURxqPJKRavpMgxQh1FCghGasgAW+hIY/uBr5jXtQWkThHQ5j8ALWC0VXcIZGahf2XRSyA+kwoxfURXjA9CZrF4p2yR6DzhNnSopkimq78OV2Ip4EECKXTOuWY8fopUyh4BKyvJtoiBkfsB60DA1ZANpLx9dn9MgoHdqNlKkQ6Vj9PZGyQOth4JvOgGFfz3oj8T+vlWD33EtFGCcIIZ8s6iaSYkRHUdCOUMBRDg1hXAlzK+V9phhHE1jehODMvjxP6iclp1wq354WK5fTOHLkgBySY+KQM1Ih16RKaoSTR/JMXsmb9WS9WO/Wx6R1wZrO7JE/sD5/AHhllUE=</latexit>

ỹ = N

<latexit sha1_base64="3hmSNLIe13YAfpMS4CExd9YvH9E=">AAACCXicbVC7SgNBFJ31GeMramkzGASrsCsSbYSgjZVEMA/ILmF2cpMMmX0wczcYlm1t/BUbC0Vs/QM7/8bJo9DEAwNnzrmHmXv8WAqNtv1tLS2vrK6t5zbym1vbO7uFvf26jhLFocYjGammzzRIEUINBUpoxgpY4Eto+IPrsd8YgtIiCu9xFIMXsF4ouoIzNFK7QF0UsgPpKGu7CA+YmvQwo5d0ervN2oWiXbInoIvEmZEimaHaLny5nYgnAYTIJdO65dgxeilTKLiELO8mGmLGB6wHLUNDFoD20skmGT02Sod2I2VOiHSi/k6kLNB6FPhmMmDY1/PeWPzPayXYvfBSEcYJQsinD3UTSTGi41poRyjgKEeGMK6E+SvlfaYYR1Ne3pTgzK+8SOqnJadcKt+dFStXszpy5JAckRPikHNSITekSmqEk0fyTF7Jm/VkvVjv1sd0dMmaZQ7IH1ifP58gmu4=</latexit>

ỹprev = N

-4

N

can
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N

<latexit sha1_base64="3q3Eb0Z4UAt3V16MIdThqJNzxig=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwwySLQ==</latexit>

x

<latexit sha1_base64="SrBrpWzHYFEGvjTp+wNTwBoUEVE=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjDAM/Q03LhRx68+482/MtLPQ6oHA4Zx7uDcnTDjTxnW/nMra+sbmVnW7trO7t39QPzzqaZkqQrtEcqkGIdaUM0G7hhlOB4miOA457Yez28LvP1KlmRQPJktoEOOJYBEj2FjJ96U1i2yezUf1htt0F0B/iVeSBpTojOqf/liSNKbCEI61HnpuYoIcK8MIp/Oan2qaYDLDEzq0VOCY6iBf3DxHZ1YZo0gq+4RBC/VnIsex1lkc2skYm6le9QrxP2+Ymug6yJlIUkMFWS6KUo6MREUBaMwUJYZnlmCimL0VkSlWmBhbU82W4K1++S/pXTS9VrN1f9lo35R1VOEETuEcPLiCNtxBB7pAIIEneIFXJ3WenTfnfTlaccrMMfyC8/ENxJGSLg==</latexit>

y

N -1
V -1

start logprobs transition logprobs
N V STOP

N -2 -1 -1
V -1 -1 -2

emission logprobs
they can fish

N -1 -3 -1
V -3 -1 -1

<latexit sha1_base64="M7hZXzzzwymmnfCHesOvwGS2sKg=">AAACknicbVFbSxtBFJ5d6y2tJta++TIYChEx7IqXIthqfemDDxEaFbJhmZ09uxkye2HmbEhY9gf17/St/8ZJTCVGDwx8fN93LnNOkEuh0XH+WfbKh9W19Y3N2sdPW9v1xs7ne50VikOXZzJTjwHTIEUKXRQo4TFXwJJAwkMwvJnqDyNQWmTpb5zk0E9YnIpIcIaG8ht/Rr6gLQ+FDKGcVAf0knoyi2mnNTaCl4iQLoiHhmFjv3 yhfA9hjKVpOaoqkwkRtv4XeDEtlVnMmZYc+aU4cquFKV47PCXiAR74jabTdmZB3wJ3DppkHh2/8dcLM14kkCKXTOue6+TYL5lCwSVUNa/QkDM+ZDH0DExZArpfzlZa0a+GCWmUKfNSpDN2MaNkidaTJDDOhOFAL2tT8j2tV2D0rV+KNC8QUv7cKCokxYxO70NDoYCjnBjAuBJmVsoHTDGO5oo1swR3+ctvwf1x2z1rn92dNK9+ztexQfbIPmkRl5yTK/KLdEiXcKtunVrfrR/2F/vCvrZvnq22Nc/ZJa/Cvn0CcQDJDg==</latexit>

vi(ỹ) = logP (xi | ỹ) + max
ỹprev

(logP (ỹ | ỹprev) + vi�1(ỹprev))

<latexit sha1_base64="DCPOZcOwFgcAOjSC91ejsKNX+6w=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6kUoevFYwX5AG8pmu2mXbjZhdyKU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmBYkUBl3321lb39jc2i7sFHf39g8OS0fHLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+G7mt5+4NiJWjzhJuB/RoRKhYBSt1BTkhlT7pbJbcecgq8TLSRlyNPqlr94gZmnEFTJJjel6boJ+RjUKJvm02EsNTygb0yHvWqpoxI2fzY+dknOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WdCJSlyxRaLwlQSjMnsczIQmjOUE0so08LeStiIasrQ5lO0IXjLL6+SVrXi1Sq1h8ty/TaPowCncAYX4MEV1OEeGtAEBgKe4RXeHOW8OO/Ox6J1zclnTuAPnM8fcqONzw==</latexit>

i = 2

<latexit sha1_base64="q1HaZbYry+LxnhTjsJoSeYOQa28=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI7NDAyO7uZmSUhG77AiweN8eonefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU0eJYthgkYhUO6AaBZfYMNwIbMcKaRgIbAXj+7nfmqDSPJKPZhqjH9Kh5APOqLFSfdIrltyyuwBZJ15GSpCh1it+dfsRS0KUhgmqdcdzY+OnVBnOBM4K3URjTNmYDrFjqaQhaj9dHDojF1bpk0GkbElDFurviZSGWk/DwHaG1Iz0qjcX//M6iRnc+imXcWJQsuWiQSKIicj8a9LnCpkRU0soU9zeStiIKsqMzaZgQ/BWX14nzauyVylX6tel6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AObDjQU=</latexit>v 1 2
N -2
V -4

<latexit sha1_base64="4QltGHLnAJdVr24t38wjsfw4wfQ=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8hRmR6EUIevEkEcwCmSH0dCpJk56F7hoxDoO/4sWDIl79D2/+jZ3loIkPCh7vVVFVz4+l0Gjb39bC4tLyympuLb++sbm1XdjZresoURxqPJKRavpMgxQh1FCghGasgAW+hIY/uBr5jXtQWkThHQ5j8ALWC0VXcIZGahf2XRSyA+kwoxfURXjA9CZrF4p2yR6DzhNnSopkimq78OV2Ip4EECKXTOuWY8fopUyh4BKyvJtoiBkfsB60DA1ZANpLx9dn9MgoHdqNlKkQ6Vj9PZGyQOth4JvOgGFfz3oj8T+vlWD33EtFGCcIIZ8s6iaSYkRHUdCOUMBRDg1hXAlzK+V9phhHE1jehODMvjxP6iclp1wq354WK5fTOHLkgBySY+KQM1Ih16RKaoSTR/JMXsmb9WS9WO/Wx6R1wZrO7JE/sD5/AHhllUE=</latexit>

ỹ = N

<latexit sha1_base64="3hmSNLIe13YAfpMS4CExd9YvH9E=">AAACCXicbVC7SgNBFJ31GeMramkzGASrsCsSbYSgjZVEMA/ILmF2cpMMmX0wczcYlm1t/BUbC0Vs/QM7/8bJo9DEAwNnzrmHmXv8WAqNtv1tLS2vrK6t5zbym1vbO7uFvf26jhLFocYjGammzzRIEUINBUpoxgpY4Eto+IPrsd8YgtIiCu9xFIMXsF4ouoIzNFK7QF0UsgPpKGu7CA+YmvQwo5d0ervN2oWiXbInoIvEmZEimaHaLny5nYgnAYTIJdO65dgxeilTKLiELO8mGmLGB6wHLUNDFoD20skmGT02Sod2I2VOiHSi/k6kLNB6FPhmMmDY1/PeWPzPayXYvfBSEcYJQsinD3UTSTGi41poRyjgKEeGMK6E+SvlfaYYR1Ne3pTgzK+8SOqnJadcKt+dFStXszpy5JAckRPikHNSITekSmqEk0fyTF7Jm/VkvVjv1sd0dMmaZQ7IH1ifP58gmu4=</latexit>

