
Lecture 13: GANs and autoregressive models
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Today
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• Texture synthesis 
• Generative adversarial nets (GANs) 
• Autoregressive models



Recall: neural net feature visualization

96 Units in conv1 3

Source: Isola, Torralba, Freeman



Extracting features from a trained network
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(112 x 112) x 128 for conv2 of VGG19 

conv2 feature activations 
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Extracting neural net features
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Gram (≈ covariance) matrix:128  
channels
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Capturing feature correlations
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[Gatys et al. 2016]
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Idea: correlations between unit activations convey texture. 
Discard global spatial information.



Matching image statistics
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Find  by minimizing: ̂I
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• Minimize with gradient descent  
• Use many layers of network

Implementation details: 
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Target



High Low

8



High Low
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High Low
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High Low
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High Low
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Texture captures artistic style
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[Gatys et al. 2016]

Can we transfer the style of a painting to a photo?



Match the style of the painting.

… and the content of the photo.
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Synthesized image

Perceptual loss: 
usually distance in feature space
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London during the day.

New York at night.
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Neural networks that generate images
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“Duck”

label y

Image classification

Classifier

…

image x

Source: Isola, Freeman, Torralba
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“Duck”

label y

…

image x

Generator

Image synthesis

Source: Isola, Freeman, Torralba
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Neural networks as distribution transformers 

Source distribution

p(z)
<latexit sha1_base64="bzQeejn6AthieTS76fBO0TEApVM=">AAACFHicbVDLSgNBEJyNrxhfUY9eFoMQRcKuCHoM6sGLGME8ILuE3kknGTL7YGZWjEt+waP6Md7Eq3e/xYuzyR40WjBQVHX3dJcXcSaVZX0aubn5hcWl/HJhZXVtfaO4udWQYSwo1mnIQ9HyQCJnAdYVUxxbkUDwPY5Nb3ie+s07FJKFwa0aRej60A9Yj1FQqRSVH/Y7xZJVsSYw/xI7IyWSodYpfjndkMY+BopykLJtW5FyExCKUY7jghNLjIAOoY9tTQPwUbrJZNexuaeVrtkLhX6BMifqz44EfClHvqcrfVADOeul4n9eO1a9UzdhQRQrDOj0o17MTRWa6eFmlwmkio80ASqY3tWkAxBAlY6nUHAuUB8j8EoPvo5QgArFQeKA6PtwP9bH9Z3DlOm07Nls/pLGUcW2KvbNcal6luWWJztkl5SJTU5IlVySGqkTSgbkkTyTF+PJeDXejPdpac7IerbJLxgf3+fznr0=</latexit><latexit sha1_base64="bzQeejn6AthieTS76fBO0TEApVM=">AAACFHicbVDLSgNBEJyNrxhfUY9eFoMQRcKuCHoM6sGLGME8ILuE3kknGTL7YGZWjEt+waP6Md7Eq3e/xYuzyR40WjBQVHX3dJcXcSaVZX0aubn5hcWl/HJhZXVtfaO4udWQYSwo1mnIQ9HyQCJnAdYVUxxbkUDwPY5Nb3ie+s07FJKFwa0aRej60A9Yj1FQqRSVH/Y7xZJVsSYw/xI7IyWSodYpfjndkMY+BopykLJtW5FyExCKUY7jghNLjIAOoY9tTQPwUbrJZNexuaeVrtkLhX6BMifqz44EfClHvqcrfVADOeul4n9eO1a9UzdhQRQrDOj0o17MTRWa6eFmlwmkio80ASqY3tWkAxBAlY6nUHAuUB8j8EoPvo5QgArFQeKA6PtwP9bH9Z3DlOm07Nls/pLGUcW2KvbNcal6luWWJztkl5SJTU5IlVySGqkTSgbkkTyTF+PJeDXejPdpac7IerbJLxgf3+fznr0=</latexit><latexit sha1_base64="bzQeejn6AthieTS76fBO0TEApVM=">AAACFHicbVDLSgNBEJyNrxhfUY9eFoMQRcKuCHoM6sGLGME8ILuE3kknGTL7YGZWjEt+waP6Md7Eq3e/xYuzyR40WjBQVHX3dJcXcSaVZX0aubn5hcWl/HJhZXVtfaO4udWQYSwo1mnIQ9HyQCJnAdYVUxxbkUDwPY5Nb3ie+s07FJKFwa0aRej60A9Yj1FQqRSVH/Y7xZJVsSYw/xI7IyWSodYpfjndkMY+BopykLJtW5FyExCKUY7jghNLjIAOoY9tTQPwUbrJZNexuaeVrtkLhX6BMifqz44EfClHvqcrfVADOeul4n9eO1a9UzdhQRQrDOj0o17MTRWa6eFmlwmkio80ASqY3tWkAxBAlY6nUHAuUB8j8EoPvo5QgArFQeKA6PtwP9bH9Z3DlOm07Nls/pLGUcW2KvbNcal6luWWJztkl5SJTU5IlVySGqkTSgbkkTyTF+PJeDXejPdpac7IerbJLxgf3+fznr0=</latexit><latexit sha1_base64="bzQeejn6AthieTS76fBO0TEApVM=">AAACFHicbVDLSgNBEJyNrxhfUY9eFoMQRcKuCHoM6sGLGME8ILuE3kknGTL7YGZWjEt+waP6Md7Eq3e/xYuzyR40WjBQVHX3dJcXcSaVZX0aubn5hcWl/HJhZXVtfaO4udWQYSwo1mnIQ9HyQCJnAdYVUxxbkUDwPY5Nb3ie+s07FJKFwa0aRej60A9Yj1FQqRSVH/Y7xZJVsSYw/xI7IyWSodYpfjndkMY+BopykLJtW5FyExCKUY7jghNLjIAOoY9tTQPwUbrJZNexuaeVrtkLhX6BMifqz44EfClHvqcrfVADOeul4n9eO1a9UzdhQRQrDOj0o17MTRWa6eFmlwmkio80ASqY3tWkAxBAlY6nUHAuUB8j8EoPvo5QgArFQeKA6PtwP9bH9Z3DlOm07Nls/pLGUcW2KvbNcal6luWWJztkl5SJTU5IlVySGqkTSgbkkTyTF+PJeDXejPdpac7IerbJLxgf3+fznr0=</latexit>

