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Latent Variable Models

CSE 599I: Generative Models University of WashingtonLecture 6

• Given finite samples                       , and unlimited samples 


• Generative latent variable model:


• Want to learn the marginal                        defined by 

x1, . . . , xn ⇠ p
<latexit sha1_base64="sHutXi237a5jqKGi7cR0t69SFyY=">AAAB/XicbZDLSgMxFIbP1Futt/GycxMsgotSZkTQZcFNlxXsBdphyKSZNjSTGZKMtA7FV3HjQhG3voc738a0nYW2Hgh8/P85yckfJJwp7TjfVmFtfWNzq7hd2tnd2z+wD49aKk4loU0S81h2AqwoZ4I2NdOcdhJJcRRw2g5GtzO//UClYrG415OEehEeCBYygrWRfPtk7LuVXj/WqjL2BeopFqHEt8tO1ZkXWgU3hzLk1fDtL3MFSSMqNOFYqa7rJNrLsNSMcDot9VJFE0xGeEC7BgWOqPKy+fZTdG6UPgpjaY7QaK7+nshwpNQkCkxnhPVQLXsz8T+vm+rwxsuYSFJNBVk8FKYc6RjNokB9JinRfGIAE8nMrogMscREm8BKJgR3+cur0Lqsuobvrsq1eh5HEU7hDC7AhWuoQR0a0AQCj/AMr/BmPVkv1rv1sWgtWPnMMfwp6/MHYLuUiQ==</latexit><latexit sha1_base64="sHutXi237a5jqKGi7cR0t69SFyY=">AAAB/XicbZDLSgMxFIbP1Futt/GycxMsgotSZkTQZcFNlxXsBdphyKSZNjSTGZKMtA7FV3HjQhG3voc738a0nYW2Hgh8/P85yckfJJwp7TjfVmFtfWNzq7hd2tnd2z+wD49aKk4loU0S81h2AqwoZ4I2NdOcdhJJcRRw2g5GtzO//UClYrG415OEehEeCBYygrWRfPtk7LuVXj/WqjL2BeopFqHEt8tO1ZkXWgU3hzLk1fDtL3MFSSMqNOFYqa7rJNrLsNSMcDot9VJFE0xGeEC7BgWOqPKy+fZTdG6UPgpjaY7QaK7+nshwpNQkCkxnhPVQLXsz8T+vm+rwxsuYSFJNBVk8FKYc6RjNokB9JinRfGIAE8nMrogMscREm8BKJgR3+cur0Lqsuobvrsq1eh5HEU7hDC7AhWuoQR0a0AQCj/AMr/BmPVkv1rv1sWgtWPnMMfwp6/MHYLuUiQ==</latexit><latexit sha1_base64="sHutXi237a5jqKGi7cR0t69SFyY=">AAAB/XicbZDLSgMxFIbP1Futt/GycxMsgotSZkTQZcFNlxXsBdphyKSZNjSTGZKMtA7FV3HjQhG3voc738a0nYW2Hgh8/P85yckfJJwp7TjfVmFtfWNzq7hd2tnd2z+wD49aKk4loU0S81h2AqwoZ4I2NdOcdhJJcRRw2g5GtzO//UClYrG415OEehEeCBYygrWRfPtk7LuVXj/WqjL2BeopFqHEt8tO1ZkXWgU3hzLk1fDtL3MFSSMqNOFYqa7rJNrLsNSMcDot9VJFE0xGeEC7BgWOqPKy+fZTdG6UPgpjaY7QaK7+nshwpNQkCkxnhPVQLXsz8T+vm+rwxsuYSFJNBVk8FKYc6RjNokB9JinRfGIAE8nMrogMscREm8BKJgR3+cur0Lqsuobvrsq1eh5HEU7hDC7AhWuoQR0a0AQCj/AMr/BmPVkv1rv1sWgtWPnMMfwp6/MHYLuUiQ==</latexit><latexit sha1_base64="sHutXi237a5jqKGi7cR0t69SFyY=">AAAB/XicbZDLSgMxFIbP1Futt/GycxMsgotSZkTQZcFNlxXsBdphyKSZNjSTGZKMtA7FV3HjQhG3voc738a0nYW2Hgh8/P85yckfJJwp7TjfVmFtfWNzq7hd2tnd2z+wD49aKk4loU0S81h2AqwoZ4I2NdOcdhJJcRRw2g5GtzO//UClYrG415OEehEeCBYygrWRfPtk7LuVXj/WqjL2BeopFqHEt8tO1ZkXWgU3hzLk1fDtL3MFSSMqNOFYqa7rJNrLsNSMcDot9VJFE0xGeEC7BgWOqPKy+fZTdG6UPgpjaY7QaK7+nshwpNQkCkxnhPVQLXsz8T+vm+rwxsuYSFJNBVk8FKYc6RjNokB9JinRfGIAE8nMrogMscREm8BKJgR3+cur0Lqsuobvrsq1eh5HEU7hDC7AhWuoQR0a0AQCj/AMr/BmPVkv1rv1sWgtWPnMMfwp6/MHYLuUiQ==</latexit>

1. z ⇠ r,

2. x ⇠ p✓(·|z)
<latexit sha1_base64="ZPQMsmTaE5Exgl/ZJs0bMBtbMhE=">AAACLXicbZBNSwMxEIazftb6VfXoJVgsFaTsVkGPgh7EUwXbCt1SsunUBpPdJZkV69o/5MW/IoKHinj1b5h+HLQ6EHh43xkm8waxFAZdd+DMzM7NLyxmlrLLK6tr67mNzZqJEs2hyiMZ6euAGZAihCoKlHAda2AqkFAPbk+Hfv0OtBFReIW9GJqK3YSiIzhDK7VyZwWv5HdNzDikB0r16QP1jVBU7/t+tlD+7d2PvbjlYxeQFX3ejvDxYa+Vy7sld1T0L3gTyJNJVVq5V78d8URBiFwyYxqeG2MzZRoFl9DP+okBu/aW3UDDYsgUmGY6urZPd63Spp1I2xciHak/J1KmjOmpwHYqhl0z7Q3F/7xGgp3jZirCOEEI+XhRJ5EUIzqMjraFBo6yZ4FxLexfKe8yzTjagLM2BG/65L9QK5c8y5eH+ZOLSRwZsk12SJF45IickHNSIVXCyRN5IQPy7jw7b86H8zlunXEmM1vkVzlf3zhDpvo=</latexit><latexit sha1_base64="ZPQMsmTaE5Exgl/ZJs0bMBtbMhE=">AAACLXicbZBNSwMxEIazftb6VfXoJVgsFaTsVkGPgh7EUwXbCt1SsunUBpPdJZkV69o/5MW/IoKHinj1b5h+HLQ6EHh43xkm8waxFAZdd+DMzM7NLyxmlrLLK6tr67mNzZqJEs2hyiMZ6euAGZAihCoKlHAda2AqkFAPbk+Hfv0OtBFReIW9GJqK3YSiIzhDK7VyZwWv5HdNzDikB0r16QP1jVBU7/t+tlD+7d2PvbjlYxeQFX3ejvDxYa+Vy7sld1T0L3gTyJNJVVq5V78d8URBiFwyYxqeG2MzZRoFl9DP+okBu/aW3UDDYsgUmGY6urZPd63Spp1I2xciHak/J1KmjOmpwHYqhl0z7Q3F/7xGgp3jZirCOEEI+XhRJ5EUIzqMjraFBo6yZ4FxLexfKe8yzTjagLM2BG/65L9QK5c8y5eH+ZOLSRwZsk12SJF45IickHNSIVXCyRN5IQPy7jw7b86H8zlunXEmM1vkVzlf3zhDpvo=</latexit><latexit sha1_base64="ZPQMsmTaE5Exgl/ZJs0bMBtbMhE=">AAACLXicbZBNSwMxEIazftb6VfXoJVgsFaTsVkGPgh7EUwXbCt1SsunUBpPdJZkV69o/5MW/IoKHinj1b5h+HLQ6EHh43xkm8waxFAZdd+DMzM7NLyxmlrLLK6tr67mNzZqJEs2hyiMZ6euAGZAihCoKlHAda2AqkFAPbk+Hfv0OtBFReIW9GJqK3YSiIzhDK7VyZwWv5HdNzDikB0r16QP1jVBU7/t+tlD+7d2PvbjlYxeQFX3ejvDxYa+Vy7sld1T0L3gTyJNJVVq5V78d8URBiFwyYxqeG2MzZRoFl9DP+okBu/aW3UDDYsgUmGY6urZPd63Spp1I2xciHak/J1KmjOmpwHYqhl0z7Q3F/7xGgp3jZirCOEEI+XhRJ5EUIzqMjraFBo6yZ4FxLexfKe8yzTjagLM2BG/65L9QK5c8y5eH+ZOLSRwZsk12SJF45IickHNSIVXCyRN5IQPy7jw7b86H8zlunXEmM1vkVzlf3zhDpvo=</latexit><latexit sha1_base64="ZPQMsmTaE5Exgl/ZJs0bMBtbMhE=">AAACLXicbZBNSwMxEIazftb6VfXoJVgsFaTsVkGPgh7EUwXbCt1SsunUBpPdJZkV69o/5MW/IoKHinj1b5h+HLQ6EHh43xkm8waxFAZdd+DMzM7NLyxmlrLLK6tr67mNzZqJEs2hyiMZ6euAGZAihCoKlHAda2AqkFAPbk+Hfv0OtBFReIW9GJqK3YSiIzhDK7VyZwWv5HdNzDikB0r16QP1jVBU7/t+tlD+7d2PvbjlYxeQFX3ejvDxYa+Vy7sld1T0L3gTyJNJVVq5V78d8URBiFwyYxqeG2MzZRoFl9DP+okBu/aW3UDDYsgUmGY6urZPd63Spp1I2xciHak/J1KmjOmpwHYqhl0z7Q3F/7xGgp3jZirCOEEI+XhRJ5EUIzqMjraFBo6yZ4FxLexfKe8yzTjagLM2BG/65L9QK5c8y5eH+ZOLSRwZsk12SJF45IickHNSIVXCyRN5IQPy7jw7b86H8zlunXEmM1vkVzlf3zhDpvo=</latexit>