ỹprev = N

-4

N

can

-3



HMM Inference

they

N

<latexit sha1_base64="3q3Eb0Z4UAt3V16MIdThqJNzxig=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwwySLQ==</latexit>

x

<latexit sha1_base64="SrBrpWzHYFEGvjTp+wNTwBoUEVE=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjDAM/Q03LhRx68+482/MtLPQ6oHA4Zx7uDcnTDjTxnW/nMra+sbmVnW7trO7t39QPzzqaZkqQrtEcqkGIdaUM0G7hhlOB4miOA457Yez28LvP1KlmRQPJktoEOOJYBEj2FjJ96U1i2yezUf1htt0F0B/iVeSBpTojOqf/liSNKbCEI61HnpuYoIcK8MIp/Oan2qaYDLDEzq0VOCY6iBf3DxHZ1YZo0gq+4RBC/VnIsex1lkc2skYm6le9QrxP2+Ymug6yJlIUkMFWS6KUo6MREUBaMwUJYZnlmCimL0VkSlWmBhbU82W4K1++S/pXTS9VrN1f9lo35R1VOEETuEcPLiCNtxBB7pAIIEneIFXJ3WenTfnfTlaccrMMfyC8/ENxJGSLg==</latexit>

y

N -1
V -1

start logprobs transition logprobs
N V STOP

N -2 -1 -1
V -1 -1 -2

emission logprobs
they can fish

N -1 -3 -1
V -3 -1 -1

<latexit sha1_base64="M7hZXzzzwymmnfCHesOvwGS2sKg=">AAACknicbVFbSxtBFJ5d6y2tJta++TIYChEx7IqXIthqfemDDxEaFbJhmZ09uxkye2HmbEhY9gf17/St/8ZJTCVGDwx8fN93LnNOkEuh0XH+WfbKh9W19Y3N2sdPW9v1xs7ne50VikOXZzJTjwHTIEUKXRQo4TFXwJJAwkMwvJnqDyNQWmTpb5zk0E9YnIpIcIaG8ht/Rr6gLQ+FDKGcVAf0knoyi2mnNTaCl4iQLoiHhmFjv3 yhfA9hjKVpOaoqkwkRtv4XeDEtlVnMmZYc+aU4cquFKV47PCXiAR74jabTdmZB3wJ3DppkHh2/8dcLM14kkCKXTOue6+TYL5lCwSVUNa/QkDM+ZDH0DExZArpfzlZa0a+GCWmUKfNSpDN2MaNkidaTJDDOhOFAL2tT8j2tV2D0rV+KNC8QUv7cKCokxYxO70NDoYCjnBjAuBJmVsoHTDGO5oo1swR3+ctvwf1x2z1rn92dNK9+ztexQfbIPmkRl5yTK/KLdEiXcKtunVrfrR/2F/vCvrZvnq22Nc/ZJa/Cvn0CcQDJDg==</latexit>

vi(ỹ) = logP (xi | ỹ) + max
ỹprev

(logP (ỹ | ỹprev) + vi�1(ỹprev))

<latexit sha1_base64="DCPOZcOwFgcAOjSC91ejsKNX+6w=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6kUoevFYwX5AG8pmu2mXbjZhdyKU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmBYkUBl3321lb39jc2i7sFHf39g8OS0fHLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+G7mt5+4NiJWjzhJuB/RoRKhYBSt1BTkhlT7pbJbcecgq8TLSRlyNPqlr94gZmnEFTJJjel6boJ+RjUKJvm02EsNTygb0yHvWqpoxI2fzY+dknOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WdCJSlyxRaLwlQSjMnsczIQmjOUE0so08LeStiIasrQ5lO0IXjLL6+SVrXi1Sq1h8ty/TaPowCncAYX4MEV1OEeGtAEBgKe4RXeHOW8OO/Ox6J1zclnTuAPnM8fcqONzw==</latexit>

i = 2

<latexit sha1_base64="q1HaZbYry+LxnhTjsJoSeYOQa28=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI7NDAyO7uZmSUhG77AiweN8eonefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU0eJYthgkYhUO6AaBZfYMNwIbMcKaRgIbAXj+7nfmqDSPJKPZhqjH9Kh5APOqLFSfdIrltyyuwBZJ15GSpCh1it+dfsRS0KUhgmqdcdzY+OnVBnOBM4K3URjTNmYDrFjqaQhaj9dHDojF1bpk0GkbElDFurviZSGWk/DwHaG1Iz0qjcX//M6iRnc+imXcWJQsuWiQSKIicj8a9LnCpkRU0soU9zeStiIKsqMzaZgQ/BWX14nzauyVylX6tel6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AObDjQU=</latexit>v 1 2
N -2 -7
V -4

<latexit sha1_base64="4QltGHLnAJdVr24t38wjsfw4wfQ=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8hRmR6EUIevEkEcwCmSH0dCpJk56F7hoxDoO/4sWDIl79D2/+jZ3loIkPCh7vVVFVz4+l0Gjb39bC4tLyympuLb++sbm1XdjZresoURxqPJKRavpMgxQh1FCghGasgAW+hIY/uBr5jXtQWkThHQ5j8ALWC0VXcIZGahf2XRSyA+kwoxfURXjA9CZrF4p2yR6DzhNnSopkimq78OV2Ip4EECKXTOuWY8fopUyh4BKyvJtoiBkfsB60DA1ZANpLx9dn9MgoHdqNlKkQ6Vj9PZGyQOth4JvOgGFfz3oj8T+vlWD33EtFGCcIIZ8s6iaSYkRHUdCOUMBRDg1hXAlzK+V9phhHE1jehODMvjxP6iclp1wq354WK5fTOHLkgBySY+KQM1Ih16RKaoSTR/JMXsmb9WS9WO/Wx6R1wZrO7JE/sD5/AHhllUE=</latexit>

ỹ = N

<latexit sha1_base64="3hmSNLIe13YAfpMS4CExd9YvH9E=">AAACCXicbVC7SgNBFJ31GeMramkzGASrsCsSbYSgjZVEMA/ILmF2cpMMmX0wczcYlm1t/BUbC0Vs/QM7/8bJo9DEAwNnzrmHmXv8WAqNtv1tLS2vrK6t5zbym1vbO7uFvf26jhLFocYjGammzzRIEUINBUpoxgpY4Eto+IPrsd8YgtIiCu9xFIMXsF4ouoIzNFK7QF0UsgPpKGu7CA+YmvQwo5d0ervN2oWiXbInoIvEmZEimaHaLny5nYgnAYTIJdO65dgxeilTKLiELO8mGmLGB6wHLUNDFoD20skmGT02Sod2I2VOiHSi/k6kLNB6FPhmMmDY1/PeWPzPayXYvfBSEcYJQsinD3UTSTGi41poRyjgKEeGMK6E+SvlfaYYR1Ne3pTgzK+8SOqnJadcKt+dFStXszpy5JAckRPikHNSITekSmqEk0fyTF7Jm/VkvVjv1sd0dMmaZQ7IH1ifP58gmu4=</latexit>

ỹprev = N

-4

N

can

-3



HMM Inference

they
<latexit sha1_base64="3q3Eb0Z4UAt3V16MIdThqJNzxig=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwwySLQ==</latexit>

x

<latexit sha1_base64="SrBrpWzHYFEGvjTp+wNTwBoUEVE=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjDAM/Q03LhRx68+482/MtLPQ6oHA4Zx7uDcnTDjTxnW/nMra+sbmVnW7trO7t39QPzzqaZkqQrtEcqkGIdaUM0G7hhlOB4miOA457Yez28LvP1KlmRQPJktoEOOJYBEj2FjJ96U1i2yezUf1htt0F0B/iVeSBpTojOqf/liSNKbCEI61HnpuYoIcK8MIp/Oan2qaYDLDEzq0VOCY6iBf3DxHZ1YZo0gq+4RBC/VnIsex1lkc2skYm6le9QrxP2+Ymug6yJlIUkMFWS6KUo6MREUBaMwUJYZnlmCimL0VkSlWmBhbU82W4K1++S/pXTS9VrN1f9lo35R1VOEETuEcPLiCNtxBB7pAIIEneIFXJ3WenTfnfTlaccrMMfyC8/ENxJGSLg==</latexit>

y

N -1
V -1

start logprobs transition logprobs
N V STOP

N -2 -1 -1
V -1 -1 -2

emission logprobs
they can fish

N -1 -3 -1
V -3 -1 -1

<latexit sha1_base64="M7hZXzzzwymmnfCHesOvwGS2sKg=">AAACknicbVFbSxtBFJ5d6y2tJta++TIYChEx7IqXIthqfemDDxEaFbJhmZ09uxkye2HmbEhY9gf17/St/8ZJTCVGDwx8fN93LnNOkEuh0XH+WfbKh9W19Y3N2sdPW9v1xs7ne50VikOXZzJTjwHTIEUKXRQo4TFXwJJAwkMwvJnqDyNQWmTpb5zk0E9YnIpIcIaG8ht/Rr6gLQ+FDKGcVAf0knoyi2mnNTaCl4iQLoiHhmFjv3 yhfA9hjKVpOaoqkwkRtv4XeDEtlVnMmZYc+aU4cquFKV47PCXiAR74jabTdmZB3wJ3DppkHh2/8dcLM14kkCKXTOue6+TYL5lCwSVUNa/QkDM+ZDH0DExZArpfzlZa0a+GCWmUKfNSpDN2MaNkidaTJDDOhOFAL2tT8j2tV2D0rV+KNC8QUv7cKCokxYxO70NDoYCjnBjAuBJmVsoHTDGO5oo1swR3+ctvwf1x2z1rn92dNK9+ztexQfbIPmkRl5yTK/KLdEiXcKtunVrfrR/2F/vCvrZvnq22Nc/ZJa/Cvn0CcQDJDg==</latexit>

vi(ỹ) = logP (xi | ỹ) + max
ỹprev

(logP (ỹ | ỹprev) + vi�1(ỹprev))

<latexit sha1_base64="DCPOZcOwFgcAOjSC91ejsKNX+6w=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6kUoevFYwX5AG8pmu2mXbjZhdyKU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmBYkUBl3321lb39jc2i7sFHf39g8OS0fHLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+G7mt5+4NiJWjzhJuB/RoRKhYBSt1BTkhlT7pbJbcecgq8TLSRlyNPqlr94gZmnEFTJJjel6boJ+RjUKJvm02EsNTygb0yHvWqpoxI2fzY+dknOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WdCJSlyxRaLwlQSjMnsczIQmjOUE0so08LeStiIasrQ5lO0IXjLL6+SVrXi1Sq1h8ty/TaPowCncAYX4MEV1OEeGtAEBgKe4RXeHOW8OO/Ox6J1zclnTuAPnM8fcqONzw==</latexit>

i = 2

<latexit sha1_base64="q1HaZbYry+LxnhTjsJoSeYOQa28=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI7NDAyO7uZmSUhG77AiweN8eonefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU0eJYthgkYhUO6AaBZfYMNwIbMcKaRgIbAXj+7nfmqDSPJKPZhqjH9Kh5APOqLFSfdIrltyyuwBZJ15GSpCh1it+dfsRS0KUhgmqdcdzY+OnVBnOBM4K3URjTNmYDrFjqaQhaj9dHDojF1bpk0GkbElDFurviZSGWk/DwHaG1Iz0qjcX//M6iRnc+imXcWJQsuWiQSKIicj8a9LnCpkRU0soU9zeStiIKsqMzaZgQ/BWX14nzauyVylX6tel6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AObDjQU=</latexit>v 1 2
N -2 -7
V -4