Target distribution

p(x)
<latexit sha1_base64="yU7M/pBgkA2keVi1P2KVcvaSzH8=">AAACFHicbVDLSgNBEJyNr7i+oh69LAYhioRdEfQY1IMXMYJ5QDaE3klvMmT2wcysJCz5BY/qx3gTr979Fi/OJjlotGCgqOru6S4v5kwq2/40cguLS8sr+VVzbX1jc6uwvVOXUSIo1mjEI9H0QCJnIdYUUxybsUAIPI4Nb3CZ+Y0HFJJF4b0axdgOoBcyn1FQmRSXhoedQtEu2xNYf4kzI0UyQ7VT+HK7EU0CDBXlIGXLsWPVTkEoRjmOTTeRGAMdQA9bmoYQoGynk13H1oFWupYfCf1CZU3Unx0pBFKOAk9XBqD6ct7LxP+8VqL883bKwjhRGNLpR37CLRVZ2eFWlwmkio80ASqY3tWifRBAlY7HNN0r1McIvNGDb2MUoCJxlLogegEMx/q4nnucMZ2WM5/NX1I/KTt22bk7LVYuZrnlyR7ZJyXikDNSIdekSmqEkj55JM/kxXgyXo03431amjNmPbvkF4yPb+SXnrs=</latexit><latexit sha1_base64="yU7M/pBgkA2keVi1P2KVcvaSzH8=">AAACFHicbVDLSgNBEJyNr7i+oh69LAYhioRdEfQY1IMXMYJ5QDaE3klvMmT2wcysJCz5BY/qx3gTr979Fi/OJjlotGCgqOru6S4v5kwq2/40cguLS8sr+VVzbX1jc6uwvVOXUSIo1mjEI9H0QCJnIdYUUxybsUAIPI4Nb3CZ+Y0HFJJF4b0axdgOoBcyn1FQmRSXhoedQtEu2xNYf4kzI0UyQ7VT+HK7EU0CDBXlIGXLsWPVTkEoRjmOTTeRGAMdQA9bmoYQoGynk13H1oFWupYfCf1CZU3Unx0pBFKOAk9XBqD6ct7LxP+8VqL883bKwjhRGNLpR37CLRVZ2eFWlwmkio80ASqY3tWifRBAlY7HNN0r1McIvNGDb2MUoCJxlLogegEMx/q4nnucMZ2WM5/NX1I/KTt22bk7LVYuZrnlyR7ZJyXikDNSIdekSmqEkj55JM/kxXgyXo03431amjNmPbvkF4yPb+SXnrs=</latexit><latexit sha1_base64="yU7M/pBgkA2keVi1P2KVcvaSzH8=">AAACFHicbVDLSgNBEJyNr7i+oh69LAYhioRdEfQY1IMXMYJ5QDaE3klvMmT2wcysJCz5BY/qx3gTr979Fi/OJjlotGCgqOru6S4v5kwq2/40cguLS8sr+VVzbX1jc6uwvVOXUSIo1mjEI9H0QCJnIdYUUxybsUAIPI4Nb3CZ+Y0HFJJF4b0axdgOoBcyn1FQmRSXhoedQtEu2xNYf4kzI0UyQ7VT+HK7EU0CDBXlIGXLsWPVTkEoRjmOTTeRGAMdQA9bmoYQoGynk13H1oFWupYfCf1CZU3Unx0pBFKOAk9XBqD6ct7LxP+8VqL883bKwjhRGNLpR37CLRVZ2eFWlwmkio80ASqY3tWifRBAlY7HNN0r1McIvNGDb2MUoCJxlLogegEMx/q4nnucMZ2WM5/NX1I/KTt22bk7LVYuZrnlyR7ZJyXikDNSIdekSmqEkj55JM/kxXgyXo03431amjNmPbvkF4yPb+SXnrs=</latexit><latexit sha1_base64="yU7M/pBgkA2keVi1P2KVcvaSzH8=">AAACFHicbVDLSgNBEJyNr7i+oh69LAYhioRdEfQY1IMXMYJ5QDaE3klvMmT2wcysJCz5BY/qx3gTr979Fi/OJjlotGCgqOru6S4v5kwq2/40cguLS8sr+VVzbX1jc6uwvVOXUSIo1mjEI9H0QCJnIdYUUxybsUAIPI4Nb3CZ+Y0HFJJF4b0axdgOoBcyn1FQmRSXhoedQtEu2xNYf4kzI0UyQ7VT+HK7EU0CDBXlIGXLsWPVTkEoRjmOTTeRGAMdQA9bmoYQoGynk13H1oFWupYfCf1CZU3Unx0pBFKOAk9XBqD6ct7LxP+8VqL883bKwjhRGNLpR37CLRVZ2eFWlwmkio80ASqY3tWifRBAlY7HNN0r1McIvNGDb2MUoCJxlLogegEMx/q4nnucMZ2WM5/NX1I/KTt22bk7LVYuZrnlyR7ZJyXikDNSIdekSmqEkj55JM/kxXgyXo03431amjNmPbvkF4yPb+SXnrs=</latexit>