z ⇠ r.
<latexit sha1_base64="7ZpJ5/yCkLJQNnCm+DkAGYFaCtU=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBjwYt4qmBbpV1KNk3b0CS7JLNCXforvHhQxKs/x5v/xrTdg7a+EHh4Z4bMvFEihUXf//YKK6tr6xvFzdLW9s7uXnn/oGnj1DDeYLGMzX1ELZdC8wYKlPw+MZyqSPJWNLqa1luP3FgR6zscJzxUdKBFXzCKznp4Ih0rFDHVbrniV/2ZyDIEOVQgV71b/ur0YpYqrpFJam078BMMM2pQMMknpU5qeULZiA5426Gmitswmy08ISfO6ZF+bNzTSGbu74mMKmvHKnKdiuLQLtam5n+1dor9yzATOkmRazb/qJ9KgjGZXk96wnCGcuyAMiPcroQNqaEMXUYlF0KwePIyNM+qgePb80rtJo+jCEdwDKcQwAXU4Brq0AAGCp7hFd484714797HvLXg5TOH8Efe5w/xlo/b</latexit><latexit sha1_base64="7ZpJ5/yCkLJQNnCm+DkAGYFaCtU=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBjwYt4qmBbpV1KNk3b0CS7JLNCXforvHhQxKs/x5v/xrTdg7a+EHh4Z4bMvFEihUXf//YKK6tr6xvFzdLW9s7uXnn/oGnj1DDeYLGMzX1ELZdC8wYKlPw+MZyqSPJWNLqa1luP3FgR6zscJzxUdKBFXzCKznp4Ih0rFDHVbrniV/2ZyDIEOVQgV71b/ur0YpYqrpFJam078BMMM2pQMMknpU5qeULZiA5426Gmitswmy08ISfO6ZF+bNzTSGbu74mMKmvHKnKdiuLQLtam5n+1dor9yzATOkmRazb/qJ9KgjGZXk96wnCGcuyAMiPcroQNqaEMXUYlF0KwePIyNM+qgePb80rtJo+jCEdwDKcQwAXU4Brq0AAGCp7hFd484714797HvLXg5TOH8Efe5w/xlo/b</latexit><latexit sha1_base64="7ZpJ5/yCkLJQNnCm+DkAGYFaCtU=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBjwYt4qmBbpV1KNk3b0CS7JLNCXforvHhQxKs/x5v/xrTdg7a+EHh4Z4bMvFEihUXf//YKK6tr6xvFzdLW9s7uXnn/oGnj1DDeYLGMzX1ELZdC8wYKlPw+MZyqSPJWNLqa1luP3FgR6zscJzxUdKBFXzCKznp4Ih0rFDHVbrniV/2ZyDIEOVQgV71b/ur0YpYqrpFJam078BMMM2pQMMknpU5qeULZiA5426Gmitswmy08ISfO6ZF+bNzTSGbu74mMKmvHKnKdiuLQLtam5n+1dor9yzATOkmRazb/qJ9KgjGZXk96wnCGcuyAMiPcroQNqaEMXUYlF0KwePIyNM+qgePb80rtJo+jCEdwDKcQwAXU4Brq0AAGCp7hFd484714797HvLXg5TOH8Efe5w/xlo/b</latexit><latexit sha1_base64="7ZpJ5/yCkLJQNnCm+DkAGYFaCtU=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBjwYt4qmBbpV1KNk3b0CS7JLNCXforvHhQxKs/x5v/xrTdg7a+EHh4Z4bMvFEihUXf//YKK6tr6xvFzdLW9s7uXnn/oGnj1DDeYLGMzX1ELZdC8wYKlPw+MZyqSPJWNLqa1luP3FgR6zscJzxUdKBFXzCKznp4Ih0rFDHVbrniV/2ZyDIEOVQgV71b/ur0YpYqrpFJam078BMMM2pQMMknpU5qeULZiA5426Gmitswmy08ISfO6ZF+bNzTSGbu74mMKmvHKnKdiuLQLtam5n+1dor9yzATOkmRazb/qJ9KgjGZXk96wnCGcuyAMiPcroQNqaEMXUYlF0KwePIyNM+qgePb80rtJo+jCEdwDKcQwAXU4Brq0AAGCp7hFd484714797HvLXg5TOH8Efe5w/xlo/b</latexit>

p✓(x) ⇡ p(x)
<latexit sha1_base64="tKhBghSiXAhhKhyzE0ZC4qV12CY=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYhLopMyLosuBGXFWwF2iHIZNm2tDMTEjOSMtQN76KGxeKuPUt3Pk2pu0stPWHwJf/nENy/kAKrsFxvq3Cyura+kZxs7S1vbO7Z+8fNHWSKsoaNBGJagdEM8Fj1gAOgrWlYiQKBGsFw+tpvfXAlOZJfA9jybyI9GMeckrAWL59JP0uDBiQyugMd4mUKhlhaS6+XXaqzkx4GdwcyihX3be/ur2EphGLgQqidcd1JHgZUcCpYJNSN9VMEjokfdYxGJOIaS+bbTDBp8bp4TBR5sSAZ+7viYxEWo+jwHRGBAZ6sTY1/6t1UgivvIzHMgUW0/lDYSowJHgaB+5xxSiIsQFCFTd/xXRAFKFgQiuZENzFlZeheV51Dd9dlGu3eRxFdIxOUAW56BLV0A2qowai6BE9o1f0Zj1ZL9a79TFvLVj5zCH6I+vzBzwnlhw=</latexit><latexit sha1_base64="tKhBghSiXAhhKhyzE0ZC4qV12CY=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYhLopMyLosuBGXFWwF2iHIZNm2tDMTEjOSMtQN76KGxeKuPUt3Pk2pu0stPWHwJf/nENy/kAKrsFxvq3Cyura+kZxs7S1vbO7Z+8fNHWSKsoaNBGJagdEM8Fj1gAOgrWlYiQKBGsFw+tpvfXAlOZJfA9jybyI9GMeckrAWL59JP0uDBiQyugMd4mUKhlhaS6+XXaqzkx4GdwcyihX3be/ur2EphGLgQqidcd1JHgZUcCpYJNSN9VMEjokfdYxGJOIaS+bbTDBp8bp4TBR5sSAZ+7viYxEWo+jwHRGBAZ6sTY1/6t1UgivvIzHMgUW0/lDYSowJHgaB+5xxSiIsQFCFTd/xXRAFKFgQiuZENzFlZeheV51Dd9dlGu3eRxFdIxOUAW56BLV0A2qowai6BE9o1f0Zj1ZL9a79TFvLVj5zCH6I+vzBzwnlhw=</latexit><latexit sha1_base64="tKhBghSiXAhhKhyzE0ZC4qV12CY=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYhLopMyLosuBGXFWwF2iHIZNm2tDMTEjOSMtQN76KGxeKuPUt3Pk2pu0stPWHwJf/nENy/kAKrsFxvq3Cyura+kZxs7S1vbO7Z+8fNHWSKsoaNBGJagdEM8Fj1gAOgrWlYiQKBGsFw+tpvfXAlOZJfA9jybyI9GMeckrAWL59JP0uDBiQyugMd4mUKhlhaS6+XXaqzkx4GdwcyihX3be/ur2EphGLgQqidcd1JHgZUcCpYJNSN9VMEjokfdYxGJOIaS+bbTDBp8bp4TBR5sSAZ+7viYxEWo+jwHRGBAZ6sTY1/6t1UgivvIzHMgUW0/lDYSowJHgaB+5xxSiIsQFCFTd/xXRAFKFgQiuZENzFlZeheV51Dd9dlGu3eRxFdIxOUAW56BLV0A2qowai6BE9o1f0Zj1ZL9a79TFvLVj5zCH6I+vzBzwnlhw=</latexit><latexit sha1_base64="tKhBghSiXAhhKhyzE0ZC4qV12CY=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYhLopMyLosuBGXFWwF2iHIZNm2tDMTEjOSMtQN76KGxeKuPUt3Pk2pu0stPWHwJf/nENy/kAKrsFxvq3Cyura+kZxs7S1vbO7Z+8fNHWSKsoaNBGJagdEM8Fj1gAOgrWlYiQKBGsFw+tpvfXAlOZJfA9jybyI9GMeckrAWL59JP0uDBiQyugMd4mUKhlhaS6+XXaqzkx4GdwcyihX3be/ur2EphGLgQqidcd1JHgZUcCpYJNSN9VMEjokfdYxGJOIaS+bbTDBp8bp4TBR5sSAZ+7viYxEWo+jwHRGBAZ6sTY1/6t1UgivvIzHMgUW0/lDYSowJHgaB+5xxSiIsQFCFTd/xXRAFKFgQiuZENzFlZeheV51Dd9dlGu3eRxFdIxOUAW56BLV0A2qowai6BE9o1f0Zj1ZL9a79TFvLVj5zCH6I+vzBzwnlhw=</latexit>