V

can
<latexit sha1_base64="XNKITKLJH2bUu4Nep3Bmq4ZPajI=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9C0IvHCOYByRJmZyfJkNmHM72BZcl3ePGgiFc/xpt/4yTZgyYWNBRV3XR3ebEUGm372yqsrW9sbhW3Szu7e/sH5cOjlo4SxXiTRTJSHY9qLkXImyhQ8k6sOA08ydve+G7mtydcaRGFj5jG3A3oMBQDwSgaye2hkD7P0im5Ia1+uWJX7TnIKnFyUoEcjX75q+dHLAl4iExSrbuOHaObUYWCST4t9RLNY8rGdMi7hoY04NrN5kdPyZlRfDKIlKkQyVz9PZHRQOs08ExnQHGkl72Z+J/XTXBw7WYijBPkIVssGiSSYERmCRBfKM5QpoZQpoS5lbARVZShyalkQnCWX14lrYuqU6vWHi4r9ds8jiKcwCmcgwNXUId7aEATGDzBM7zCmzWxXqx362PRWrDymWP4A+vzByywkbk=</latexit>

ỹ = V



HMM Inference
N -1
V -1

start logprobs transition logprobs
N V STOP

N -2 -1 -1
V -1 -1 -2

emission logprobs
they can fish

N -1 -3 -1
V -3 -1 -1

<latexit sha1_base64="M7hZXzzzwymmnfCHesOvwGS2sKg=">AAACknicbVFbSxtBFJ5d6y2tJta++TIYChEx7IqXIthqfemDDxEaFbJhmZ09uxkye2HmbEhY9gf17/St/8ZJTCVGDwx8fN93LnNOkEuh0XH+WfbKh9W19Y3N2sdPW9v1xs7ne50VikOXZzJTjwHTIEUKXRQo4TFXwJJAwkMwvJnqDyNQWmTpb5zk0E9YnIpIcIaG8ht/Rr6gLQ+FDKGcVAf0knoyi2mnNTaCl4iQLoiHhmFjv3 yhfA9hjKVpOaoqkwkRtv4XeDEtlVnMmZYc+aU4cquFKV47PCXiAR74jabTdmZB3wJ3DppkHh2/8dcLM14kkCKXTOue6+TYL5lCwSVUNa/QkDM+ZDH0DExZArpfzlZa0a+GCWmUKfNSpDN2MaNkidaTJDDOhOFAL2tT8j2tV2D0rV+KNC8QUv7cKCokxYxO70NDoYCjnBjAuBJmVsoHTDGO5oo1swR3+ctvwf1x2z1rn92dNK9+ztexQfbIPmkRl5yTK/KLdEiXcKtunVrfrR/2F/vCvrZvnq22Nc/ZJa/Cvn0CcQDJDg==</latexit>

vi(ỹ) = logP (xi | ỹ) + max
ỹprev

(logP (ỹ | ỹprev) + vi�1(ỹprev))
<latexit sha1_base64="q1HaZbYry+LxnhTjsJoSeYOQa28=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI7NDAyO7uZmSUhG77AiweN8eonefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU0eJYthgkYhUO6AaBZfYMNwIbMcKaRgIbAXj+7nfmqDSPJKPZhqjH9Kh5APOqLFSfdIrltyyuwBZJ15GSpCh1it+dfsRS0KUhgmqdcdzY+OnVBnOBM4K3URjTNmYDrFjqaQhaj9dHDojF1bpk0GkbElDFurviZSGWk/DwHaG1Iz0qjcX//M6iRnc+imXcWJQsuWiQSKIicj8a9LnCpkRU0soU9zeStiIKsqMzaZgQ/BWX14nzauyVylX6tel6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AObDjQU=</latexit>v 1 2
N -2 -7
V -4

they can can fish

STOP

<latexit sha1_base64="3q3Eb0Z4UAt3V16MIdThqJNzxig=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwwySLQ==</latexit>

x

<latexit sha1_base64="SrBrpWzHYFEGvjTp+wNTwBoUEVE=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjDAM/Q03LhRx68+482/MtLPQ6oHA4Zx7uDcnTDjTxnW/nMra+sbmVnW7trO7t39QPzzqaZkqQrtEcqkGIdaUM0G7hhlOB4miOA457Yez28LvP1KlmRQPJktoEOOJYBEj2FjJ96U1i2yezUf1htt0F0B/iVeSBpTojOqf/liSNKbCEI61HnpuYoIcK8MIp/Oan2qaYDLDEzq0VOCY6iBf3DxHZ1YZo0gq+4RBC/VnIsex1lkc2skYm6le9QrxP2+Ymug6yJlIUkMFWS6KUo6MREUBaMwUJYZnlmCimL0VkSlWmBhbU82W4K1++S/pXTS9VrN1f9lo35R1VOEETuEcPLiCNtxBB7pAIIEneIFXJ3WenTfnfTlaccrMMfyC8/ENxJGSLg==</latexit>

y



Unsupervised Tagging

• Our parameters were determined by counting over a 
labeled dataset: 

• How often the first token has a particular POS tag 

• How often one POS tag follows another (including STOP) 

• How often each POS tag “generates” each wordtype 

• But what if we don’t have labeled data?



Motivating Example

• You are a climatologist in the year 2799 studying the 
history of global warming 

• You cannot find any weather records for Baltimore, MD in 
2020 but you do have Jason Eisner’s diary, which lists how 
many ice creams he ate per day 

• Can we estimate the daily temperature using just this 
information?

Example from Jason Eisner, in Jurafsky and Martin



HMM Formulation
• States: set of possible underlying states (hot or cold) 

• Observations: set of possible outcomes (1, 2, or 3 ice 
creams) 

• HMM is parameterized by: 

• Initial distribution: probability distribution over first 
state’s value 

• Transition probabilities: probability of moving from 
one underlying state to another 

• Emission probabilities: probability of observing a 
particular outcome given an underlying state

Example from Jason Eisner, in Jurafsky and Martin



HMM Formulation

Example from Jason Eisner, in Jurafsky and Martin



HMM Problems

Example from Jason Eisner, in Jurafsky and Martin

1. Likelihood: given a sequence of observations, how likely is 
that sequence according to the HMM? 

2. Decoding: given a sequence of observations, what’s the 
most likely sequence of hidden states?  

3. Learning: given a sequence of observations and the set of 
possible states, what are the HMM parameters that 
maximize the probability of the sequence?



With Labels?

Example from Jason Eisner, in Jurafsky and Martin

1. Likelihood: given a sequence of observations, how likely is 
that sequence according to the HMM? 

2. Decoding: given a sequence of observations, what’s the 
most likely sequence of hidden states?  

3. Learning: given a sequence of observations and the set of 
possible states, what are the HMM parameters that 
maximize the probability of the sequence?

Easy — just compute using our decomposition of P(x, y)

Easy — use Viterbi

Easy — compute using counts in data



Computing Likelihood
Given a sequence of observations    , we want to compute

<latexit sha1_base64="3q3Eb0Z4UAt3V16MIdThqJNzxig=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwwySLQ==</latexit>

x
<latexit sha1_base64="ynxBnAtnPeeSNp30r65RcMDaJbM=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyxC3ZREpLosunFZwT6gDWUynbRDJzNhZiLW0C9x40IRt36KO//GSZuFth4YOJxzLvfOCWJGlXbdb6uwtr6xuVXcLu3s7u2X7YPDthKJxKSFBROyGyBFGOWkpalmpBtLgqKAkU4wucn8zgORigp+r6cx8SM04jSkGGkjDexyXO0LE8jm08fZ2cCuuDV3DmeVeDmpQI7mwP7qDwVOIsI1ZkipnufG2k+R1BQzMiv1E0VihCdoRHqGchQR5afzw2fOqVGGTiikeVw7c/X3RIoipaZRYJIR0mO17GXif14v0eGVn1IeJ5pwvFgUJszRwslacIZUEqzZ1BCEJTW3OniMJMLadFUyJXjLX14l7fOaV6/V7y4qjeu8jiIcwwlUwYNLaMAtNKEFGBJ4hld4s56sF+vd+lhEC1Y+cwR/YH3+ANuvkz0=</latexit>

p(x)



Computing Likelihood
Given a sequence of observations    , we want to compute 

• If we had access to the sequence of labels    , this is just 
the product of the emission probabilities: 
 