G
<latexit sha1_base64="Ow7uqA1ls4Q1KLCUAAZcMur92mw=">AAACEXicbVDLSgNBEJyNr7i+oh69LAZBRMKuCHoMKuhFTMA8IBtC76Q3GTL7YGZWDEu+wKP6Md7Eq1/gt3hxNslBEwsGiqrunu7yYs6ksu0vI7ewuLS8kl8119Y3NrcK2zt1GSWCYo1GPBJNDyRyFmJNMcWxGQuEwOPY8AaXmd94QCFZFN6rYYztAHoh8xkFpaXqdadQtEv2GNY8caakSKaodArfbjeiSYChohykbDl2rNopCMUox5HpJhJjoAPoYUvTEAKU7XS86Mg60ErX8iOhX6issfq7I4VAymHg6coAVF/Oepn4n9dKlH/eTlkYJwpDOvnIT7ilIiu72uoygVTxoSZABdO7WrQPAqjS2Zime4X6GIG3evBdjAJUJI5SF0QvgMeRPq7nHmdMp+XMZjNP6iclxy451dNi+WKaW57skX1ySBxyRsrkhlRIjVCC5Im8kFfj2Xgz3o2PSWnOmPbskj8wPn8A3aqdqw==</latexit><latexit sha1_base64="Ow7uqA1ls4Q1KLCUAAZcMur92mw=">AAACEXicbVDLSgNBEJyNr7i+oh69LAZBRMKuCHoMKuhFTMA8IBtC76Q3GTL7YGZWDEu+wKP6Md7Eq1/gt3hxNslBEwsGiqrunu7yYs6ksu0vI7ewuLS8kl8119Y3NrcK2zt1GSWCYo1GPBJNDyRyFmJNMcWxGQuEwOPY8AaXmd94QCFZFN6rYYztAHoh8xkFpaXqdadQtEv2GNY8caakSKaodArfbjeiSYChohykbDl2rNopCMUox5HpJhJjoAPoYUvTEAKU7XS86Mg60ErX8iOhX6issfq7I4VAymHg6coAVF/Oepn4n9dKlH/eTlkYJwpDOvnIT7ilIiu72uoygVTxoSZABdO7WrQPAqjS2Zime4X6GIG3evBdjAJUJI5SF0QvgMeRPq7nHmdMp+XMZjNP6iclxy451dNi+WKaW57skX1ySBxyRsrkhlRIjVCC5Im8kFfj2Xgz3o2PSWnOmPbskj8wPn8A3aqdqw==</latexit><latexit sha1_base64="Ow7uqA1ls4Q1KLCUAAZcMur92mw=">AAACEXicbVDLSgNBEJyNr7i+oh69LAZBRMKuCHoMKuhFTMA8IBtC76Q3GTL7YGZWDEu+wKP6Md7Eq1/gt3hxNslBEwsGiqrunu7yYs6ksu0vI7ewuLS8kl8119Y3NrcK2zt1GSWCYo1GPBJNDyRyFmJNMcWxGQuEwOPY8AaXmd94QCFZFN6rYYztAHoh8xkFpaXqdadQtEv2GNY8caakSKaodArfbjeiSYChohykbDl2rNopCMUox5HpJhJjoAPoYUvTEAKU7XS86Mg60ErX8iOhX6issfq7I4VAymHg6coAVF/Oepn4n9dKlH/eTlkYJwpDOvnIT7ilIiu72uoygVTxoSZABdO7WrQPAqjS2Zime4X6GIG3evBdjAJUJI5SF0QvgMeRPq7nHmdMp+XMZjNP6iclxy451dNi+WKaW57skX1ySBxyRsrkhlRIjVCC5Im8kFfj2Xgz3o2PSWnOmPbskj8wPn8A3aqdqw==</latexit><latexit sha1_base64="Ow7uqA1ls4Q1KLCUAAZcMur92mw=">AAACEXicbVDLSgNBEJyNr7i+oh69LAZBRMKuCHoMKuhFTMA8IBtC76Q3GTL7YGZWDEu+wKP6Md7Eq1/gt3hxNslBEwsGiqrunu7yYs6ksu0vI7ewuLS8kl8119Y3NrcK2zt1GSWCYo1GPBJNDyRyFmJNMcWxGQuEwOPY8AaXmd94QCFZFN6rYYztAHoh8xkFpaXqdadQtEv2GNY8caakSKaodArfbjeiSYChohykbDl2rNopCMUox5HpJhJjoAPoYUvTEAKU7XS86Mg60ErX8iOhX6issfq7I4VAymHg6coAVF/Oepn4n9dKlH/eTlkYJwpDOvnIT7ilIiu72uoygVTxoSZABdO7WrQPAqjS2Zime4X6GIG3evBdjAJUJI5SF0QvgMeRPq7nHmdMp+XMZjNP6iclxy451dNi+WKaW57skX1ySBxyRsrkhlRIjVCC5Im8kFfj2Xgz3o2PSWnOmPbskj8wPn8A3aqdqw==</latexit>

Source: Isola, Freeman, Torralba
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Gaussian noise
z ⇠ N (~0, 1)

z ⇠ N (~0, 1)

Synthesized 
image

x
<latexit sha1_base64="u0TP99AqUs8pXuYNN5ubzVOLxhc=">AAACEXicbVDLSgNBEJyNrxhfUY9eFoMgImFXBD0G9eBFTMA8ILuE3kknGTL7YGZWEpZ8gUf1Y7yJV7/Ab/HibLIHTSwYKKq6e7rLiziTyrK+jNzS8srqWn69sLG5tb1T3N1ryDAWFOs05KFoeSCRswDriimOrUgg+B7Hpje8Tv3mIwrJwuBBjSN0fegHrMcoKC3VRp1iySpbU5iLxM5IiWSodorfTjeksY+BohykbNtWpNwEhGKU46TgxBIjoEPoY1vTAHyUbjJddGIeaaVr9kKhX6DMqfq7IwFfyrHv6Uof1EDOe6n4n9eOVe/STVgQxQoDOvuoF3NThWZ6tdllAqniY02ACqZ3NekABFClsykUnBvUxwi804PvIxSgQnGSOCD6Powm+ri+c5oynZY9n80iaZyVbats185Llasstzw5IIfkmNjkglTILamSOqEEyRN5Ia/Gs/FmvBsfs9KckfXskz8wPn8AL9ad3A==</latexit><latexit sha1_base64="u0TP99AqUs8pXuYNN5ubzVOLxhc=">AAACEXicbVDLSgNBEJyNrxhfUY9eFoMgImFXBD0G9eBFTMA8ILuE3kknGTL7YGZWEpZ8gUf1Y7yJV7/Ab/HibLIHTSwYKKq6e7rLiziTyrK+jNzS8srqWn69sLG5tb1T3N1ryDAWFOs05KFoeSCRswDriimOrUgg+B7Hpje8Tv3mIwrJwuBBjSN0fegHrMcoKC3VRp1iySpbU5iLxM5IiWSodorfTjeksY+BohykbNtWpNwEhGKU46TgxBIjoEPoY1vTAHyUbjJddGIeaaVr9kKhX6DMqfq7IwFfyrHv6Uof1EDOe6n4n9eOVe/STVgQxQoDOvuoF3NThWZ6tdllAqniY02ACqZ3NekABFClsykUnBvUxwi804PvIxSgQnGSOCD6Powm+ri+c5oynZY9n80iaZyVbats185Llasstzw5IIfkmNjkglTILamSOqEEyRN5Ia/Gs/FmvBsfs9KckfXskz8wPn8AL9ad3A==</latexit><latexit sha1_base64="u0TP99AqUs8pXuYNN5ubzVOLxhc=">AAACEXicbVDLSgNBEJyNrxhfUY9eFoMgImFXBD0G9eBFTMA8ILuE3kknGTL7YGZWEpZ8gUf1Y7yJV7/Ab/HibLIHTSwYKKq6e7rLiziTyrK+jNzS8srqWn69sLG5tb1T3N1ryDAWFOs05KFoeSCRswDriimOrUgg+B7Hpje8Tv3mIwrJwuBBjSN0fegHrMcoKC3VRp1iySpbU5iLxM5IiWSodorfTjeksY+BohykbNtWpNwEhGKU46TgxBIjoEPoY1vTAHyUbjJddGIeaaVr9kKhX6DMqfq7IwFfyrHv6Uof1EDOe6n4n9eOVe/STVgQxQoDOvuoF3NThWZ6tdllAqniY02ACqZ3NekABFClsykUnBvUxwi804PvIxSgQnGSOCD6Powm+ri+c5oynZY9n80iaZyVbats185Llasstzw5IIfkmNjkglTILamSOqEEyRN5Ia/Gs/FmvBsfs9KckfXskz8wPn8AL9ad3A==</latexit><latexit sha1_base64="u0TP99AqUs8pXuYNN5ubzVOLxhc=">AAACEXicbVDLSgNBEJyNrxhfUY9eFoMgImFXBD0G9eBFTMA8ILuE3kknGTL7YGZWEpZ8gUf1Y7yJV7/Ab/HibLIHTSwYKKq6e7rLiziTyrK+jNzS8srqWn69sLG5tb1T3N1ryDAWFOs05KFoeSCRswDriimOrUgg+B7Hpje8Tv3mIwrJwuBBjSN0fegHrMcoKC3VRp1iySpbU5iLxM5IiWSodorfTjeksY+BohykbNtWpNwEhGKU46TgxBIjoEPoY1vTAHyUbjJddGIeaaVr9kKhX6DMqfq7IwFfyrHv6Uof1EDOe6n4n9eOVe/STVgQxQoDOvuoF3NThWZ6tdllAqniY02ACqZ3NekABFClsykUnBvUxwi804PvIxSgQnGSOCD6Powm+ri+c5oynZY9n80iaZyVbats185Llasstzw5IIfkmNjkglTILamSOqEEyRN5Ia/Gs/FmvBsfs9KckfXskz8wPn8AL9ad3A==</latexit>