p✓(x) =

Z

Z
p✓(x|z)r(z) dz.

<latexit sha1_base64="Pl7U9wQw9Eqal+eA8JgMp1zDB5s=">AAACInicbVDLSgMxFM34rPVVdekmWIQWpMyIoC6EghtxVcE+sFOGTJq2oZnMkNwR27Hf4sZfceNCUVeCH2P6WNTWA4HDOeeSe48fCa7Btr+thcWl5ZXV1Fp6fWNzazuzs1vRYawoK9NQhKrmE80El6wMHASrRYqRwBes6ncvh371ninNQ3kLvYg1AtKWvMUpASN5mXMceS50GJDcQx5fYJdL8BI3INChRCR3g8FU4LGfV7l+HrtHzX7By2Ttgj0CnifOhGTRBCUv8+k2QxoHTAIVROu6Y0fQSIgCTgUbpN1Ys4jQLmmzuqGSBEw3ktGJA3xolCZuhco8CXikTk8kJNC6F/gmOdxdz3pD8T+vHkPrrJFwGcXAJB1/1IoFhhAP+8JNrhgF0TOEUMXNrph2iCIUTKtpU4Ize/I8qRwXHMNvTrLF60kdKbSPDlAOOegUFdEVKqEyougJvaA39G49W6/Wh/U1ji5Yk5k99AfWzy+6GaMr</latexit><latexit sha1_base64="Pl7U9wQw9Eqal+eA8JgMp1zDB5s=">AAACInicbVDLSgMxFM34rPVVdekmWIQWpMyIoC6EghtxVcE+sFOGTJq2oZnMkNwR27Hf4sZfceNCUVeCH2P6WNTWA4HDOeeSe48fCa7Btr+thcWl5ZXV1Fp6fWNzazuzs1vRYawoK9NQhKrmE80El6wMHASrRYqRwBes6ncvh371ninNQ3kLvYg1AtKWvMUpASN5mXMceS50GJDcQx5fYJdL8BI3INChRCR3g8FU4LGfV7l+HrtHzX7By2Ttgj0CnifOhGTRBCUv8+k2QxoHTAIVROu6Y0fQSIgCTgUbpN1Ys4jQLmmzuqGSBEw3ktGJA3xolCZuhco8CXikTk8kJNC6F/gmOdxdz3pD8T+vHkPrrJFwGcXAJB1/1IoFhhAP+8JNrhgF0TOEUMXNrph2iCIUTKtpU4Ize/I8qRwXHMNvTrLF60kdKbSPDlAOOegUFdEVKqEyougJvaA39G49W6/Wh/U1ji5Yk5k99AfWzy+6GaMr</latexit><latexit sha1_base64="Pl7U9wQw9Eqal+eA8JgMp1zDB5s=">AAACInicbVDLSgMxFM34rPVVdekmWIQWpMyIoC6EghtxVcE+sFOGTJq2oZnMkNwR27Hf4sZfceNCUVeCH2P6WNTWA4HDOeeSe48fCa7Btr+thcWl5ZXV1Fp6fWNzazuzs1vRYawoK9NQhKrmE80El6wMHASrRYqRwBes6ncvh371ninNQ3kLvYg1AtKWvMUpASN5mXMceS50GJDcQx5fYJdL8BI3INChRCR3g8FU4LGfV7l+HrtHzX7By2Ttgj0CnifOhGTRBCUv8+k2QxoHTAIVROu6Y0fQSIgCTgUbpN1Ys4jQLmmzuqGSBEw3ktGJA3xolCZuhco8CXikTk8kJNC6F/gmOdxdz3pD8T+vHkPrrJFwGcXAJB1/1IoFhhAP+8JNrhgF0TOEUMXNrph2iCIUTKtpU4Ize/I8qRwXHMNvTrLF60kdKbSPDlAOOegUFdEVKqEyougJvaA39G49W6/Wh/U1ji5Yk5k99AfWzy+6GaMr</latexit><latexit sha1_base64="Pl7U9wQw9Eqal+eA8JgMp1zDB5s=">AAACInicbVDLSgMxFM34rPVVdekmWIQWpMyIoC6EghtxVcE+sFOGTJq2oZnMkNwR27Hf4sZfceNCUVeCH2P6WNTWA4HDOeeSe48fCa7Btr+thcWl5ZXV1Fp6fWNzazuzs1vRYawoK9NQhKrmE80El6wMHASrRYqRwBes6ncvh371ninNQ3kLvYg1AtKWvMUpASN5mXMceS50GJDcQx5fYJdL8BI3INChRCR3g8FU4LGfV7l+HrtHzX7By2Ttgj0CnifOhGTRBCUv8+k2QxoHTAIVROu6Y0fQSIgCTgUbpN1Ys4jQLmmzuqGSBEw3ktGJA3xolCZuhco8CXikTk8kJNC6F/gmOdxdz3pD8T+vHkPrrJFwGcXAJB1/1IoFhhAP+8JNrhgF0TOEUMXNrph2iCIUTKtpU4Ize/I8qRwXHMNvTrLF60kdKbSPDlAOOegUFdEVKqEyougJvaA39G49W6/Wh/U1ji5Yk5k99AfWzy+6GaMr</latexit>



Motivation for Latent Variables

CSE 599I: Generative Models University of WashingtonLecture 6

• Conditioning on a latent code    could give 
samples    more global coherence. 


• Learned latent codes might reveal structure in 
the data distribution.


• The latent codes could be useful for 
downstream tasks or interpretability.