<latexit sha1_base64="3q3Eb0Z4UAt3V16MIdThqJNzxig=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwwySLQ==</latexit>

x
<latexit sha1_base64="SrBrpWzHYFEGvjTp+wNTwBoUEVE=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjDAM/Q03LhRx68+482/MtLPQ6oHA4Zx7uDcnTDjTxnW/nMra+sbmVnW7trO7t39QPzzqaZkqQrtEcqkGIdaUM0G7hhlOB4miOA457Yez28LvP1KlmRQPJktoEOOJYBEj2FjJ96U1i2yezUf1htt0F0B/iVeSBpTojOqf/liSNKbCEI61HnpuYoIcK8MIp/Oan2qaYDLDEzq0VOCY6iBf3DxHZ1YZo0gq+4RBC/VnIsex1lkc2skYm6le9QrxP2+Ymug6yJlIUkMFWS6KUo6MREUBaMwUJYZnlmCimL0VkSlWmBhbU82W4K1++S/pXTS9VrN1f9lo35R1VOEETuEcPLiCNtxBB7pAIIEneIFXJ3WenTfnfTlaccrMMfyC8/ENxJGSLg==</latexit>

y

<latexit sha1_base64="ynxBnAtnPeeSNp30r65RcMDaJbM=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyxC3ZREpLosunFZwT6gDWUynbRDJzNhZiLW0C9x40IRt36KO//GSZuFth4YOJxzLvfOCWJGlXbdb6uwtr6xuVXcLu3s7u2X7YPDthKJxKSFBROyGyBFGOWkpalmpBtLgqKAkU4wucn8zgORigp+r6cx8SM04jSkGGkjDexyXO0LE8jm08fZ2cCuuDV3DmeVeDmpQI7mwP7qDwVOIsI1ZkipnufG2k+R1BQzMiv1E0VihCdoRHqGchQR5afzw2fOqVGGTiikeVw7c/X3RIoipaZRYJIR0mO17GXif14v0eGVn1IeJ5pwvFgUJszRwslacIZUEqzZ1BCEJTW3OniMJMLadFUyJXjLX14l7fOaV6/V7y4qjeu8jiIcwwlUwYNLaMAtNKEFGBJ4hld4s56sF+vd+lhEC1Y+cwR/YH3+ANuvkz0=</latexit>

p(x)

<latexit sha1_base64="cXo7HZfd4ciewgoz9kOkdWKpMNY="></latexit>

p(x) =

|x|Y

i=1

pe(xi | yi)



Computing Likelihood
Given a sequence of observations    , we want to compute 

• If we had access to the sequence of labels    , this is just 
the product of the emission probabilities: 
 

• But we don’t actually know the labels! So we need to 
consider all possible latent label sequences     : 
 
 

<latexit sha1_base64="3q3Eb0Z4UAt3V16MIdThqJNzxig=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwwySLQ==</latexit>

x
<latexit sha1_base64="SrBrpWzHYFEGvjTp+wNTwBoUEVE=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjDAM/Q03LhRx68+482/MtLPQ6oHA4Zx7uDcnTDjTxnW/nMra+sbmVnW7trO7t39QPzzqaZkqQrtEcqkGIdaUM0G7hhlOB4miOA457Yez28LvP1KlmRQPJktoEOOJYBEj2FjJ96U1i2yezUf1htt0F0B/iVeSBpTojOqf/liSNKbCEI61HnpuYoIcK8MIp/Oan2qaYDLDEzq0VOCY6iBf3DxHZ1YZo0gq+4RBC/VnIsex1lkc2skYm6le9QrxP2+Ymug6yJlIUkMFWS6KUo6MREUBaMwUJYZnlmCimL0VkSlWmBhbU82W4K1++S/pXTS9VrN1f9lo35R1VOEETuEcPLiCNtxBB7pAIIEneIFXJ3WenTfnfTlaccrMMfyC8/ENxJGSLg==</latexit>

y

<latexit sha1_base64="ynxBnAtnPeeSNp30r65RcMDaJbM=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyxC3ZREpLosunFZwT6gDWUynbRDJzNhZiLW0C9x40IRt36KO//GSZuFth4YOJxzLvfOCWJGlXbdb6uwtr6xuVXcLu3s7u2X7YPDthKJxKSFBROyGyBFGOWkpalmpBtLgqKAkU4wucn8zgORigp+r6cx8SM04jSkGGkjDexyXO0LE8jm08fZ2cCuuDV3DmeVeDmpQI7mwP7qDwVOIsI1ZkipnufG2k+R1BQzMiv1E0VihCdoRHqGchQR5afzw2fOqVGGTiikeVw7c/X3RIoipaZRYJIR0mO17GXif14v0eGVn1IeJ5pwvFgUJszRwslacIZUEqzZ1BCEJTW3OniMJMLadFUyJXjLX14l7fOaV6/V7y4qjeu8jiIcwwlUwYNLaMAtNKEFGBJ4hld4s56sF+vd+lhEC1Y+cwR/YH3+ANuvkz0=</latexit>

p(x)

<latexit sha1_base64="cXo7HZfd4ciewgoz9kOkdWKpMNY="></latexit>

p(x) =

|x|Y

i=1

pe(xi | yi)

<latexit sha1_base64="Un8Mj1z8oHD3gO0dtCiqVNEskL4=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvoqsyIVJdFNy4r2Ae0Q8mkaRuaScYkUxiGfocbF4q49WPc+Tdm2llo64HA4Zx7uDcniDjTxnW/ncLa+sbmVnG7tLO7t39QPjxqaRkrQptEcqk6AdaUM0GbhhlOO5GiOAw4bQeTu8xvT6nSTIpHk0TUD/FIsCEj2FjJ70lrZtk0mZ33yxW36s6BVomXkwrkaPTLX72BJHFIhSEca9313Mj4KVaGEU5npV6saYTJBI9o11KBQ6r9dH70DJ1ZZYCGUtknDJqrvxMpDrVOwsBOhtiM9bKXif953dgMb/yUiSg2VJDFomHMkZEoawANmKLE8MQSTBSztyIyxgoTY3sq2RK85S+vktZl1atVaw9XlfptXkcRTuAULsCDa6jDPTSgCQSe4Ble4c2ZOi/Ou/OxGC04eeYY/sD5/AEp55Jf</latexit>

y0

<latexit sha1_base64="qMKyXx3nzLNkkJt05/zn5Y/6zzU=">AAACBnicbZDNSgMxFIUz9a/Wv1GXIgSL2G7KjEh1IxTduKxgW6Edhkwm04YmMyHJCEPpyo2v4saFIm59Bne+jWk7C209EPg4915u7gkEo0o7zrdVWFpeWV0rrpc2Nre2d+zdvbZKUolJCycskfcBUoTRmLQ01YzcC0kQDxjpBMPrSb3zQKSiSXynM0E8jvoxjShG2li+fSh8XclOfBf2OA2hIacKL6HwqXGrvl12as5UcBHcHMogV9O3v3phglNOYo0ZUqrrOkJ7IyQ1xYyMS71UEYHwEPVJ12CMOFHeaHrGGB4bJ4RRIs2LNZy6vydGiCuV8cB0cqQHar42Mf+rdVMdXXgjGotUkxjPFkUpgzqBk0xgSCXBmmUGEJbU/BXiAZIIa5NcyYTgzp+8CO3Tmluv1W/Pyo2rPI4iOABHoAJccA4a4AY0QQtg8AiewSt4s56sF+vd+pi1Fqx8Zh/8kfX5A//Ulkc=</latexit>

pt(y
0
1 | y00) = pi(y

0)

<latexit sha1_base64="yFYIi3XQa8mUGqZnSvUyLTzs4ds="></latexit>

p(x, y0) = p(x | y0)p(y0) =
|x|Y

i=1

pe(xi | yi)
|x|Y

i=1

pt(y
0
i | y0i�1)



Exponential…

Computing Likelihood
Given a sequence of observations    , we want to compute 

• If we had access to the sequence of labels    , this is just 
the product of the emission probabilities: 
 

• But we don’t actually know the labels! So we need to 
consider all possible latent label sequences     : 
 
 

• Then, 

<latexit sha1_base64="3q3Eb0Z4UAt3V16MIdThqJNzxig=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwwySLQ==</latexit>

x
<latexit sha1_base64="SrBrpWzHYFEGvjTp+wNTwBoUEVE=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjDAM/Q03LhRx68+482/MtLPQ6oHA4Zx7uDcnTDjTxnW/nMra+sbmVnW7trO7t39QPzzqaZkqQrtEcqkGIdaUM0G7hhlOB4miOA457Yez28LvP1KlmRQPJktoEOOJYBEj2FjJ96U1i2yezUf1htt0F0B/iVeSBpTojOqf/liSNKbCEI61HnpuYoIcK8MIp/Oan2qaYDLDEzq0VOCY6iBf3DxHZ1YZo0gq+4RBC/VnIsex1lkc2skYm6le9QrxP2+Ymug6yJlIUkMFWS6KUo6MREUBaMwUJYZnlmCimL0VkSlWmBhbU82W4K1++S/pXTS9VrN1f9lo35R1VOEETuEcPLiCNtxBB7pAIIEneIFXJ3WenTfnfTlaccrMMfyC8/ENxJGSLg==</latexit>

y

<latexit sha1_base64="ynxBnAtnPeeSNp30r65RcMDaJbM=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyxC3ZREpLosunFZwT6gDWUynbRDJzNhZiLW0C9x40IRt36KO//GSZuFth4YOJxzLvfOCWJGlXbdb6uwtr6xuVXcLu3s7u2X7YPDthKJxKSFBROyGyBFGOWkpalmpBtLgqKAkU4wucn8zgORigp+r6cx8SM04jSkGGkjDexyXO0LE8jm08fZ2cCuuDV3DmeVeDmpQI7mwP7qDwVOIsI1ZkipnufG2k+R1BQzMiv1E0VihCdoRHqGchQR5afzw2fOqVGGTiikeVw7c/X3RIoipaZRYJIR0mO17GXif14v0eGVn1IeJ5pwvFgUJszRwslacIZUEqzZ1BCEJTW3OniMJMLadFUyJXjLX14l7fOaV6/V7y4qjeu8jiIcwwlUwYNLaMAtNKEFGBJ4hld4s56sF+vd+lhEC1Y+cwR/YH3+ANuvkz0=</latexit>

p(x)

<latexit sha1_base64="cXo7HZfd4ciewgoz9kOkdWKpMNY="></latexit>

p(x) =

|x|Y

i=1

pe(xi | yi)