G
<latexit sha1_base64="Ow7uqA1ls4Q1KLCUAAZcMur92mw=">AAACEXicbVDLSgNBEJyNr7i+oh69LAZBRMKuCHoMKuhFTMA8IBtC76Q3GTL7YGZWDEu+wKP6Md7Eq1/gt3hxNslBEwsGiqrunu7yYs6ksu0vI7ewuLS8kl8119Y3NrcK2zt1GSWCYo1GPBJNDyRyFmJNMcWxGQuEwOPY8AaXmd94QCFZFN6rYYztAHoh8xkFpaXqdadQtEv2GNY8caakSKaodArfbjeiSYChohykbDl2rNopCMUox5HpJhJjoAPoYUvTEAKU7XS86Mg60ErX8iOhX6issfq7I4VAymHg6coAVF/Oepn4n9dKlH/eTlkYJwpDOvnIT7ilIiu72uoygVTxoSZABdO7WrQPAqjS2Zime4X6GIG3evBdjAJUJI5SF0QvgMeRPq7nHmdMp+XMZjNP6iclxy451dNi+WKaW57skX1ySBxyRsrkhlRIjVCC5Im8kFfj2Xgz3o2PSWnOmPbskj8wPn8A3aqdqw==</latexit><latexit sha1_base64="Ow7uqA1ls4Q1KLCUAAZcMur92mw=">AAACEXicbVDLSgNBEJyNr7i+oh69LAZBRMKuCHoMKuhFTMA8IBtC76Q3GTL7YGZWDEu+wKP6Md7Eq1/gt3hxNslBEwsGiqrunu7yYs6ksu0vI7ewuLS8kl8119Y3NrcK2zt1GSWCYo1GPBJNDyRyFmJNMcWxGQuEwOPY8AaXmd94QCFZFN6rYYztAHoh8xkFpaXqdadQtEv2GNY8caakSKaodArfbjeiSYChohykbDl2rNopCMUox5HpJhJjoAPoYUvTEAKU7XS86Mg60ErX8iOhX6issfq7I4VAymHg6coAVF/Oepn4n9dKlH/eTlkYJwpDOvnIT7ilIiu72uoygVTxoSZABdO7WrQPAqjS2Zime4X6GIG3evBdjAJUJI5SF0QvgMeRPq7nHmdMp+XMZjNP6iclxy451dNi+WKaW57skX1ySBxyRsrkhlRIjVCC5Im8kFfj2Xgz3o2PSWnOmPbskj8wPn8A3aqdqw==</latexit><latexit sha1_base64="Ow7uqA1ls4Q1KLCUAAZcMur92mw=">AAACEXicbVDLSgNBEJyNr7i+oh69LAZBRMKuCHoMKuhFTMA8IBtC76Q3GTL7YGZWDEu+wKP6Md7Eq1/gt3hxNslBEwsGiqrunu7yYs6ksu0vI7ewuLS8kl8119Y3NrcK2zt1GSWCYo1GPBJNDyRyFmJNMcWxGQuEwOPY8AaXmd94QCFZFN6rYYztAHoh8xkFpaXqdadQtEv2GNY8caakSKaodArfbjeiSYChohykbDl2rNopCMUox5HpJhJjoAPoYUvTEAKU7XS86Mg60ErX8iOhX6issfq7I4VAymHg6coAVF/Oepn4n9dKlH/eTlkYJwpDOvnIT7ilIiu72uoygVTxoSZABdO7WrQPAqjS2Zime4X6GIG3evBdjAJUJI5SF0QvgMeRPq7nHmdMp+XMZjNP6iclxy451dNi+WKaW57skX1ySBxyRsrkhlRIjVCC5Im8kFfj2Xgz3o2PSWnOmPbskj8wPn8A3aqdqw==</latexit><latexit sha1_base64="Ow7uqA1ls4Q1KLCUAAZcMur92mw=">AAACEXicbVDLSgNBEJyNr7i+oh69LAZBRMKuCHoMKuhFTMA8IBtC76Q3GTL7YGZWDEu+wKP6Md7Eq1/gt3hxNslBEwsGiqrunu7yYs6ksu0vI7ewuLS8kl8119Y3NrcK2zt1GSWCYo1GPBJNDyRyFmJNMcWxGQuEwOPY8AaXmd94QCFZFN6rYYztAHoh8xkFpaXqdadQtEv2GNY8caakSKaodArfbjeiSYChohykbDl2rNopCMUox5HpJhJjoAPoYUvTEAKU7XS86Mg60ErX8iOhX6issfq7I4VAymHg6coAVF/Oepn4n9dKlH/eTlkYJwpDOvnIT7ilIiu72uoygVTxoSZABdO7WrQPAqjS2Zime4X6GIG3evBdjAJUJI5SF0QvgMeRPq7nHmdMp+XMZjNP6iclxy451dNi+WKaW57skX1ySBxyRsrkhlRIjVCC5Im8kFfj2Xgz3o2PSWnOmPbskj8wPn8A3aqdqw==</latexit>