z
<latexit sha1_base64="RtgFcJn+OKWSLSt1nMtjJWwnLQs=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY8CKeWrAf0Iay2U7atZtN2N0INfQXePGgiFd/kjf/jds2B219YeHhnRl25g0SwbVx3W+nsLa+sblV3C7t7O7tH5QPj1o6ThXDJotFrDoB1Si4xKbhRmAnUUijQGA7GN/M6u1HVJrH8t5MEvQjOpQ85IwaazWe+uWKW3XnIqvg5VCBXPV++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXYuSRqj9bL7olJxZZ0DCWNknDZm7vycyGmk9iQLbGVEz0su1mflfrZua8NrPuExSg5ItPgpTQUxMZleTAVfIjJhYoExxuythI6ooMzabkg3BWz55FVoXVc9y47JSu8vjKMIJnMI5eHAFNbiFOjSBAcIzvMKb8+C8OO/Ox6K14OQzx/BHzucP66uNBg==</latexit><latexit sha1_base64="RtgFcJn+OKWSLSt1nMtjJWwnLQs=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY8CKeWrAf0Iay2U7atZtN2N0INfQXePGgiFd/kjf/jds2B219YeHhnRl25g0SwbVx3W+nsLa+sblV3C7t7O7tH5QPj1o6ThXDJotFrDoB1Si4xKbhRmAnUUijQGA7GN/M6u1HVJrH8t5MEvQjOpQ85IwaazWe+uWKW3XnIqvg5VCBXPV++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXYuSRqj9bL7olJxZZ0DCWNknDZm7vycyGmk9iQLbGVEz0su1mflfrZua8NrPuExSg5ItPgpTQUxMZleTAVfIjJhYoExxuythI6ooMzabkg3BWz55FVoXVc9y47JSu8vjKMIJnMI5eHAFNbiFOjSBAcIzvMKb8+C8OO/Ox6K14OQzx/BHzucP66uNBg==</latexit><latexit sha1_base64="RtgFcJn+OKWSLSt1nMtjJWwnLQs=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY8CKeWrAf0Iay2U7atZtN2N0INfQXePGgiFd/kjf/jds2B219YeHhnRl25g0SwbVx3W+nsLa+sblV3C7t7O7tH5QPj1o6ThXDJotFrDoB1Si4xKbhRmAnUUijQGA7GN/M6u1HVJrH8t5MEvQjOpQ85IwaazWe+uWKW3XnIqvg5VCBXPV++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXYuSRqj9bL7olJxZZ0DCWNknDZm7vycyGmk9iQLbGVEz0su1mflfrZua8NrPuExSg5ItPgpTQUxMZleTAVfIjJhYoExxuythI6ooMzabkg3BWz55FVoXVc9y47JSu8vjKMIJnMI5eHAFNbiFOjSBAcIzvMKb8+C8OO/Ox6K14OQzx/BHzucP66uNBg==</latexit><latexit sha1_base64="RtgFcJn+OKWSLSt1nMtjJWwnLQs=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY8CKeWrAf0Iay2U7atZtN2N0INfQXePGgiFd/kjf/jds2B219YeHhnRl25g0SwbVx3W+nsLa+sblV3C7t7O7tH5QPj1o6ThXDJotFrDoB1Si4xKbhRmAnUUijQGA7GN/M6u1HVJrH8t5MEvQjOpQ85IwaazWe+uWKW3XnIqvg5VCBXPV++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXYuSRqj9bL7olJxZZ0DCWNknDZm7vycyGmk9iQLbGVEz0su1mflfrZua8NrPuExSg5ItPgpTQUxMZleTAVfIjJhYoExxuythI6ooMzabkg3BWz55FVoXVc9y47JSu8vjKMIJnMI5eHAFNbiFOjSBAcIzvMKb8+C8OO/Ox6K14OQzx/BHzucP66uNBg==</latexit>

x
<latexit sha1_base64="cZOxaYaxnsygdTcbG7e+ELDjna0=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY8CKeWrAf0Iay2U7atZtN2N2IJfQXePGgiFd/kjf/jds2B219YeHhnRl25g0SwbVx3W+nsLa+sblV3C7t7O7tH5QPj1o6ThXDJotFrDoB1Si4xKbhRmAnUUijQGA7GN/M6u1HVJrH8t5MEvQjOpQ85IwaazWe+uWKW3XnIqvg5VCBXPV++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXYuSRqj9bL7olJxZZ0DCWNknDZm7vycyGmk9iQLbGVEz0su1mflfrZua8NrPuExSg5ItPgpTQUxMZleTAVfIjJhYoExxuythI6ooMzabkg3BWz55FVoXVc9y47JSu8vjKMIJnMI5eHAFNbiFOjSBAcIzvMKb8+C8OO/Ox6K14OQzx/BHzucP6KONBA==</latexit><latexit sha1_base64="cZOxaYaxnsygdTcbG7e+ELDjna0=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY8CKeWrAf0Iay2U7atZtN2N2IJfQXePGgiFd/kjf/jds2B219YeHhnRl25g0SwbVx3W+nsLa+sblV3C7t7O7tH5QPj1o6ThXDJotFrDoB1Si4xKbhRmAnUUijQGA7GN/M6u1HVJrH8t5MEvQjOpQ85IwaazWe+uWKW3XnIqvg5VCBXPV++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXYuSRqj9bL7olJxZZ0DCWNknDZm7vycyGmk9iQLbGVEz0su1mflfrZua8NrPuExSg5ItPgpTQUxMZleTAVfIjJhYoExxuythI6ooMzabkg3BWz55FVoXVc9y47JSu8vjKMIJnMI5eHAFNbiFOjSBAcIzvMKb8+C8OO/Ox6K14OQzx/BHzucP6KONBA==</latexit><latexit sha1_base64="cZOxaYaxnsygdTcbG7e+ELDjna0=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY8CKeWrAf0Iay2U7atZtN2N2IJfQXePGgiFd/kjf/jds2B219YeHhnRl25g0SwbVx3W+nsLa+sblV3C7t7O7tH5QPj1o6ThXDJotFrDoB1Si4xKbhRmAnUUijQGA7GN/M6u1HVJrH8t5MEvQjOpQ85IwaazWe+uWKW3XnIqvg5VCBXPV++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXYuSRqj9bL7olJxZZ0DCWNknDZm7vycyGmk9iQLbGVEz0su1mflfrZua8NrPuExSg5ItPgpTQUxMZleTAVfIjJhYoExxuythI6ooMzabkg3BWz55FVoXVc9y47JSu8vjKMIJnMI5eHAFNbiFOjSBAcIzvMKb8+C8OO/Ox6K14OQzx/BHzucP6KONBA==</latexit><latexit sha1_base64="cZOxaYaxnsygdTcbG7e+ELDjna0=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY8CKeWrAf0Iay2U7atZtN2N2IJfQXePGgiFd/kjf/jds2B219YeHhnRl25g0SwbVx3W+nsLa+sblV3C7t7O7tH5QPj1o6ThXDJotFrDoB1Si4xKbhRmAnUUijQGA7GN/M6u1HVJrH8t5MEvQjOpQ85IwaazWe+uWKW3XnIqvg5VCBXPV++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXYuSRqj9bL7olJxZZ0DCWNknDZm7vycyGmk9iQLbGVEz0su1mflfrZua8NrPuExSg5ItPgpTQUxMZleTAVfIjJhYoExxuythI6ooMzabkg3BWz55FVoXVc9y47JSu8vjKMIJnMI5eHAFNbiFOjSBAcIzvMKb8+C8OO/Ox6K14OQzx/BHzucP6KONBA==</latexit>

Kingma and Welling, ICLR 2013



Motivation for Latent Variables

CSE 599I: Generative Models University of WashingtonLecture 6

• Conditioning on a latent code    could give 
samples    more global coherence. 


• Learned latent codes might reveal structure in 
the data distribution.


• The latent codes could be useful for 
downstream tasks or interpretability.

z
<latexit sha1_base64="RtgFcJn+OKWSLSt1nMtjJWwnLQs=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY8CKeWrAf0Iay2U7atZtN2N0INfQXePGgiFd/kjf/jds2B219YeHhnRl25g0SwbVx3W+nsLa+sblV3C7t7O7tH5QPj1o6ThXDJotFrDoB1Si4xKbhRmAnUUijQGA7GN/M6u1HVJrH8t5MEvQjOpQ85IwaazWe+uWKW3XnIqvg5VCBXPV++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXYuSRqj9bL7olJxZZ0DCWNknDZm7vycyGmk9iQLbGVEz0su1mflfrZua8NrPuExSg5ItPgpTQUxMZleTAVfIjJhYoExxuythI6ooMzabkg3BWz55FVoXVc9y47JSu8vjKMIJnMI5eHAFNbiFOjSBAcIzvMKb8+C8OO/Ox6K14OQzx/BHzucP66uNBg==</latexit><latexit sha1_base64="RtgFcJn+OKWSLSt1nMtjJWwnLQs=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY8CKeWrAf0Iay2U7atZtN2N0INfQXePGgiFd/kjf/jds2B219YeHhnRl25g0SwbVx3W+nsLa+sblV3C7t7O7tH5QPj1o6ThXDJotFrDoB1Si4xKbhRmAnUUijQGA7GN/M6u1HVJrH8t5MEvQjOpQ85IwaazWe+uWKW3XnIqvg5VCBXPV++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXYuSRqj9bL7olJxZZ0DCWNknDZm7vycyGmk9iQLbGVEz0su1mflfrZua8NrPuExSg5ItPgpTQUxMZleTAVfIjJhYoExxuythI6ooMzabkg3BWz55FVoXVc9y47JSu8vjKMIJnMI5eHAFNbiFOjSBAcIzvMKb8+C8OO/Ox6K14OQzx/BHzucP66uNBg==</latexit><latexit sha1_base64="RtgFcJn+OKWSLSt1nMtjJWwnLQs=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY8CKeWrAf0Iay2U7atZtN2N0INfQXePGgiFd/kjf/jds2B219YeHhnRl25g0SwbVx3W+nsLa+sblV3C7t7O7tH5QPj1o6ThXDJotFrDoB1Si4xKbhRmAnUUijQGA7GN/M6u1HVJrH8t5MEvQjOpQ85IwaazWe+uWKW3XnIqvg5VCBXPV++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXYuSRqj9bL7olJxZZ0DCWNknDZm7vycyGmk9iQLbGVEz0su1mflfrZua8NrPuExSg5ItPgpTQUxMZleTAVfIjJhYoExxuythI6ooMzabkg3BWz55FVoXVc9y47JSu8vjKMIJnMI5eHAFNbiFOjSBAcIzvMKb8+C8OO/Ox6K14OQzx/BHzucP66uNBg==</latexit><latexit sha1_base64="RtgFcJn+OKWSLSt1nMtjJWwnLQs=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY8CKeWrAf0Iay2U7atZtN2N0INfQXePGgiFd/kjf/jds2B219YeHhnRl25g0SwbVx3W+nsLa+sblV3C7t7O7tH5QPj1o6ThXDJotFrDoB1Si4xKbhRmAnUUijQGA7GN/M6u1HVJrH8t5MEvQjOpQ85IwaazWe+uWKW3XnIqvg5VCBXPV++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXYuSRqj9bL7olJxZZ0DCWNknDZm7vycyGmk9iQLbGVEz0su1mflfrZua8NrPuExSg5ItPgpTQUxMZleTAVfIjJhYoExxuythI6ooMzabkg3BWz55FVoXVc9y47JSu8vjKMIJnMI5eHAFNbiFOjSBAcIzvMKb8+C8OO/Ox6K14OQzx/BHzucP66uNBg==</latexit>