<latexit sha1_base64="Un8Mj1z8oHD3gO0dtCiqVNEskL4=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvoqsyIVJdFNy4r2Ae0Q8mkaRuaScYkUxiGfocbF4q49WPc+Tdm2llo64HA4Zx7uDcniDjTxnW/ncLa+sbmVnG7tLO7t39QPjxqaRkrQptEcqk6AdaUM0GbhhlOO5GiOAw4bQeTu8xvT6nSTIpHk0TUD/FIsCEj2FjJ70lrZtk0mZ33yxW36s6BVomXkwrkaPTLX72BJHFIhSEca9313Mj4KVaGEU5npV6saYTJBI9o11KBQ6r9dH70DJ1ZZYCGUtknDJqrvxMpDrVOwsBOhtiM9bKXif953dgMb/yUiSg2VJDFomHMkZEoawANmKLE8MQSTBSztyIyxgoTY3sq2RK85S+vktZl1atVaw9XlfptXkcRTuAULsCDa6jDPTSgCQSe4Ble4c2ZOi/Ou/OxGC04eeYY/sD5/AEp55Jf</latexit>

y0

<latexit sha1_base64="qMKyXx3nzLNkkJt05/zn5Y/6zzU=">AAACBnicbZDNSgMxFIUz9a/Wv1GXIgSL2G7KjEh1IxTduKxgW6Edhkwm04YmMyHJCEPpyo2v4saFIm59Bne+jWk7C209EPg4915u7gkEo0o7zrdVWFpeWV0rrpc2Nre2d+zdvbZKUolJCycskfcBUoTRmLQ01YzcC0kQDxjpBMPrSb3zQKSiSXynM0E8jvoxjShG2li+fSh8XclOfBf2OA2hIacKL6HwqXGrvl12as5UcBHcHMogV9O3v3phglNOYo0ZUqrrOkJ7IyQ1xYyMS71UEYHwEPVJ12CMOFHeaHrGGB4bJ4RRIs2LNZy6vydGiCuV8cB0cqQHar42Mf+rdVMdXXgjGotUkxjPFkUpgzqBk0xgSCXBmmUGEJbU/BXiAZIIa5NcyYTgzp+8CO3Tmluv1W/Pyo2rPI4iOABHoAJccA4a4AY0QQtg8AiewSt4s56sF+vd+pi1Fqx8Zh/8kfX5A//Ulkc=</latexit>

pt(y
0
1 | y00) = pi(y

0)

<latexit sha1_base64="yFYIi3XQa8mUGqZnSvUyLTzs4ds="></latexit>

p(x, y0) = p(x | y0)p(y0) =
|x|Y

i=1

pe(xi | yi)
|x|Y

i=1

pt(y
0
i | y0i�1)

<latexit sha1_base64="R/wz7w6fEvmABMBEDNEs9ssqt1g="></latexit>

p(x) =
X

y02Y

p(x, y0) =
X

y02Y

p(x | y0)p(y0)



Forward Algorithm
• Also dynamic programming — similar to Viterbi but we are 

trying to find the sum over possible latent sequences 
rather than the maximum 
 
 

<latexit sha1_base64="tGhPXqxrMDcPLHfOgI/FuAM+VmM=">AAACKXicbZDLSsNAFIYn9VbrLerSzWARKkJJRKoboejGZQV7gSaEyWTSDp1cmJkUQ+jruPFV3Cgo6tYXcdpGrK0HBn7+7xzOnN+NGRXSMD60wtLyyupacb20sbm1vaPv7rVElHBMmjhiEe+4SBBGQ9KUVDLSiTlBgctI2x1cj3l7SLigUXgn05jYAeqF1KcYSWU5en3omLBiSco8kqWjY3gJLRb1YKNyr4AVUA/OwJMf+Os5etmoGpOCi8LMRRnk1XD0F8uLcBKQUGKGhOiaRiztDHFJMSOjkpUIEiM8QD3SVTJEARF2Nrl0BI+U40E/4uqFEk7c2YkMBUKkgas6AyT7Yp6Nzf9YN5H+hZ3RME4kCfF0kZ8wKCM4jg16lBMsWaoEwpyqv0LcRxxhqcItqRDM+ZMXReu0ataqtduzcv0qj6MIDsAhqAATnIM6uAEN0AQYPIAn8AretEftWXvXPqetBS2f2Qd/Svv6BizzpM4=</latexit>

v1(ỹ) = logP (x1 | ỹ) + logP (ỹ)
<latexit sha1_base64="M7hZXzzzwymmnfCHesOvwGS2sKg="></latexit>

vi(ỹ) = logP (xi | ỹ) + max
ỹprev

(logP (ỹ | ỹprev) + vi�1(ỹprev))



Forward Algorithm
• Also dynamic programming — similar to Viterbi but we are 

trying to find the sum over possible latent sequences 
rather than the maximum 
 
 

<latexit sha1_base64="iF24G+V87fMk9kHzUiUTGmO8iOM="></latexit>

↵ 2 R|x|⇥|S|
0:1

<latexit sha1_base64="AqoQaHK/zJkcTkpLxmHrEg2zDPY=">AAACC3icbZDLSsNAFIYnXmu9RV26GVqEdlMSkepGKLpxWcFeoAlhMpm0QyfJMDMRS+jeja/ixoUibn0Bd76NkzYLbf1h4OM/53Dm/D5nVCrL+jZWVtfWNzZLW+Xtnd29ffPgsCuTVGDSwQlLRN9HkjAak46iipE+FwRFPiM9f3yd13v3REiaxHdqwokboWFMQ4qR0pZnVhzE+Ah5dk3W4SXkHs2B1x48GzoRDaCse2bValgzwWWwC6iCQm3P/HKCBKcRiRVmSMqBbXHlZkgoihmZlp1UEo7wGA3JQGOMIiLdbHbLFJ5oJ4BhIvSLFZy5vycyFEk5iXzdGSE1kou13PyvNkhVeOFmNOapIjGeLwpTBlUC82BgQAXBik00ICyo/ivEIyQQVjq+sg7BXjx5GbqnDbvZaN6eVVtXRRwlcAwqoAZscA5a4Aa0QQdg8AiewSt4M56MF+Pd+Ji3rhjFzBH4I+PzB+AomGs=</latexit>

↵1(s) = pi(s)p(x1 | s)
<latexit sha1_base64="/zbFDvaklcAiUpuNVm42kM6vJrI="></latexit>

↵i(s) =
X

s02S
↵i�1(s

0)pt(s | s0)pe(xi | s)



Forward Algorithm
• Also dynamic programming — similar to Viterbi but we are 

trying to find the sum over possible latent sequences 
rather than the maximum 
 
 

To compute    :  

alpha =  
for i = 1 ...   
for s in states: 
if i == 1: 
  alpha[i, s] =  
else: 
  for s’ in states: 
    alpha[i, s] += alpha[i-1, s’]  

return sum([alpha[  , s] for s in states])

<latexit sha1_base64="ynxBnAtnPeeSNp30r65RcMDaJbM=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyxC3ZREpLosunFZwT6gDWUynbRDJzNhZiLW0C9x40IRt36KO//GSZuFth4YOJxzLvfOCWJGlXbdb6uwtr6xuVXcLu3s7u2X7YPDthKJxKSFBROyGyBFGOWkpalmpBtLgqKAkU4wucn8zgORigp+r6cx8SM04jSkGGkjDexyXO0LE8jm08fZ2cCuuDV3DmeVeDmpQI7mwP7qDwVOIsI1ZkipnufG2k+R1BQzMiv1E0VihCdoRHqGchQR5afzw2fOqVGGTiikeVw7c/X3RIoipaZRYJIR0mO17GXif14v0eGVn1IeJ5pwvFgUJszRwslacIZUEqzZ1BCEJTW3OniMJMLadFUyJXjLX14l7fOaV6/V7y4qjeu8jiIcwwlUwYNLaMAtNKEFGBJ4hld4s56sF+vd+lhEC1Y+cwR/YH3+ANuvkz0=</latexit>

p(x)
<latexit sha1_base64="8xhRoeGwBzKXwFRiv0++wPQVyso=">AAACGXicbVC7TsMwFHXKq5RXgJHFokJiqhKECmMFC2MR9CE1oXJcp7XqOJHtIKokv8HCr7AwgBAjTPwNTtoBWo5k6ejcc33vPV7EqFSW9W2UlpZXVtfK65WNza3tHXN3ry3DWGDSwiELRddDkjDKSUtRxUg3EgQFHiMdb3yZ1zv3REga8ls1iYgboCGnPsVIaalvWk6A1MjzEyu7S1In1N78q+QhS6GjaEAkTAsLRiy5ydKsb1atmlUALhJ7Rqpghmbf/HQGIY4DwhVmSMqebUXKTZBQFDOSVZxYkgjhMRqSnqYc6ZluUlyWwSOtDKAfCv24goX6uyNBgZSTwNPOfEk5X8vF/2q9WPnnbkJ5FCvC8XSQHzOoQpjHBAdUEKzYRBOEBdW7QjxCAmGlw6zoEOz5kxdJ+6Rm12v169Nq42IWRxkcgENwDGxwBhrgCjRBC2DwCJ7BK3gznowX4934mFpLxqxnH/yB8fUDGvKiQQ==</latexit>

0|x|⇥|S|
<latexit sha1_base64="CVeWWkNciCo31HUmZXaKOrACwMk=">AAAB9XicbVDLTgIxFL2DL8QX6tJNIzFxRWaMQZdENy4xkUcCSDqlAw2ddtJ2VDLwH25caIxb/8Wdf2MHZqHgSZqcnHNP7u3xI860cd1vJ7eyura+kd8sbG3v7O4V9w8aWsaK0DqRXKqWjzXlTNC6YYbTVqQoDn1Om/7oOvWbD1RpJsWdGUe0G+KBYAEj2FjpftKR1k3DydN00iuW3LI7A1omXkZKkKHWK351+pLEIRWGcKx123Mj002wMoxwOi10Yk0jTEZ4QNuWChxS3U1mV0/RiVX6KJDKPmHQTP2dSHCo9Tj07WSIzVAveqn4n9eOTXDZTZiIYkMFmS8KYo6MRGkFqM8UJYaPLcFEMXsrIkOsMDG2qIItwVv88jJpnJW9Srlye16qXmV15OEIjuEUPLiAKtxADepAQMEzvMKb8+i8OO/Ox3w052SZQ/gD5/MHkHyTOQ==</latexit>

|x|

<latexit sha1_base64="AqoQaHK/zJkcTkpLxmHrEg2zDPY=">AAACC3icbZDLSsNAFIYnXmu9RV26GVqEdlMSkepGKLpxWcFeoAlhMpm0QyfJMDMRS+jeja/ixoUibn0Bd76NkzYLbf1h4OM/53Dm/D5nVCrL+jZWVtfWNzZLW+Xtnd29ffPgsCuTVGDSwQlLRN9HkjAak46iipE+FwRFPiM9f3yd13v3REiaxHdqwokboWFMQ4qR0pZnVhzE+Ah5dk3W4SXkHs2B1x48GzoRDaCse2bValgzwWWwC6iCQm3P/HKCBKcRiRVmSMqBbXHlZkgoihmZlp1UEo7wGA3JQGOMIiLdbHbLFJ5oJ4BhIvSLFZy5vycyFEk5iXzdGSE1kou13PyvNkhVeOFmNOapIjGeLwpTBlUC82BgQAXBik00ICyo/ivEIyQQVjq+sg7BXjx5GbqnDbvZaN6eVVtXRRwlcAwqoAZscA5a4Aa0QQdg8AiewSt4M56MF+Pd+Ji3rhjFzBH4I+PzB+AomGs=</latexit>