Source: Isola, Freeman, Torralba
27

Neural networks as distribution transformers 



Gaussian noise Synthesized 
imagez ⇠ N (~0, 1)

x
<latexit sha1_base64="u0TP99AqUs8pXuYNN5ubzVOLxhc=">AAACEXicbVDLSgNBEJyNrxhfUY9eFoMgImFXBD0G9eBFTMA8ILuE3kknGTL7YGZWEpZ8gUf1Y7yJV7/Ab/HibLIHTSwYKKq6e7rLiziTyrK+jNzS8srqWn69sLG5tb1T3N1ryDAWFOs05KFoeSCRswDriimOrUgg+B7Hpje8Tv3mIwrJwuBBjSN0fegHrMcoKC3VRp1iySpbU5iLxM5IiWSodorfTjeksY+BohykbNtWpNwEhGKU46TgxBIjoEPoY1vTAHyUbjJddGIeaaVr9kKhX6DMqfq7IwFfyrHv6Uof1EDOe6n4n9eOVe/STVgQxQoDOvuoF3NThWZ6tdllAqniY02ACqZ3NekABFClsykUnBvUxwi804PvIxSgQnGSOCD6Powm+ri+c5oynZY9n80iaZyVbats185Llasstzw5IIfkmNjkglTILamSOqEEyRN5Ia/Gs/FmvBsfs9KckfXskz8wPn8AL9ad3A==</latexit><latexit sha1_base64="u0TP99AqUs8pXuYNN5ubzVOLxhc=">AAACEXicbVDLSgNBEJyNrxhfUY9eFoMgImFXBD0G9eBFTMA8ILuE3kknGTL7YGZWEpZ8gUf1Y7yJV7/Ab/HibLIHTSwYKKq6e7rLiziTyrK+jNzS8srqWn69sLG5tb1T3N1ryDAWFOs05KFoeSCRswDriimOrUgg+B7Hpje8Tv3mIwrJwuBBjSN0fegHrMcoKC3VRp1iySpbU5iLxM5IiWSodorfTjeksY+BohykbNtWpNwEhGKU46TgxBIjoEPoY1vTAHyUbjJddGIeaaVr9kKhX6DMqfq7IwFfyrHv6Uof1EDOe6n4n9eOVe/STVgQxQoDOvuoF3NThWZ6tdllAqniY02ACqZ3NekABFClsykUnBvUxwi804PvIxSgQnGSOCD6Powm+ri+c5oynZY9n80iaZyVbats185Llasstzw5IIfkmNjkglTILamSOqEEyRN5Ia/Gs/FmvBsfs9KckfXskz8wPn8AL9ad3A==</latexit><latexit sha1_base64="u0TP99AqUs8pXuYNN5ubzVOLxhc=">AAACEXicbVDLSgNBEJyNrxhfUY9eFoMgImFXBD0G9eBFTMA8ILuE3kknGTL7YGZWEpZ8gUf1Y7yJV7/Ab/HibLIHTSwYKKq6e7rLiziTyrK+jNzS8srqWn69sLG5tb1T3N1ryDAWFOs05KFoeSCRswDriimOrUgg+B7Hpje8Tv3mIwrJwuBBjSN0fegHrMcoKC3VRp1iySpbU5iLxM5IiWSodorfTjeksY+BohykbNtWpNwEhGKU46TgxBIjoEPoY1vTAHyUbjJddGIeaaVr9kKhX6DMqfq7IwFfyrHv6Uof1EDOe6n4n9eOVe/STVgQxQoDOvuoF3NThWZ6tdllAqniY02ACqZ3NekABFClsykUnBvUxwi804PvIxSgQnGSOCD6Powm+ri+c5oynZY9n80iaZyVbats185Llasstzw5IIfkmNjkglTILamSOqEEyRN5Ia/Gs/FmvBsfs9KckfXskz8wPn8AL9ad3A==</latexit><latexit sha1_base64="u0TP99AqUs8pXuYNN5ubzVOLxhc=">AAACEXicbVDLSgNBEJyNrxhfUY9eFoMgImFXBD0G9eBFTMA8ILuE3kknGTL7YGZWEpZ8gUf1Y7yJV7/Ab/HibLIHTSwYKKq6e7rLiziTyrK+jNzS8srqWn69sLG5tb1T3N1ryDAWFOs05KFoeSCRswDriimOrUgg+B7Hpje8Tv3mIwrJwuBBjSN0fegHrMcoKC3VRp1iySpbU5iLxM5IiWSodorfTjeksY+BohykbNtWpNwEhGKU46TgxBIjoEPoY1vTAHyUbjJddGIeaaVr9kKhX6DMqfq7IwFfyrHv6Uof1EDOe6n4n9eOVe/STVgQxQoDOvuoF3NThWZ6tdllAqniY02ACqZ3NekABFClsykUnBvUxwi804PvIxSgQnGSOCD6Powm+ri+c5oynZY9n80iaZyVbats185Llasstzw5IIfkmNjkglTILamSOqEEyRN5Ia/Gs/FmvBsfs9KckfXskz8wPn8AL9ad3A==</latexit>

z ⇠ N (~0, 1)