x
<latexit sha1_base64="cZOxaYaxnsygdTcbG7e+ELDjna0=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY8CKeWrAf0Iay2U7atZtN2N2IJfQXePGgiFd/kjf/jds2B219YeHhnRl25g0SwbVx3W+nsLa+sblV3C7t7O7tH5QPj1o6ThXDJotFrDoB1Si4xKbhRmAnUUijQGA7GN/M6u1HVJrH8t5MEvQjOpQ85IwaazWe+uWKW3XnIqvg5VCBXPV++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXYuSRqj9bL7olJxZZ0DCWNknDZm7vycyGmk9iQLbGVEz0su1mflfrZua8NrPuExSg5ItPgpTQUxMZleTAVfIjJhYoExxuythI6ooMzabkg3BWz55FVoXVc9y47JSu8vjKMIJnMI5eHAFNbiFOjSBAcIzvMKb8+C8OO/Ox6K14OQzx/BHzucP6KONBA==</latexit><latexit sha1_base64="cZOxaYaxnsygdTcbG7e+ELDjna0=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY8CKeWrAf0Iay2U7atZtN2N2IJfQXePGgiFd/kjf/jds2B219YeHhnRl25g0SwbVx3W+nsLa+sblV3C7t7O7tH5QPj1o6ThXDJotFrDoB1Si4xKbhRmAnUUijQGA7GN/M6u1HVJrH8t5MEvQjOpQ85IwaazWe+uWKW3XnIqvg5VCBXPV++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXYuSRqj9bL7olJxZZ0DCWNknDZm7vycyGmk9iQLbGVEz0su1mflfrZua8NrPuExSg5ItPgpTQUxMZleTAVfIjJhYoExxuythI6ooMzabkg3BWz55FVoXVc9y47JSu8vjKMIJnMI5eHAFNbiFOjSBAcIzvMKb8+C8OO/Ox6K14OQzx/BHzucP6KONBA==</latexit><latexit sha1_base64="cZOxaYaxnsygdTcbG7e+ELDjna0=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY8CKeWrAf0Iay2U7atZtN2N2IJfQXePGgiFd/kjf/jds2B219YeHhnRl25g0SwbVx3W+nsLa+sblV3C7t7O7tH5QPj1o6ThXDJotFrDoB1Si4xKbhRmAnUUijQGA7GN/M6u1HVJrH8t5MEvQjOpQ85IwaazWe+uWKW3XnIqvg5VCBXPV++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXYuSRqj9bL7olJxZZ0DCWNknDZm7vycyGmk9iQLbGVEz0su1mflfrZua8NrPuExSg5ItPgpTQUxMZleTAVfIjJhYoExxuythI6ooMzabkg3BWz55FVoXVc9y47JSu8vjKMIJnMI5eHAFNbiFOjSBAcIzvMKb8+C8OO/Ox6K14OQzx/BHzucP6KONBA==</latexit><latexit sha1_base64="cZOxaYaxnsygdTcbG7e+ELDjna0=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY8CKeWrAf0Iay2U7atZtN2N2IJfQXePGgiFd/kjf/jds2B219YeHhnRl25g0SwbVx3W+nsLa+sblV3C7t7O7tH5QPj1o6ThXDJotFrDoB1Si4xKbhRmAnUUijQGA7GN/M6u1HVJrH8t5MEvQjOpQ85IwaazWe+uWKW3XnIqvg5VCBXPV++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXYuSRqj9bL7olJxZZ0DCWNknDZm7vycyGmk9iQLbGVEz0su1mflfrZua8NrPuExSg5ItPgpTQUxMZleTAVfIjJhYoExxuythI6ooMzabkg3BWz55FVoXVc9y47JSu8vjKMIJnMI5eHAFNbiFOjSBAcIzvMKb8+C8OO/Ox6K14OQzx/BHzucP6KONBA==</latexit>

Klys, Snell, and Zemel, Neurips 2018



The MLE with Latent Variables

CSE 599I: Generative Models University of WashingtonLecture 6

• Want to learn the marginal                        defined by 


• Fit the maximum likelihood estimator? 


• This doesn’t look promising…

p✓(x) ⇡ p(x)
<latexit sha1_base64="tKhBghSiXAhhKhyzE0ZC4qV12CY=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYhLopMyLosuBGXFWwF2iHIZNm2tDMTEjOSMtQN76KGxeKuPUt3Pk2pu0stPWHwJf/nENy/kAKrsFxvq3Cyura+kZxs7S1vbO7Z+8fNHWSKsoaNBGJagdEM8Fj1gAOgrWlYiQKBGsFw+tpvfXAlOZJfA9jybyI9GMeckrAWL59JP0uDBiQyugMd4mUKhlhaS6+XXaqzkx4GdwcyihX3be/ur2EphGLgQqidcd1JHgZUcCpYJNSN9VMEjokfdYxGJOIaS+bbTDBp8bp4TBR5sSAZ+7viYxEWo+jwHRGBAZ6sTY1/6t1UgivvIzHMgUW0/lDYSowJHgaB+5xxSiIsQFCFTd/xXRAFKFgQiuZENzFlZeheV51Dd9dlGu3eRxFdIxOUAW56BLV0A2qowai6BE9o1f0Zj1ZL9a79TFvLVj5zCH6I+vzBzwnlhw=</latexit><latexit sha1_base64="tKhBghSiXAhhKhyzE0ZC4qV12CY=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYhLopMyLosuBGXFWwF2iHIZNm2tDMTEjOSMtQN76KGxeKuPUt3Pk2pu0stPWHwJf/nENy/kAKrsFxvq3Cyura+kZxs7S1vbO7Z+8fNHWSKsoaNBGJagdEM8Fj1gAOgrWlYiQKBGsFw+tpvfXAlOZJfA9jybyI9GMeckrAWL59JP0uDBiQyugMd4mUKhlhaS6+XXaqzkx4GdwcyihX3be/ur2EphGLgQqidcd1JHgZUcCpYJNSN9VMEjokfdYxGJOIaS+bbTDBp8bp4TBR5sSAZ+7viYxEWo+jwHRGBAZ6sTY1/6t1UgivvIzHMgUW0/lDYSowJHgaB+5xxSiIsQFCFTd/xXRAFKFgQiuZENzFlZeheV51Dd9dlGu3eRxFdIxOUAW56BLV0A2qowai6BE9o1f0Zj1ZL9a79TFvLVj5zCH6I+vzBzwnlhw=</latexit><latexit sha1_base64="tKhBghSiXAhhKhyzE0ZC4qV12CY=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYhLopMyLosuBGXFWwF2iHIZNm2tDMTEjOSMtQN76KGxeKuPUt3Pk2pu0stPWHwJf/nENy/kAKrsFxvq3Cyura+kZxs7S1vbO7Z+8fNHWSKsoaNBGJagdEM8Fj1gAOgrWlYiQKBGsFw+tpvfXAlOZJfA9jybyI9GMeckrAWL59JP0uDBiQyugMd4mUKhlhaS6+XXaqzkx4GdwcyihX3be/ur2EphGLgQqidcd1JHgZUcCpYJNSN9VMEjokfdYxGJOIaS+bbTDBp8bp4TBR5sSAZ+7viYxEWo+jwHRGBAZ6sTY1/6t1UgivvIzHMgUW0/lDYSowJHgaB+5xxSiIsQFCFTd/xXRAFKFgQiuZENzFlZeheV51Dd9dlGu3eRxFdIxOUAW56BLV0A2qowai6BE9o1f0Zj1ZL9a79TFvLVj5zCH6I+vzBzwnlhw=</latexit><latexit sha1_base64="tKhBghSiXAhhKhyzE0ZC4qV12CY=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYhLopMyLosuBGXFWwF2iHIZNm2tDMTEjOSMtQN76KGxeKuPUt3Pk2pu0stPWHwJf/nENy/kAKrsFxvq3Cyura+kZxs7S1vbO7Z+8fNHWSKsoaNBGJagdEM8Fj1gAOgrWlYiQKBGsFw+tpvfXAlOZJfA9jybyI9GMeckrAWL59JP0uDBiQyugMd4mUKhlhaS6+XXaqzkx4GdwcyihX3be/ur2EphGLgQqidcd1JHgZUcCpYJNSN9VMEjokfdYxGJOIaS+bbTDBp8bp4TBR5sSAZ+7viYxEWo+jwHRGBAZ6sTY1/6t1UgivvIzHMgUW0/lDYSowJHgaB+5xxSiIsQFCFTd/xXRAFKFgQiuZENzFlZeheV51Dd9dlGu3eRxFdIxOUAW56BLV0A2qowai6BE9o1f0Zj1ZL9a79TFvLVj5zCH6I+vzBzwnlhw=</latexit>