↵1(s) = pi(s)p(x1 | s)

<latexit sha1_base64="/zbFDvaklcAiUpuNVm42kM6vJrI="></latexit>

↵i(s) =
X

s02S
↵i�1(s

0)pt(s | s0)pe(xi | s)
<latexit sha1_base64="CVeWWkNciCo31HUmZXaKOrACwMk=">AAAB9XicbVDLTgIxFL2DL8QX6tJNIzFxRWaMQZdENy4xkUcCSDqlAw2ddtJ2VDLwH25caIxb/8Wdf2MHZqHgSZqcnHNP7u3xI860cd1vJ7eyura+kd8sbG3v7O4V9w8aWsaK0DqRXKqWjzXlTNC6YYbTVqQoDn1Om/7oOvWbD1RpJsWdGUe0G+KBYAEj2FjpftKR1k3DydN00iuW3LI7A1omXkZKkKHWK351+pLEIRWGcKx123Mj002wMoxwOi10Yk0jTEZ4QNuWChxS3U1mV0/RiVX6KJDKPmHQTP2dSHCo9Tj07WSIzVAveqn4n9eOTXDZTZiIYkMFmS8KYo6MRGkFqM8UJYaPLcFEMXsrIkOsMDG2qIItwVv88jJpnJW9Srlye16qXmV15OEIjuEUPLiAKtxADepAQMEzvMKb8+i8OO/Ox3w052SZQ/gD5/MHkHyTOQ==</latexit>

|x|



Forward-Backward and Viterbi
1. Likelihood: given a sequence of observations, how likely 

is that sequence according to the HMM? 

2. Decoding: given a sequence of observations, what’s the 
most likely sequence of hidden states?  

3. Learning: given a sequence of observations and the set 
of possible states, what are the HMM parameters that 
maximize the probability of the sequence?

Use forward algorithm

Use Viterbi

?



Unsupervised Learning
• Learning algorithm: forward-backward, aka Baum-Welch 

• Intuition:  

• Parameters are computed using counts of co-occurrences of 
hidden states and observations 
 

• But, we don’t have actual counts 

• Expectation-maximization (EM) approximation: 

• E-step: let’s assume our current transition and emission 
probabilities are correct. If they were, what would our counts 
be? 

• M-step: let’s assume our current counts are correct. Then 
let’s compute the empirical transition and emission 
probabilities as above.

<latexit sha1_base64="NVeJete7bkmO6d86nZ4QLnvp1I4=">AAACDnicbZDLSsNAFIYn9VbrLerSzWAptCAlEaluhGI3LivYCzShTCaTdujkwsxEWkKewI2v4saFIm5du/NtnLRZaOsPAx//OYcz53ciRoU0jG+tsLa+sblV3C7t7O7tH+iHR10RxhyTDg5ZyPsOEoTRgHQklYz0I06Q7zDScyatrN57IFzQMLiXs4jYPhoF1KMYSWUN9Uo0JNUptHzqQlGD19ByPY5w0qqKMzitpRnU0qFeNurGXHAVzBzKIFd7qH9ZbohjnwQSMyTEwDQiaSeIS4oZSUtWLEiE8ASNyEBhgHwi7GR+TgorynGhF3L1Agnn7u+JBPlCzHxHdfpIjsVyLTP/qw1i6V3ZCQ2iWJIALxZ5MYMyhFk20KWcYMlmChDmVP0V4jFScUiVYEmFYC6fvArd87rZqDfuLsrNmzyOIjgBp6AKTHAJmuAWtEEHYPAInsEreNOetBftXftYtBa0fOYY/JH2+QO745oJ</latexit>

pe(x | s) = C(s, x)

C(s)

<latexit sha1_base64="V31VQN222dOIw1kHF4ET1qUzEwk=">AAACG3icbZC7SgNBFIZnvcZ4i1raDAYxacJukGgjBNNYRjAXyC5hdnY2GTJ7YeasEpa8h42vYmOhiJVg4ds4m6TQxAMDP99/DmfO78aCKzDNb2NldW19YzO3ld/e2d3bLxwctlWUSMpaNBKR7LpEMcFD1gIOgnVjyUjgCtZxR43M79wzqXgU3sE4Zk5ABiH3OSWgUb9QjftQUtgOuIfVWRlfYdvzJaFpI6OSD4ZApIweMnOSwfKkXyiaFXNaeFlYc1FE82r2C5+2F9EkYCFQQZTqWWYMTkokcCrYJG8nisWEjsiA9bQMScCUk05vm+BTTTzsR1K/EPCU/p5ISaDUOHB1Z0BgqBa9DP7n9RLwL52Uh3ECLKSzRX4iMEQ4Cwp7XDIKYqwFoZLrv2I6JDoa0HHmdQjW4snLol2tWLVK7fa8WL+ex5FDx+gElZCFLlAd3aAmaiGKHtEzekVvxpPxYrwbH7PWFWM+c4T+lPH1A9Uqn3c=</latexit>

pt(s | s0) =
C(s ! s0)

C(s)



Backward Algorithm

Helper function: backward algorithm for computing 

• Also dynamic programming, where we are building up 
probability trellis  

• Base case:  

• Recurrence relation: 

• Termination: 

<latexit sha1_base64="d0gAfROXuJAxXzwXwM3U5jgC9HI="></latexit>

� 2 R|x|⇥|S|
0:1

<latexit sha1_base64="Dy83uYXHM3HJ+WbE+dozdbXyTFE=">AAACBnicbVDNS8MwHE3n15xfVY8iBIcwL6MVmV6EoRePE9wHrKWkWbaFpU1JUnF0PXnxX/HiQRGv/g3e/G9Mtx5080Hg8d77Jfk9P2JUKsv6NgpLyyura8X10sbm1vaOubvXkjwWmDQxZ1x0fCQJoyFpKqoY6USCoMBnpO2PrjO/fU+EpDy8U+OIuAEahLRPMVJa8sxDxycKecnE4TqW3ZI8pJO0Ik/gJbQ9s2xVrSngIrFzUgY5Gp755fQ4jgMSKsyQlF3bipSbIKEoZiQtObEkEcIjNCBdTUMUEOkm0zVSeKyVHuxzoU+o4FT9PZGgQMpx4OtkgNRQznuZ+J/XjVX/wk1oGMWKhHj2UD9mUHGYdQJ7VBCs2FgThAXVf4V4iATCSjdX0iXY8ysvktZp1a5Va7dn5fpVXkcRHIAjUAE2OAd1cAMaoAkweATP4BW8GU/Gi/FufMyiBSOf2Qd/YHz+AOpYmME=</latexit>

�|x|(s) = 1
<latexit sha1_base64="wNVnnUX1eRiMnOpCSYEAr+sawvM="></latexit>

�i(s) =
X

s02S
pt(s | s0)pe(xi | s)�i+1(s

0)

<latexit sha1_base64="ynxBnAtnPeeSNp30r65RcMDaJbM=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyxC3ZREpLosunFZwT6gDWUynbRDJzNhZiLW0C9x40IRt36KO//GSZuFth4YOJxzLvfOCWJGlXbdb6uwtr6xuVXcLu3s7u2X7YPDthKJxKSFBROyGyBFGOWkpalmpBtLgqKAkU4wucn8zgORigp+r6cx8SM04jSkGGkjDexyXO0LE8jm08fZ2cCuuDV3DmeVeDmpQI7mwP7qDwVOIsI1ZkipnufG2k+R1BQzMiv1E0VihCdoRHqGchQR5afzw2fOqVGGTiikeVw7c/X3RIoipaZRYJIR0mO17GXif14v0eGVn1IeJ5pwvFgUJszRwslacIZUEqzZ1BCEJTW3OniMJMLadFUyJXjLX14l7fOaV6/V7y4qjeu8jiIcwwlUwYNLaMAtNKEFGBJ4hld4s56sF+vd+lhEC1Y+cwR/YH3+ANuvkz0=</latexit>

p(x)

<latexit sha1_base64="647qfCZ3jG4qff0Am2A2BIv2Vhg="></latexit>

p(x) =
X

s2S
pi(s)pe(x1 | s)�1(s)



Estimating  
Transition Probabilities

• Recall our original estimation of transition probabilities 
from counts of occurrences: 
 

• First, let’s try to estimate  

• Let’s say we actually know the probability of a particular 
transition occurring in some timestep i 

• Then, we could sum over all timesteps to estimate the total 
count for this transition