G
<latexit sha1_base64="Ow7uqA1ls4Q1KLCUAAZcMur92mw=">AAACEXicbVDLSgNBEJyNr7i+oh69LAZBRMKuCHoMKuhFTMA8IBtC76Q3GTL7YGZWDEu+wKP6Md7Eq1/gt3hxNslBEwsGiqrunu7yYs6ksu0vI7ewuLS8kl8119Y3NrcK2zt1GSWCYo1GPBJNDyRyFmJNMcWxGQuEwOPY8AaXmd94QCFZFN6rYYztAHoh8xkFpaXqdadQtEv2GNY8caakSKaodArfbjeiSYChohykbDl2rNopCMUox5HpJhJjoAPoYUvTEAKU7XS86Mg60ErX8iOhX6issfq7I4VAymHg6coAVF/Oepn4n9dKlH/eTlkYJwpDOvnIT7ilIiu72uoygVTxoSZABdO7WrQPAqjS2Zime4X6GIG3evBdjAJUJI5SF0QvgMeRPq7nHmdMp+XMZjNP6iclxy451dNi+WKaW57skX1ySBxyRsrkhlRIjVCC5Im8kFfj2Xgz3o2PSWnOmPbskj8wPn8A3aqdqw==</latexit><latexit sha1_base64="Ow7uqA1ls4Q1KLCUAAZcMur92mw=">AAACEXicbVDLSgNBEJyNr7i+oh69LAZBRMKuCHoMKuhFTMA8IBtC76Q3GTL7YGZWDEu+wKP6Md7Eq1/gt3hxNslBEwsGiqrunu7yYs6ksu0vI7ewuLS8kl8119Y3NrcK2zt1GSWCYo1GPBJNDyRyFmJNMcWxGQuEwOPY8AaXmd94QCFZFN6rYYztAHoh8xkFpaXqdadQtEv2GNY8caakSKaodArfbjeiSYChohykbDl2rNopCMUox5HpJhJjoAPoYUvTEAKU7XS86Mg60ErX8iOhX6issfq7I4VAymHg6coAVF/Oepn4n9dKlH/eTlkYJwpDOvnIT7ilIiu72uoygVTxoSZABdO7WrQPAqjS2Zime4X6GIG3evBdjAJUJI5SF0QvgMeRPq7nHmdMp+XMZjNP6iclxy451dNi+WKaW57skX1ySBxyRsrkhlRIjVCC5Im8kFfj2Xgz3o2PSWnOmPbskj8wPn8A3aqdqw==</latexit><latexit sha1_base64="Ow7uqA1ls4Q1KLCUAAZcMur92mw=">AAACEXicbVDLSgNBEJyNr7i+oh69LAZBRMKuCHoMKuhFTMA8IBtC76Q3GTL7YGZWDEu+wKP6Md7Eq1/gt3hxNslBEwsGiqrunu7yYs6ksu0vI7ewuLS8kl8119Y3NrcK2zt1GSWCYo1GPBJNDyRyFmJNMcWxGQuEwOPY8AaXmd94QCFZFN6rYYztAHoh8xkFpaXqdadQtEv2GNY8caakSKaodArfbjeiSYChohykbDl2rNopCMUox5HpJhJjoAPoYUvTEAKU7XS86Mg60ErX8iOhX6issfq7I4VAymHg6coAVF/Oepn4n9dKlH/eTlkYJwpDOvnIT7ilIiu72uoygVTxoSZABdO7WrQPAqjS2Zime4X6GIG3evBdjAJUJI5SF0QvgMeRPq7nHmdMp+XMZjNP6iclxy451dNi+WKaW57skX1ySBxyRsrkhlRIjVCC5Im8kFfj2Xgz3o2PSWnOmPbskj8wPn8A3aqdqw==</latexit><latexit sha1_base64="Ow7uqA1ls4Q1KLCUAAZcMur92mw=">AAACEXicbVDLSgNBEJyNr7i+oh69LAZBRMKuCHoMKuhFTMA8IBtC76Q3GTL7YGZWDEu+wKP6Md7Eq1/gt3hxNslBEwsGiqrunu7yYs6ksu0vI7ewuLS8kl8119Y3NrcK2zt1GSWCYo1GPBJNDyRyFmJNMcWxGQuEwOPY8AaXmd94QCFZFN6rYYztAHoh8xkFpaXqdadQtEv2GNY8caakSKaodArfbjeiSYChohykbDl2rNopCMUox5HpJhJjoAPoYUvTEAKU7XS86Mg60ErX8iOhX6issfq7I4VAymHg6coAVF/Oepn4n9dKlH/eTlkYJwpDOvnIT7ilIiu72uoygVTxoSZABdO7WrQPAqjS2Zime4X6GIG3evBdjAJUJI5SF0QvgMeRPq7nHmdMp+XMZjNP6iclxy451dNi+WKaW57skX1ySBxyRsrkhlRIjVCC5Im8kFfj2Xgz3o2PSWnOmPbskj8wPn8A3aqdqw==</latexit>

Source: Isola, Freeman, Torralba
28

Neural networks as distribution transformers 



Today

29

• Texture synthesis 
• Generative adversarial nets (GANs) 
• Autoregressive models



Generator

G

[Goodfellow et al., 2014]

z

G tries to synthesize fake images that fool D

D tries to identify the fakes

Discriminator

D

real or fake?