p✓(x) =

Z

Z
p✓(x|z)r(z) dz.
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✓̂mle ⌘ argmax
✓

E
x⇠p

log p✓(x) = argmax
✓

E
x⇠p

log

Z

Z
p✓(x|z)r(z) dz.
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Gaussian Mixture Models

CSE 599I: Generative Models University of WashingtonLecture 6

• Generative model:


• Likelihood:


• But what if         is a continuous distribution over, e.g.             ?   

1. z ⇠ Categorical⇡(K), ⇡ 2 �K�1,

2. x ⇠ N (µz,⌃z), µ 2 RK⇥d,⌃ 2 RK⇥d⇥d.
<latexit sha1_base64="sHLRgD0vvK0OXgjRL6G8GG9df8E="></latexit><latexit sha1_base64="sHLRgD0vvK0OXgjRL6G8GG9df8E="></latexit><latexit sha1_base64="sHLRgD0vvK0OXgjRL6G8GG9df8E="></latexit><latexit sha1_base64="sHLRgD0vvK0OXgjRL6G8GG9df8E="></latexit>

p✓(x) =

Z

Z
p✓(x|z)r(z) dz =

KX

k=1

⇡kN (x;µk,⌃k).
<latexit sha1_base64="hT2fjeNoc6E1EvHBqXDzpqGPh8Q="></latexit><latexit sha1_base64="hT2fjeNoc6E1EvHBqXDzpqGPh8Q="></latexit><latexit sha1_base64="hT2fjeNoc6E1EvHBqXDzpqGPh8Q="></latexit><latexit sha1_base64="PrRi29YejTyF/IK5dSSi3guuJYY=">AAACLHicfZHPSsNAEMY39V+NVduzl2AVRKQkXvQo6MGLWMHWQhPKZDNtl242YXcjltAX8Orj+CQevYlP4aatoK04sPDjm9nZmW/DlDOlXffNKq2srq1vlDftrYq9vbNbrbRVkkmKLZrwRHZCUMiZwJZmmmMnlQhxyPEhHF0W+YdHlIol4l6PUwxiGAjWZxS0kZq9at1tuNNwlsGbQ53Mo1ezDvwooVmMQlMOSnU9N9VBDlIzynFi+5nCFOgIBtg1KCBGFeTTOSfOoVEip59Ic4R2purPGznESo3j0FTGoIdqMVeIf+W6me6fBzkTaaZR0NlD/Yw7OnGKpZ2ISaSajw0AlczM6tAhSKDaWGPb/hWaZSTemMa3KUrQiTzOfZCDmImJWW7gnxT0XyE8fRcaMrZ6iyYuQ/u04Rm+c0mZ7JF9ckQ8ckYuyDVpkhahJCLP5MV6td6tj5n9JWv+DzXyK6zPLwc3qqg=</latexit><latexit sha1_base64="u/A/4tOSNHfFu+FaEXqH9AFLiD8="></latexit><latexit sha1_base64="u/A/4tOSNHfFu+FaEXqH9AFLiD8="></latexit><latexit sha1_base64="F2EJU8dmw7n4E8kjiMNWJoUhwx8="></latexit><latexit sha1_base64="hT2fjeNoc6E1EvHBqXDzpqGPh8Q="></latexit><latexit sha1_base64="hT2fjeNoc6E1EvHBqXDzpqGPh8Q="></latexit><latexit sha1_base64="hT2fjeNoc6E1EvHBqXDzpqGPh8Q="></latexit><latexit sha1_base64="hT2fjeNoc6E1EvHBqXDzpqGPh8Q="></latexit><latexit sha1_base64="hT2fjeNoc6E1EvHBqXDzpqGPh8Q="></latexit><latexit sha1_base64="hT2fjeNoc6E1EvHBqXDzpqGPh8Q="></latexit>

r(z)
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z 2 Rk
<latexit sha1_base64="2nSa+rL72HPVbLw+yePTgK26cGU="></latexit><latexit sha1_base64="2nSa+rL72HPVbLw+yePTgK26cGU="></latexit><latexit sha1_base64="2nSa+rL72HPVbLw+yePTgK26cGU="></latexit><latexit sha1_base64="2nSa+rL72HPVbLw+yePTgK26cGU="></latexit>



The Evidence Lower Bound

CSE 599I: Generative Models University of WashingtonLecture 6

• Fit the maximum likelihood estimator? 


• Use importance sampling to estimate the integral.


• Construct a lower-bound on the marginal log-likelihood (the ELBO):

✓̂mle ⌘ argmax
✓

E
x⇠p

log p✓(x) = argmax
✓

E
x⇠p

log

Z

Z
p✓(x|z)r(z) dz.

<latexit sha1_base64="Qo2cfkG8A8D+SG00WKGemnnz20s="></latexit><latexit sha1_base64="Qo2cfkG8A8D+SG00WKGemnnz20s="></latexit><latexit sha1_base64="Qo2cfkG8A8D+SG00WKGemnnz20s="></latexit><latexit sha1_base64="Qo2cfkG8A8D+SG00WKGemnnz20s="></latexit>

log p✓(x) = log E
z⇠q(·|x)


p✓(x, z)

q(z|x)

�
� E

z⇠q(·|x)


log

p✓(x, z)

q(z|x)

�
.

<latexit sha1_base64="ct0b5zS8s37vcI7MY5JUDXuf2o0="></latexit><latexit sha1_base64="ct0b5zS8s37vcI7MY5JUDXuf2o0="></latexit><latexit sha1_base64="ct0b5zS8s37vcI7MY5JUDXuf2o0="></latexit><latexit sha1_base64="ct0b5zS8s37vcI7MY5JUDXuf2o0="></latexit>



Monte Carlo ELBO Estimation

CSE 599I: Generative Models University of WashingtonLecture 6

• Importance-sampling estimator:


• Cannot directly estimate the log-likelihood with samples.


• Let                   . Evidence lower-bound (often use           ; like “hard” EM):

log p✓(x) = log E
z⇠q(·|x)


p✓(x, z)

q(z|x)

�
.

<latexit sha1_base64="2Bb2UtQHdCLLmbyGRuhG8KhaqTE="></latexit><latexit sha1_base64="2Bb2UtQHdCLLmbyGRuhG8KhaqTE="></latexit><latexit sha1_base64="2Bb2UtQHdCLLmbyGRuhG8KhaqTE="></latexit><latexit sha1_base64="2Bb2UtQHdCLLmbyGRuhG8KhaqTE="></latexit>

zi ⇠ q(·|x)
<latexit sha1_base64="rUs+YuLD0JIk/PmN5QQ8/ub+D90="></latexit><latexit sha1_base64="rUs+YuLD0JIk/PmN5QQ8/ub+D90="></latexit><latexit sha1_base64="rUs+YuLD0JIk/PmN5QQ8/ub+D90="></latexit><latexit sha1_base64="rUs+YuLD0JIk/PmN5QQ8/ub+D90="></latexit>

m = 1
<latexit sha1_base64="LB2h+SeTOttG9yHyokkMGctXx00="></latexit><latexit sha1_base64="LB2h+SeTOttG9yHyokkMGctXx00="></latexit><latexit sha1_base64="LB2h+SeTOttG9yHyokkMGctXx00="></latexit><latexit sha1_base64="LB2h+SeTOttG9yHyokkMGctXx00="></latexit>

log p✓(x) � E
z⇠q(·|x)


log

p✓(x, z)

q(z|x)

�
⇡ 1

m

mX
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log

p✓(x, zi)

q(zi|x)

�
.