<latexit sha1_base64="EZodgSYCNIkH55FuH22fW8K0Fk4=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSxivZREpHos9uKxgv2ANpTNdtsu3WTD7kYJof4VLx4U8eoP8ea/cdvmoK0PBh7vzTAzz484U9pxvq3c2vrG5lZ+u7Czu7d/YB8etZSIJaFNIriQHR8ryllIm5ppTjuRpDjwOW37k/rMbz9QqZgI73USUS/Ao5ANGcHaSH27WC8r1JNsNNZYSvGI1Nl53y45FWcOtErcjJQgQ6Nvf/UGgsQBDTXhWKmu60TaS7HUjHA6LfRiRSNMJnhEu4aGOKDKS+fHT9GpUQZoKKSpUKO5+nsixYFSSeCbzgDrsVr2ZuJ/XjfWw2svZWEUaxqSxaJhzJEWaJYEGjBJieaJIZhIZm5FZIwlJtrkVTAhuMsvr5LWRcWtVqp3l6XaTRZHHo7hBMrgwhXU4BYa0AQCCTzDK7xZT9aL9W59LFpzVjZThD+wPn8AZDST+g==</latexit>

C(s ! s0)

<latexit sha1_base64="V31VQN222dOIw1kHF4ET1qUzEwk=">AAACG3icbZC7SgNBFIZnvcZ4i1raDAYxacJukGgjBNNYRjAXyC5hdnY2GTJ7YeasEpa8h42vYmOhiJVg4ds4m6TQxAMDP99/DmfO78aCKzDNb2NldW19YzO3ld/e2d3bLxwctlWUSMpaNBKR7LpEMcFD1gIOgnVjyUjgCtZxR43M79wzqXgU3sE4Zk5ABiH3OSWgUb9QjftQUtgOuIfVWRlfYdvzJaFpI6OSD4ZApIweMnOSwfKkXyiaFXNaeFlYc1FE82r2C5+2F9EkYCFQQZTqWWYMTkokcCrYJG8nisWEjsiA9bQMScCUk05vm+BTTTzsR1K/EPCU/p5ISaDUOHB1Z0BgqBa9DP7n9RLwL52Uh3ECLKSzRX4iMEQ4Cwp7XDIKYqwFoZLrv2I6JDoa0HHmdQjW4snLol2tWLVK7fa8WL+ex5FDx+gElZCFLlAd3aAmaiGKHtEzekVvxpPxYrwbH7PWFWM+c4T+lPH1A9Uqn3c=</latexit>

pt(s | s0) =
C(s ! s0)

C(s)



probability of 
the transition

probability of 
the 
observation

probability of being 
in current state 
given all possible 
previous latent 
states

probability of being 
in next state given 
all possible future 
latent states

Estimating  
Transition Probabilities

• The probability of a particular transition occurring in some 
timestep i: 

• Joint probability with the observation sequence: 

• How to compute this? Use forward-backward algorithms

<latexit sha1_base64="MvyTWmXJfLg9dtEviyUxjgBl2n4="></latexit>

⇠i(s, s
0) = p(st = s, st+1 = s0 | x)

<latexit sha1_base64="ftfh+pzeEJ3RX7p58XROuvqsCDw="></latexit>

⇠̂i(s, s
0) = p(st = s, st+1 = s0, x)

<latexit sha1_base64="IvRsH3fgiNDsJ1pamCRGiQf+B1M="></latexit>

⇠̂i(s, s
0) = pt(s, s

0)pe(xi | s)↵i(s)�i+1(s
0)



Estimating  
Transition Probabilities

<latexit sha1_base64="MvyTWmXJfLg9dtEviyUxjgBl2n4="></latexit>

⇠i(s, s
0) = p(st = s, st+1 = s0 | x)

<latexit sha1_base64="ftfh+pzeEJ3RX7p58XROuvqsCDw="></latexit>

⇠̂i(s, s
0) = p(st = s, st+1 = s0, x)

<latexit sha1_base64="IvRsH3fgiNDsJ1pamCRGiQf+B1M="></latexit>

⇠̂i(s, s
0) = pt(s, s

0)pe(xi | s)↵i(s)�i+1(s
0)

<latexit sha1_base64="7gbg0ujyj0imREuKRozEoltEzAg="></latexit>

⇠i(s, s
0) =

p(st = s, st+1 = s0, x)

p(x)
=

⇠̂i(s, s0)

p(x)

<latexit sha1_base64="Pj2sT1lbettM3gJsqFdVNW6Z7uQ="></latexit>

=
pt(s, s0)pe(xi | s)↵i(s)�i+1(s0)P

s̃2S
P

s̃02S pt(s̃, s̃0)pe(xi | s̃)↵i(s̃)�i+1(s̃0)

<latexit sha1_base64="T6pjievm7pSBiIsIeBT4iaqeFG8="></latexit>

=
⇠̂i(s, s0)P

s̃2S
P

s̃02S ⇠̂i(s̃, s̃0)

sum over all 
other possible 
transitions at 
this timestep



Estimating  
Transition Probabilities

<latexit sha1_base64="EZodgSYCNIkH55FuH22fW8K0Fk4=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSxivZREpHos9uKxgv2ANpTNdtsu3WTD7kYJof4VLx4U8eoP8ea/cdvmoK0PBh7vzTAzz484U9pxvq3c2vrG5lZ+u7Czu7d/YB8etZSIJaFNIriQHR8ryllIm5ppTjuRpDjwOW37k/rMbz9QqZgI73USUS/Ao5ANGcHaSH27WC8r1JNsNNZYSvGI1Nl53y45FWcOtErcjJQgQ6Nvf/UGgsQBDTXhWKmu60TaS7HUjHA6LfRiRSNMJnhEu4aGOKDKS+fHT9GpUQZoKKSpUKO5+nsixYFSSeCbzgDrsVr2ZuJ/XjfWw2svZWEUaxqSxaJhzJEWaJYEGjBJieaJIZhIZm5FZIwlJtrkVTAhuMsvr5LWRcWtVqp3l6XaTRZHHo7hBMrgwhXU4BYa0AQCCTzDK7xZT9aL9W59LFpzVjZThD+wPn8AZDST+g==</latexit>

C(s ! s0)

<latexit sha1_base64="s1aoevalHEHo+fyeYdhRE1COtaA=">AAACGHicbVBLSwMxGMzWV62vqkcvwSJWkLorUr0IRS8eK9gHdNclm6ZtaHazJFlp2e7P8OJf8eJBEa+9+W9M2z1o60BgmPkmyTdeyKhUpvltZJaWV1bXsuu5jc2t7Z387l5d8khgUsOccdH0kCSMBqSmqGKkGQqCfI+Rhte/nfiNJyIk5cGDGobE8VE3oB2KkdKSmz+zURgKPoC2jHw3ptdW8hiPbK4zkyvjQTJK7AF1aVGeQnl84uYLZsmcAi4SKyUFkKLq5sd2m+PIJ4HCDEnZssxQOTESimJGkpwdSRIi3Edd0tI0QD6RTjxdLIFHWmnDDhf6BApO1d+JGPlSDn1PT/pI9eS8NxH/81qR6lw5MQ3CSJEAzx7qRAwqDictwTYVBCs21ARhQfVfIe4hgbDSXeZ0Cdb8youkfl6yyqXy/UWhcpPWkQUH4BAUgQUuQQXcgSqoAQyewSt4Bx/Gi/FmfBpfs9GMkWb2wR8Y4x+IMKCu</latexit>

⇡
|x|X

i=1

⇠i(s, s
0)

<latexit sha1_base64="kmAPNyTQEaIZean0D4YK3/ItLpw="></latexit>

C(s) ⇡
X

s2S

|x|X

i=1

⇠i(s, s
0)

<latexit sha1_base64="7fcoVWlIeHj5sp2BfF5JJ9gzZyg="></latexit>

p̂t(s | s0) =
P|x|

i=1 ⇠i(s, s
0)

P
s2S

P|x|
i=1 ⇠i(s, s

0)



Estimating  
Emission Probabilities

• Recall our original estimation of transition probabilities 
from counts of occurrences: 
 

• Let’s say we actually know the probability of being in state 
s at time i:  
 

<latexit sha1_base64="NVeJete7bkmO6d86nZ4QLnvp1I4=">AAACDnicbZDLSsNAFIYn9VbrLerSzWAptCAlEaluhGI3LivYCzShTCaTdujkwsxEWkKewI2v4saFIm5du/NtnLRZaOsPAx//OYcz53ciRoU0jG+tsLa+sblV3C7t7O7tH+iHR10RxhyTDg5ZyPsOEoTRgHQklYz0I06Q7zDScyatrN57IFzQMLiXs4jYPhoF1KMYSWUN9Uo0JNUptHzqQlGD19ByPY5w0qqKMzitpRnU0qFeNurGXHAVzBzKIFd7qH9ZbohjnwQSMyTEwDQiaSeIS4oZSUtWLEiE8ASNyEBhgHwi7GR+TgorynGhF3L1Agnn7u+JBPlCzHxHdfpIjsVyLTP/qw1i6V3ZCQ2iWJIALxZ5MYMyhFk20KWcYMlmChDmVP0V4jFScUiVYEmFYC6fvArd87rZqDfuLsrNmzyOIjgBp6AKTHAJmuAWtEEHYPAInsEreNOetBftXftYtBa0fOYY/JH2+QO745oJ</latexit>

pe(x | s) = C(s, x)

C(s)

<latexit sha1_base64="f88lug2uSTIBuyuBAqaVeFEbe1k="></latexit>

�i(s) = p(si = s | x) = p(si = s, x)

p(x)
=

↵i(s)�i(s)

p(x)



Estimating  
Emission Probabilities

<latexit sha1_base64="NVeJete7bkmO6d86nZ4QLnvp1I4=">AAACDnicbZDLSsNAFIYn9VbrLerSzWAptCAlEaluhGI3LivYCzShTCaTdujkwsxEWkKewI2v4saFIm5du/NtnLRZaOsPAx//OYcz53ciRoU0jG+tsLa+sblV3C7t7O7tH+iHR10RxhyTDg5ZyPsOEoTRgHQklYz0I06Q7zDScyatrN57IFzQMLiXs4jYPhoF1KMYSWUN9Uo0JNUptHzqQlGD19ByPY5w0qqKMzitpRnU0qFeNurGXHAVzBzKIFd7qH9ZbohjnwQSMyTEwDQiaSeIS4oZSUtWLEiE8ASNyEBhgHwi7GR+TgorynGhF3L1Agnn7u+JBPlCzHxHdfpIjsVyLTP/qw1i6V3ZCQ2iWJIALxZ5MYMyhFk20KWcYMlmChDmVP0V4jFScUiVYEmFYC6fvArd87rZqDfuLsrNmzyOIjgBp6AKTHAJmuAWtEEHYPAInsEreNOetBftXftYtBa0fOYY/JH2+QO745oJ</latexit>

pe(x | s) = C(s, x)