G(z)
<latexit sha1_base64="gZlci8PWKnyAeNG/4T6QXcQXwz8=">AAACHXicbVDLSsNAFJ34Nr6qLt0Ei6AiJRFBl6KCbsQKthWaIDfTmzp08nBmItaQ73Cpfow7cSt+ixsnbRa+Dgwczn3MucdPOJPKtj+MkdGx8YnJqWlzZnZufqGyuNSUcSooNmjMY3Hpg0TOImwopjheJgIh9Dm2/N5hUW/dopAsji5UP0EvhG7EAkZBack7XndDUNd+kN3nG1eVql2zB7D+EqckVVKiflX5dDsxTUOMFOUgZduxE+VlIBSjHHPTTSUmQHvQxbamEYQovWxgOrfWtNKxgljoFylroH6fyCCUsh/6urOwKH/XCvG/WjtVwZ6XsShJFUZ0+FGQckvFVpGA1WECqeJ9TYAKpr1a9BoEUKVzMk33CPUxAk/14rMEBahYbGYuiG4Id7k+rutuFUyn5fzO5i9pbtccu+ac71T3D8rcpsgKWSXrxCG7ZJ+ckDppEEpuyAN5Is/Go/FivBpvw9YRo5xZJj9gvH8BXd6itA==</latexit><latexit sha1_base64="gZlci8PWKnyAeNG/4T6QXcQXwz8=">AAACHXicbVDLSsNAFJ34Nr6qLt0Ei6AiJRFBl6KCbsQKthWaIDfTmzp08nBmItaQ73Cpfow7cSt+ixsnbRa+Dgwczn3MucdPOJPKtj+MkdGx8YnJqWlzZnZufqGyuNSUcSooNmjMY3Hpg0TOImwopjheJgIh9Dm2/N5hUW/dopAsji5UP0EvhG7EAkZBack7XndDUNd+kN3nG1eVql2zB7D+EqckVVKiflX5dDsxTUOMFOUgZduxE+VlIBSjHHPTTSUmQHvQxbamEYQovWxgOrfWtNKxgljoFylroH6fyCCUsh/6urOwKH/XCvG/WjtVwZ6XsShJFUZ0+FGQckvFVpGA1WECqeJ9TYAKpr1a9BoEUKVzMk33CPUxAk/14rMEBahYbGYuiG4Id7k+rutuFUyn5fzO5i9pbtccu+ac71T3D8rcpsgKWSXrxCG7ZJ+ckDppEEpuyAN5Is/Go/FivBpvw9YRo5xZJj9gvH8BXd6itA==</latexit><latexit sha1_base64="gZlci8PWKnyAeNG/4T6QXcQXwz8=">AAACHXicbVDLSsNAFJ34Nr6qLt0Ei6AiJRFBl6KCbsQKthWaIDfTmzp08nBmItaQ73Cpfow7cSt+ixsnbRa+Dgwczn3MucdPOJPKtj+MkdGx8YnJqWlzZnZufqGyuNSUcSooNmjMY3Hpg0TOImwopjheJgIh9Dm2/N5hUW/dopAsji5UP0EvhG7EAkZBack7XndDUNd+kN3nG1eVql2zB7D+EqckVVKiflX5dDsxTUOMFOUgZduxE+VlIBSjHHPTTSUmQHvQxbamEYQovWxgOrfWtNKxgljoFylroH6fyCCUsh/6urOwKH/XCvG/WjtVwZ6XsShJFUZ0+FGQckvFVpGA1WECqeJ9TYAKpr1a9BoEUKVzMk33CPUxAk/14rMEBahYbGYuiG4Id7k+rutuFUyn5fzO5i9pbtccu+ac71T3D8rcpsgKWSXrxCG7ZJ+ckDppEEpuyAN5Is/Go/FivBpvw9YRo5xZJj9gvH8BXd6itA==</latexit><latexit sha1_base64="gZlci8PWKnyAeNG/4T6QXcQXwz8=">AAACHXicbVDLSsNAFJ34Nr6qLt0Ei6AiJRFBl6KCbsQKthWaIDfTmzp08nBmItaQ73Cpfow7cSt+ixsnbRa+Dgwczn3MucdPOJPKtj+MkdGx8YnJqWlzZnZufqGyuNSUcSooNmjMY3Hpg0TOImwopjheJgIh9Dm2/N5hUW/dopAsji5UP0EvhG7EAkZBack7XndDUNd+kN3nG1eVql2zB7D+EqckVVKiflX5dDsxTUOMFOUgZduxE+VlIBSjHHPTTSUmQHvQxbamEYQovWxgOrfWtNKxgljoFylroH6fyCCUsh/6urOwKH/XCvG/WjtVwZ6XsShJFUZ0+FGQckvFVpGA1WECqeJ9TYAKpr1a9BoEUKVzMk33CPUxAk/14rMEBahYbGYuiG4Id7k+rutuFUyn5fzO5i9pbtccu+ac71T3D8rcpsgKWSXrxCG7ZJ+ckDppEEpuyAN5Is/Go/FivBpvw9YRo5xZJj9gvH8BXd6itA==</latexit>

Source: Isola, Freeman, Torralba 30



DG

]argmax
D

+

[Goodfellow et al., 2014]

z

log (1�D(x))Ez,x[

fake (0.9)

logD(G(z))

real (0.1)

Dx

G(z)
<latexit sha1_base64="gZlci8PWKnyAeNG/4T6QXcQXwz8=">AAACHXicbVDLSsNAFJ34Nr6qLt0Ei6AiJRFBl6KCbsQKthWaIDfTmzp08nBmItaQ73Cpfow7cSt+ixsnbRa+Dgwczn3MucdPOJPKtj+MkdGx8YnJqWlzZnZufqGyuNSUcSooNmjMY3Hpg0TOImwopjheJgIh9Dm2/N5hUW/dopAsji5UP0EvhG7EAkZBack7XndDUNd+kN3nG1eVql2zB7D+EqckVVKiflX5dDsxTUOMFOUgZduxE+VlIBSjHHPTTSUmQHvQxbamEYQovWxgOrfWtNKxgljoFylroH6fyCCUsh/6urOwKH/XCvG/WjtVwZ6XsShJFUZ0+FGQckvFVpGA1WECqeJ9TYAKpr1a9BoEUKVzMk33CPUxAk/14rMEBahYbGYuiG4Id7k+rutuFUyn5fzO5i9pbtccu+ac71T3D8rcpsgKWSXrxCG7ZJ+ckDppEEpuyAN5Is/Go/FivBpvw9YRo5xZJj9gvH8BXd6itA==</latexit><latexit sha1_base64="gZlci8PWKnyAeNG/4T6QXcQXwz8=">AAACHXicbVDLSsNAFJ34Nr6qLt0Ei6AiJRFBl6KCbsQKthWaIDfTmzp08nBmItaQ73Cpfow7cSt+ixsnbRa+Dgwczn3MucdPOJPKtj+MkdGx8YnJqWlzZnZufqGyuNSUcSooNmjMY3Hpg0TOImwopjheJgIh9Dm2/N5hUW/dopAsji5UP0EvhG7EAkZBack7XndDUNd+kN3nG1eVql2zB7D+EqckVVKiflX5dDsxTUOMFOUgZduxE+VlIBSjHHPTTSUmQHvQxbamEYQovWxgOrfWtNKxgljoFylroH6fyCCUsh/6urOwKH/XCvG/WjtVwZ6XsShJFUZ0+FGQckvFVpGA1WECqeJ9TYAKpr1a9BoEUKVzMk33CPUxAk/14rMEBahYbGYuiG4Id7k+rutuFUyn5fzO5i9pbtccu+ac71T3D8rcpsgKWSXrxCG7ZJ+ckDppEEpuyAN5Is/Go/FivBpvw9YRo5xZJj9gvH8BXd6itA==</latexit><latexit sha1_base64="gZlci8PWKnyAeNG/4T6QXcQXwz8=">AAACHXicbVDLSsNAFJ34Nr6qLt0Ei6AiJRFBl6KCbsQKthWaIDfTmzp08nBmItaQ73Cpfow7cSt+ixsnbRa+Dgwczn3MucdPOJPKtj+MkdGx8YnJqWlzZnZufqGyuNSUcSooNmjMY3Hpg0TOImwopjheJgIh9Dm2/N5hUW/dopAsji5UP0EvhG7EAkZBack7XndDUNd+kN3nG1eVql2zB7D+EqckVVKiflX5dDsxTUOMFOUgZduxE+VlIBSjHHPTTSUmQHvQxbamEYQovWxgOrfWtNKxgljoFylroH6fyCCUsh/6urOwKH/XCvG/WjtVwZ6XsShJFUZ0+FGQckvFVpGA1WECqeJ9TYAKpr1a9BoEUKVzMk33CPUxAk/14rMEBahYbGYuiG4Id7k+rutuFUyn5fzO5i9pbtccu+ac71T3D8rcpsgKWSXrxCG7ZJ+ckDppEEpuyAN5Is/Go/FivBpvw9YRo5xZJj9gvH8BXd6itA==</latexit><latexit sha1_base64="gZlci8PWKnyAeNG/4T6QXcQXwz8=">AAACHXicbVDLSsNAFJ34Nr6qLt0Ei6AiJRFBl6KCbsQKthWaIDfTmzp08nBmItaQ73Cpfow7cSt+ixsnbRa+Dgwczn3MucdPOJPKtj+MkdGx8YnJqWlzZnZufqGyuNSUcSooNmjMY3Hpg0TOImwopjheJgIh9Dm2/N5hUW/dopAsji5UP0EvhG7EAkZBack7XndDUNd+kN3nG1eVql2zB7D+EqckVVKiflX5dDsxTUOMFOUgZduxE+VlIBSjHHPTTSUmQHvQxbamEYQovWxgOrfWtNKxgljoFylroH6fyCCUsh/6urOwKH/XCvG/WjtVwZ6XsShJFUZ0+FGQckvFVpGA1WECqeJ9TYAKpr1a9BoEUKVzMk33CPUxAk/14rMEBahYbGYuiG4Id7k+rutuFUyn5fzO5i9pbtccu+ac71T3D8rcpsgKWSXrxCG7ZJ+ckDppEEpuyAN5Is/Go/FivBpvw9YRo5xZJj9gvH8BXd6itA==</latexit>