<latexit sha1_base64="hsPGL2A1tj8mooUw40Z1fAtF6Zo="></latexit><latexit sha1_base64="hsPGL2A1tj8mooUw40Z1fAtF6Zo="></latexit><latexit sha1_base64="hsPGL2A1tj8mooUw40Z1fAtF6Zo="></latexit><latexit sha1_base64="hsPGL2A1tj8mooUw40Z1fAtF6Zo="></latexit>



Joint Maximization

CSE 599I: Generative Models University of WashingtonLecture 6

• Define the ELBO to be


• Estimate the marginal log-likelihood with by


• Equality holds when 


• Jointly optimize over       :

q(z|x) = p✓(z|x) =
p✓(x|z)r(z)

p✓(x)
.

<latexit sha1_base64="ReEO1cUKaJM397zd1GVfPWs3cFI="></latexit><latexit sha1_base64="ReEO1cUKaJM397zd1GVfPWs3cFI="></latexit><latexit sha1_base64="ReEO1cUKaJM397zd1GVfPWs3cFI="></latexit><latexit sha1_base64="ReEO1cUKaJM397zd1GVfPWs3cFI="></latexit>

✓, q
<latexit sha1_base64="9M2xlq9ortJsF50OLrsNSZS+CNo="></latexit><latexit sha1_base64="9M2xlq9ortJsF50OLrsNSZS+CNo="></latexit><latexit sha1_base64="9M2xlq9ortJsF50OLrsNSZS+CNo="></latexit><latexit sha1_base64="9M2xlq9ortJsF50OLrsNSZS+CNo="></latexit>

L(x, z; ✓, q) ⌘ log
p✓(x, z)

q(z|x) .
<latexit sha1_base64="RFhEKc7w5+ARxl+lcjPkiMs488c="></latexit><latexit sha1_base64="RFhEKc7w5+ARxl+lcjPkiMs488c="></latexit><latexit sha1_base64="RFhEKc7w5+ARxl+lcjPkiMs488c="></latexit><latexit sha1_base64="RFhEKc7w5+ARxl+lcjPkiMs488c="></latexit>

log p✓(x) � E
z⇠q(·|x)

L(x, z; ✓, q).
<latexit sha1_base64="HAVveG0L4jiOPhB9Kvqnov3Cvpo="></latexit><latexit sha1_base64="HAVveG0L4jiOPhB9Kvqnov3Cvpo="></latexit><latexit sha1_base64="HAVveG0L4jiOPhB9Kvqnov3Cvpo="></latexit><latexit sha1_base64="HAVveG0L4jiOPhB9Kvqnov3Cvpo="></latexit>

✓̂mle ⌘ argmax
✓

E
x⇠p

log p✓(x) = argmax
✓

sup
q

E
x⇠p

z⇠q(·|x)

L(x, z; ✓, q).
<latexit sha1_base64="xWIkca9rt1qRVzP4iLeOqrv95ho="></latexit><latexit sha1_base64="xWIkca9rt1qRVzP4iLeOqrv95ho="></latexit><latexit sha1_base64="xWIkca9rt1qRVzP4iLeOqrv95ho="></latexit><latexit sha1_base64="xWIkca9rt1qRVzP4iLeOqrv95ho="></latexit>



Posterior Inference

CSE 599I: Generative Models University of WashingtonLecture 6

• How to estimate the posterior                            ?


• For GMM’s this was easy. We can compute the posterior exactly:


• What if the model isn’t so simple?

q(z|x) ⇡ p✓(z|x)
<latexit sha1_base64="suUlpwIafCaxgikMLYMW7Ht0JAk="></latexit><latexit sha1_base64="suUlpwIafCaxgikMLYMW7Ht0JAk="></latexit><latexit sha1_base64="suUlpwIafCaxgikMLYMW7Ht0JAk="></latexit><latexit sha1_base64="suUlpwIafCaxgikMLYMW7Ht0JAk="></latexit>

q(z|x) = p✓(z|x) =
p✓(x|z)p✓(z)

p✓(x)
=

⇡zN (x;µz,⌃z)PK
k=1 ⇡kN (x;µk,⌃k)

.
<latexit sha1_base64="kmqqBkaHzOE2peiIL23HjXMHoMo="></latexit><latexit sha1_base64="kmqqBkaHzOE2peiIL23HjXMHoMo="></latexit><latexit sha1_base64="kmqqBkaHzOE2peiIL23HjXMHoMo="></latexit><latexit sha1_base64="kmqqBkaHzOE2peiIL23HjXMHoMo="></latexit>

‣ What if the likelihood              isn’t just a Gaussian?


‣ What if the prior         is a continuous distribution on            ?

p✓(x|z)
<latexit sha1_base64="kS1CUl6ll3Pe6E+JnRnhxCPcWFI="></latexit><latexit sha1_base64="kS1CUl6ll3Pe6E+JnRnhxCPcWFI="></latexit><latexit sha1_base64="kS1CUl6ll3Pe6E+JnRnhxCPcWFI="></latexit><latexit sha1_base64="kS1CUl6ll3Pe6E+JnRnhxCPcWFI="></latexit>

r(z)
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Approximate Posterior Inference

CSE 599I: Generative Models University of WashingtonLecture 6

• How to estimate the posterior                            ?


• Learn a model that approximates the posterior!


• Let              be a family of density estimators with parameters 


• People sometimes call this amortized inference.


• Wait a minute… are we begging the question here?
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5-Minute Break
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Stochastic Backpropagation

CSE 599I: Generative Models University of WashingtonLecture 6

• Jointly optimize over       :


• Let’s use SGD, given a sample                                   .


• Estimate the gradient w.r.t    :


• But we’re in trouble computing 
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The Reparameterization Trick
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• Need to construct a Monte Carlo estimate of 


• Suppose              is defined by a pushforward distribution, e.g.


• Then 


• This is an example of Monte Carlo gradient estimation.
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The Gaussian VAE

CSE 599I: Generative Models University of WashingtonLecture 6

• Use a prior                           where             (   is a hyper-parameter).       


• With a Gaussian likelihood 


• Where                       (the “decoder”) and                      are neural nets. 


• Use a posterior approximation  


• Where                      (the “encoder") and                               are neural nets. 


• Think of it like a Gaussian mixture model with infinitely many components!
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p✓(x|z) = N (x; g✓(z),�
2
✓(z)I).

<latexit sha1_base64="0XOfPMbwjpqT0x9wP7y5+YOs+0Q="></latexit><latexit sha1_base64="0XOfPMbwjpqT0x9wP7y5+YOs+0Q="></latexit><latexit sha1_base64="0XOfPMbwjpqT0x9wP7y5+YOs+0Q="></latexit><latexit sha1_base64="0XOfPMbwjpqT0x9wP7y5+YOs+0Q="></latexit>

g✓ : Z ! X
<latexit sha1_base64="65hmpScEUBiagw4+2iUJ9gYw+Rw="></latexit><latexit sha1_base64="65hmpScEUBiagw4+2iUJ9gYw+Rw="></latexit><latexit sha1_base64="65hmpScEUBiagw4+2iUJ9gYw+Rw="></latexit><latexit sha1_base64="PrRi29YejTyF/IK5dSSi3guuJYY=">AAACLHicfZHPSsNAEMY39V+NVduzl2AVRKQkXvQo6MGLWMHWQhPKZDNtl242YXcjltAX8Orj+CQevYlP4aatoK04sPDjm9nZmW/DlDOlXffNKq2srq1vlDftrYq9vbNbrbRVkkmKLZrwRHZCUMiZwJZmmmMnlQhxyPEhHF0W+YdHlIol4l6PUwxiGAjWZxS0kZq9at1tuNNwlsGbQ53Mo1ezDvwooVmMQlMOSnU9N9VBDlIzynFi+5nCFOgIBtg1KCBGFeTTOSfOoVEip59Ic4R2purPGznESo3j0FTGoIdqMVeIf+W6me6fBzkTaaZR0NlD/Yw7OnGKpZ2ISaSajw0AlczM6tAhSKDaWGPb/hWaZSTemMa3KUrQiTzOfZCDmImJWW7gnxT0XyE8fRcaMrZ6iyYuQ/u04Rm+c0mZ7JF9ckQ8ckYuyDVpkhahJCLP5MV6td6tj5n9JWv+DzXyK6zPLwc3qqg=</latexit><latexit sha1_base64="wuYGWZxdoyuVBRFScDFnklOa5qU="></latexit><latexit sha1_base64="wuYGWZxdoyuVBRFScDFnklOa5qU="></latexit><latexit sha1_base64="Ja7Hn2AVEOBFn6g00Y/Ja/xYtyE="></latexit><latexit sha1_base64="65hmpScEUBiagw4+2iUJ9gYw+Rw="></latexit><latexit sha1_base64="65hmpScEUBiagw4+2iUJ9gYw+Rw="></latexit><latexit sha1_base64="65hmpScEUBiagw4+2iUJ9gYw+Rw="></latexit><latexit sha1_base64="65hmpScEUBiagw4+2iUJ9gYw+Rw="></latexit><latexit sha1_base64="65hmpScEUBiagw4+2iUJ9gYw+Rw="></latexit><latexit sha1_base64="65hmpScEUBiagw4+2iUJ9gYw+Rw="></latexit>