C(s)
<latexit sha1_base64="f88lug2uSTIBuyuBAqaVeFEbe1k="></latexit>

�i(s) = p(si = s | x) = p(si = s, x)

p(x)
=

↵i(s)�i(s)

p(x)
<latexit sha1_base64="hgjTiFFSoKLgTD99Ni4i7OJFZNQ="></latexit>

p̂e(x | s) =
P|x|

i=1,xi=x �i(s)
P|x|

i=1 �i(s)



Putting it Together via  
Expectation-Maximization

initialize         and  
until convergence, iterate over examples  : 
  E-step: assuming probabilities are correct,  
          compute pseudocounts 
    compute   and   for   using current probs 
    compute temporary counts   

  M-step: assuming counts are correct,  
          recompute probabilities

<latexit sha1_base64="LN/IUMhRUIYtffon8f17KWClfJg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUCbbTbt2sxt2N0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemHCmjed9O4W19Y3NreJ2aWd3b/+gfHjU0jJVhDaJ5FJ1QtSUM0GbhhlOO4miGIectsPx7cxvP1GlmRQPZpLQIMahYBEjaKzU6iFPRtgvV7yqN4e7SvycVCBHo1/+6g0kSWMqDOGoddf3EhNkqAwjnE5LvVTTBMkYh7RrqcCY6iCbXzt1z6wycCOpbAnjztXfExnGWk/i0HbGaEZ62ZuJ/3nd1ETXQcZEkhoqyGJRlHLXSHf2ujtgihLDJ5YgUcze6pIRKiTGBlSyIfjLL6+S1kXVr1Vr95eV+k0eRxFO4BTOwYcrqMMdNKAJBB7hGV7hzZHOi/PufCxaC04+cwx/4Hz+AI8TjyM=</latexit>↵

<latexit sha1_base64="3q3Eb0Z4UAt3V16MIdThqJNzxig=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwwySLQ==</latexit>

x

<latexit sha1_base64="70lLMPLx7Mn8duaeTWcRM/zSQaw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDVh8MPN6bYWZemEph0HW/nNLa+sbmVnm7srO7t39QPTxqmyTTjPsskYnuhtRwKRT3UaDk3VRzGoeSd8LJ7dzvPHJtRKIecJryIKYjJSLBKFrJ74cc6aBac+vuAuQv8QpSgwKtQfWzP0xYFnOFTFJjep6bYpBTjYJJPqv0M8NTyiZ0xHuWKhpzE+SLY2fkzCpDEiXalkKyUH9O5DQ2ZhqHtjOmODar3lz8z+tlGF0HuVBphlyx5aIokwQTMv+cDIXmDOXUEsq0sLcSNqaaMrT5VGwI3urLf0n7ou416o37y1rzpoijDCdwCufgwRU04Q5a4AMDAU/wAq+Ocp6dN+d92Vpyiplj+AXn4xvHaI6v</latexit>

�
<latexit sha1_base64="3q3Eb0Z4UAt3V16MIdThqJNzxig=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ad0hpJJM21oJhmSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlKlmRQPZprQIMYjwSJGsLGS70tr5tnsaTao1ty6OwdaJV5BalCgNah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsfvMMnVlliCKp7BMGzdXfiQzHWk/j0E7G2Iz1speL/3n91ETXQcZEkhoqyGJRlHJkJMoLQEOmKDF8agkmitlbERljhYmxNVVsCd7yl1dJ56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGAgk8wyu8Oanz4rw7H4vRklNkjuEPnM8fwwySLQ==</latexit>

x

<latexit sha1_base64="AukXZinYyCJceE6YcoBqHw0wCic="></latexit>

�i(s) =
↵i(s)�i(s)P

s02S ↵i(s)�i(s0)
<latexit sha1_base64="Pj2sT1lbettM3gJsqFdVNW6Z7uQ="></latexit>

=
pt(s, s0)pe(xi | s)↵i(s)�i+1(s0)P

s̃2S
P

s̃02S pt(s̃, s̃0)pe(xi | s̃)↵i(s̃)�i+1(s̃0)

<latexit sha1_base64="MvyTWmXJfLg9dtEviyUxjgBl2n4="></latexit>

⇠i(s, s
0) = p(st = s, st+1 = s0 | x)

<latexit sha1_base64="7fcoVWlIeHj5sp2BfF5JJ9gzZyg="></latexit>

p̂t(s | s0) =
P|x|

i=1 ⇠i(s, s
0)

P
s2S

P|x|
i=1 ⇠i(s, s

0)

<latexit sha1_base64="hgjTiFFSoKLgTD99Ni4i7OJFZNQ="></latexit>

p̂e(x | s) =
P|x|

i=1,xi=x �i(s)
P|x|

i=1 �i(s)

<latexit sha1_base64="7fcoVWlIeHj5sp2BfF5JJ9gzZyg="></latexit>

p̂t(s | s0) =
P|x|

i=1 ⇠i(s, s
0)

P
s2S

P|x|
i=1 ⇠i(s, s

0)

<latexit sha1_base64="hgjTiFFSoKLgTD99Ni4i7OJFZNQ="></latexit>

p̂e(x | s) =
P|x|

i=1,xi=x �i(s)
P|x|

i=1 �i(s)

<latexit sha1_base64="J/cAw8P2ueA9LWxdLei/Tr5n2oY=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idTJIhs7PDTK8QlnyEFw+KePV7vPk3TpI9aLSgoajqprsr0lJY9P0vr7C2vrG5Vdwu7ezu7R+UD49aNkkN402WyMR0Imq5FIo3UaDkHW04jSPJ29Hkdu63H7mxIlEPONU8jOlIiaFgFJ3U7o0pZnrWL1f8qr8A+UuCnFQgR6Nf/uwNEpbGXCGT1Npu4GsMM2pQMMlnpV5quaZsQke866iiMbdhtjh3Rs6cMiDDxLhSSBbqz4mMxtZO48h1xhTHdtWbi/953RSH12EmlE6RK7ZcNEwlwYTMfycDYThDOXWEMiPcrYSNqaEMXUIlF0Kw+vJf0rqoBrVq7f6yUr/J4yjCCZzCOQRwBXW4gwY0gcEEnuAFXj3tPXtv3vuyteDlM8fwC97HN6emj8w=</latexit>

p̂
<latexit sha1_base64="J/cAw8P2ueA9LWxdLei/Tr5n2oY=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idTJIhs7PDTK8QlnyEFw+KePV7vPk3TpI9aLSgoajqprsr0lJY9P0vr7C2vrG5Vdwu7ezu7R+UD49aNkkN402WyMR0Imq5FIo3UaDkHW04jSPJ29Hkdu63H7mxIlEPONU8jOlIiaFgFJ3U7o0pZnrWL1f8qr8A+UuCnFQgR6Nf/uwNEpbGXCGT1Npu4GsMM2pQMMlnpV5quaZsQke866iiMbdhtjh3Rs6cMiDDxLhSSBbqz4mMxtZO48h1xhTHdtWbi/953RSH12EmlE6RK7ZcNEwlwYTMfycDYThDOXWEMiPcrYSNqaEMXUIlF0Kw+vJf0rqoBrVq7f6yUr/J4yjCCZzCOQRwBXW4gwY0gcEEnuAFXj3tPXtv3vuyteDlM8fwC97HN6emj8w=</latexit>

p̂
<latexit sha1_base64="J/cAw8P2ueA9LWxdLei/Tr5n2oY=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idTJIhs7PDTK8QlnyEFw+KePV7vPk3TpI9aLSgoajqprsr0lJY9P0vr7C2vrG5Vdwu7ezu7R+UD49aNkkN402WyMR0Imq5FIo3UaDkHW04jSPJ29Hkdu63H7mxIlEPONU8jOlIiaFgFJ3U7o0pZnrWL1f8qr8A+UuCnFQgR6Nf/uwNEpbGXCGT1Npu4GsMM2pQMMlnpV5quaZsQke866iiMbdhtjh3Rs6cMiDDxLhSSBbqz4mMxtZO48h1xhTHdtWbi/953RSH12EmlE6RK7ZcNEwlwYTMfycDYThDOXWEMiPcrYSNqaEMXUIlF0Kw+vJf0rqoBrVq7f6yUr/J4yjCCZzCOQRwBXW4gwY0gcEEnuAFXj3tPXtv3vuyteDlM8fwC97HN6emj8w=</latexit>

p̂
<latexit sha1_base64="J/cAw8P2ueA9LWxdLei/Tr5n2oY=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idTJIhs7PDTK8QlnyEFw+KePV7vPk3TpI9aLSgoajqprsr0lJY9P0vr7C2vrG5Vdwu7ezu7R+UD49aNkkN402WyMR0Imq5FIo3UaDkHW04jSPJ29Hkdu63H7mxIlEPONU8jOlIiaFgFJ3U7o0pZnrWL1f8qr8A+UuCnFQgR6Nf/uwNEpbGXCGT1Npu4GsMM2pQMMlnpV5quaZsQke866iiMbdhtjh3Rs6cMiDDxLhSSBbqz4mMxtZO48h1xhTHdtWbi/953RSH12EmlE6RK7ZcNEwlwYTMfycDYThDOXWEMiPcrYSNqaEMXUIlF0Kw+vJf0rqoBrVq7f6yUr/J4yjCCZzCOQRwBXW4gwY0gcEEnuAFXj3tPXtv3vuyteDlM8fwC97HN6emj8w=</latexit>

p̂