�2
✓ : Z ! R

<latexit sha1_base64="8IJA67caZwXj4hiv/gfCOM1kA4M="></latexit><latexit sha1_base64="8IJA67caZwXj4hiv/gfCOM1kA4M="></latexit><latexit sha1_base64="8IJA67caZwXj4hiv/gfCOM1kA4M="></latexit><latexit sha1_base64="PrRi29YejTyF/IK5dSSi3guuJYY=">AAACLHicfZHPSsNAEMY39V+NVduzl2AVRKQkXvQo6MGLWMHWQhPKZDNtl242YXcjltAX8Orj+CQevYlP4aatoK04sPDjm9nZmW/DlDOlXffNKq2srq1vlDftrYq9vbNbrbRVkkmKLZrwRHZCUMiZwJZmmmMnlQhxyPEhHF0W+YdHlIol4l6PUwxiGAjWZxS0kZq9at1tuNNwlsGbQ53Mo1ezDvwooVmMQlMOSnU9N9VBDlIzynFi+5nCFOgIBtg1KCBGFeTTOSfOoVEip59Ic4R2purPGznESo3j0FTGoIdqMVeIf+W6me6fBzkTaaZR0NlD/Yw7OnGKpZ2ISaSajw0AlczM6tAhSKDaWGPb/hWaZSTemMa3KUrQiTzOfZCDmImJWW7gnxT0XyE8fRcaMrZ6iyYuQ/u04Rm+c0mZ7JF9ckQ8ckYuyDVpkhahJCLP5MV6td6tj5n9JWv+DzXyK6zPLwc3qqg=</latexit><latexit sha1_base64="AIPAm4q30oPGwtkYxi5UDzQDm8o="></latexit><latexit sha1_base64="AIPAm4q30oPGwtkYxi5UDzQDm8o="></latexit><latexit sha1_base64="fAX/PcGOc2f9iRJ0GBuEXbwVOBg="></latexit><latexit sha1_base64="8IJA67caZwXj4hiv/gfCOM1kA4M="></latexit><latexit sha1_base64="8IJA67caZwXj4hiv/gfCOM1kA4M="></latexit><latexit sha1_base64="8IJA67caZwXj4hiv/gfCOM1kA4M="></latexit><latexit sha1_base64="8IJA67caZwXj4hiv/gfCOM1kA4M="></latexit><latexit sha1_base64="8IJA67caZwXj4hiv/gfCOM1kA4M="></latexit><latexit sha1_base64="8IJA67caZwXj4hiv/gfCOM1kA4M="></latexit>

q�(z|x) = N (z; f�(x),⌃�(x))
<latexit sha1_base64="GI5Z+qRWDw59kpY5YBKyDb7/XTo="></latexit><latexit sha1_base64="GI5Z+qRWDw59kpY5YBKyDb7/XTo="></latexit><latexit sha1_base64="GI5Z+qRWDw59kpY5YBKyDb7/XTo="></latexit><latexit sha1_base64="GI5Z+qRWDw59kpY5YBKyDb7/XTo="></latexit>

f� : X ! Z
<latexit sha1_base64="XHV4ib9wpwQ9lnCSdcknE34Smjw="></latexit><latexit sha1_base64="XHV4ib9wpwQ9lnCSdcknE34Smjw="></latexit><latexit sha1_base64="XHV4ib9wpwQ9lnCSdcknE34Smjw="></latexit><latexit sha1_base64="PrRi29YejTyF/IK5dSSi3guuJYY=">AAACLHicfZHPSsNAEMY39V+NVduzl2AVRKQkXvQo6MGLWMHWQhPKZDNtl242YXcjltAX8Orj+CQevYlP4aatoK04sPDjm9nZmW/DlDOlXffNKq2srq1vlDftrYq9vbNbrbRVkkmKLZrwRHZCUMiZwJZmmmMnlQhxyPEhHF0W+YdHlIol4l6PUwxiGAjWZxS0kZq9at1tuNNwlsGbQ53Mo1ezDvwooVmMQlMOSnU9N9VBDlIzynFi+5nCFOgIBtg1KCBGFeTTOSfOoVEip59Ic4R2purPGznESo3j0FTGoIdqMVeIf+W6me6fBzkTaaZR0NlD/Yw7OnGKpZ2ISaSajw0AlczM6tAhSKDaWGPb/hWaZSTemMa3KUrQiTzOfZCDmImJWW7gnxT0XyE8fRcaMrZ6iyYuQ/u04Rm+c0mZ7JF9ckQ8ckYuyDVpkhahJCLP5MV6td6tj5n9JWv+DzXyK6zPLwc3qqg=</latexit><latexit sha1_base64="mJ/+OS7a88MVTERLbRKl9lg7u4I="></latexit><latexit sha1_base64="mJ/+OS7a88MVTERLbRKl9lg7u4I="></latexit><latexit sha1_base64="g1l0sjn9KyLiCKVOsEzM+jU/HfA="></latexit><latexit sha1_base64="XHV4ib9wpwQ9lnCSdcknE34Smjw="></latexit><latexit sha1_base64="XHV4ib9wpwQ9lnCSdcknE34Smjw="></latexit><latexit sha1_base64="XHV4ib9wpwQ9lnCSdcknE34Smjw="></latexit><latexit sha1_base64="XHV4ib9wpwQ9lnCSdcknE34Smjw="></latexit><latexit sha1_base64="XHV4ib9wpwQ9lnCSdcknE34Smjw="></latexit><latexit sha1_base64="XHV4ib9wpwQ9lnCSdcknE34Smjw="></latexit>

⌃� : X ! Z ⌦ Z
<latexit sha1_base64="NlsBHJAy+J86tcIEDKsDyPRB+TU="></latexit><latexit sha1_base64="NlsBHJAy+J86tcIEDKsDyPRB+TU="></latexit><latexit sha1_base64="NlsBHJAy+J86tcIEDKsDyPRB+TU="></latexit><latexit sha1_base64="NlsBHJAy+J86tcIEDKsDyPRB+TU="></latexit>



Reconstruction and Divergence

CSE 599I: Generative Models University of WashingtonLecture 6

• The ELBO of the Gaussian VAE is:


• If       is held constant, then 


• People refer to these to terms as “reconstruction” and “divergence.”

�2
<latexit sha1_base64="LGPyfNACAlri5MLw6x+6XFykM8Y="></latexit><latexit sha1_base64="LGPyfNACAlri5MLw6x+6XFykM8Y="></latexit><latexit sha1_base64="LGPyfNACAlri5MLw6x+6XFykM8Y="></latexit><latexit sha1_base64="LGPyfNACAlri5MLw6x+6XFykM8Y="></latexit>

�dim(X )

2
log(2⇡�2)� 1

2�2 E
z⇠q�(·|x)

kx� g✓(z)k2 �D(q�(z|x) k r(z)).
<latexit sha1_base64="jks0fa/y7ABWQJrbqr8GDyn20rc="></latexit><latexit sha1_base64="jks0fa/y7ABWQJrbqr8GDyn20rc="></latexit><latexit sha1_base64="jks0fa/y7ABWQJrbqr8GDyn20rc="></latexit><latexit sha1_base64="jks0fa/y7ABWQJrbqr8GDyn20rc="></latexit>

✓̂mle = argmin
✓

inf
'

E
x⇠p

z⇠q'(·|x)


1

2�2
kx� g✓(z)k2 +D(q'(z|x) k r(z))

�
.

<latexit sha1_base64="ygmJBFviRBy8gUkH1evB8UkuQfo="></latexit><latexit sha1_base64="ygmJBFviRBy8gUkH1evB8UkuQfo="></latexit><latexit sha1_base64="ygmJBFviRBy8gUkH1evB8UkuQfo="></latexit><latexit sha1_base64="ygmJBFviRBy8gUkH1evB8UkuQfo="></latexit>