Source: Isola, Freeman, Torralba 31



min

G tries to synthesize fake images that fool D:

+ ]

real or fake?

G
arg

DG

z

Ez,x[ log (1�D(x))logD(G(z))

G(z)
<latexit sha1_base64="gZlci8PWKnyAeNG/4T6QXcQXwz8=">AAACHXicbVDLSsNAFJ34Nr6qLt0Ei6AiJRFBl6KCbsQKthWaIDfTmzp08nBmItaQ73Cpfow7cSt+ixsnbRa+Dgwczn3MucdPOJPKtj+MkdGx8YnJqWlzZnZufqGyuNSUcSooNmjMY3Hpg0TOImwopjheJgIh9Dm2/N5hUW/dopAsji5UP0EvhG7EAkZBack7XndDUNd+kN3nG1eVql2zB7D+EqckVVKiflX5dDsxTUOMFOUgZduxE+VlIBSjHHPTTSUmQHvQxbamEYQovWxgOrfWtNKxgljoFylroH6fyCCUsh/6urOwKH/XCvG/WjtVwZ6XsShJFUZ0+FGQckvFVpGA1WECqeJ9TYAKpr1a9BoEUKVzMk33CPUxAk/14rMEBahYbGYuiG4Id7k+rutuFUyn5fzO5i9pbtccu+ac71T3D8rcpsgKWSXrxCG7ZJ+ckDppEEpuyAN5Is/Go/FivBpvw9YRo5xZJj9gvH8BXd6itA==</latexit><latexit sha1_base64="gZlci8PWKnyAeNG/4T6QXcQXwz8=">AAACHXicbVDLSsNAFJ34Nr6qLt0Ei6AiJRFBl6KCbsQKthWaIDfTmzp08nBmItaQ73Cpfow7cSt+ixsnbRa+Dgwczn3MucdPOJPKtj+MkdGx8YnJqWlzZnZufqGyuNSUcSooNmjMY3Hpg0TOImwopjheJgIh9Dm2/N5hUW/dopAsji5UP0EvhG7EAkZBack7XndDUNd+kN3nG1eVql2zB7D+EqckVVKiflX5dDsxTUOMFOUgZduxE+VlIBSjHHPTTSUmQHvQxbamEYQovWxgOrfWtNKxgljoFylroH6fyCCUsh/6urOwKH/XCvG/WjtVwZ6XsShJFUZ0+FGQckvFVpGA1WECqeJ9TYAKpr1a9BoEUKVzMk33CPUxAk/14rMEBahYbGYuiG4Id7k+rutuFUyn5fzO5i9pbtccu+ac71T3D8rcpsgKWSXrxCG7ZJ+ckDppEEpuyAN5Is/Go/FivBpvw9YRo5xZJj9gvH8BXd6itA==</latexit><latexit sha1_base64="gZlci8PWKnyAeNG/4T6QXcQXwz8=">AAACHXicbVDLSsNAFJ34Nr6qLt0Ei6AiJRFBl6KCbsQKthWaIDfTmzp08nBmItaQ73Cpfow7cSt+ixsnbRa+Dgwczn3MucdPOJPKtj+MkdGx8YnJqWlzZnZufqGyuNSUcSooNmjMY3Hpg0TOImwopjheJgIh9Dm2/N5hUW/dopAsji5UP0EvhG7EAkZBack7XndDUNd+kN3nG1eVql2zB7D+EqckVVKiflX5dDsxTUOMFOUgZduxE+VlIBSjHHPTTSUmQHvQxbamEYQovWxgOrfWtNKxgljoFylroH6fyCCUsh/6urOwKH/XCvG/WjtVwZ6XsShJFUZ0+FGQckvFVpGA1WECqeJ9TYAKpr1a9BoEUKVzMk33CPUxAk/14rMEBahYbGYuiG4Id7k+rutuFUyn5fzO5i9pbtccu+ac71T3D8rcpsgKWSXrxCG7ZJ+ckDppEEpuyAN5Is/Go/FivBpvw9YRo5xZJj9gvH8BXd6itA==</latexit><latexit sha1_base64="gZlci8PWKnyAeNG/4T6QXcQXwz8=">AAACHXicbVDLSsNAFJ34Nr6qLt0Ei6AiJRFBl6KCbsQKthWaIDfTmzp08nBmItaQ73Cpfow7cSt+ixsnbRa+Dgwczn3MucdPOJPKtj+MkdGx8YnJqWlzZnZufqGyuNSUcSooNmjMY3Hpg0TOImwopjheJgIh9Dm2/N5hUW/dopAsji5UP0EvhG7EAkZBack7XndDUNd+kN3nG1eVql2zB7D+EqckVVKiflX5dDsxTUOMFOUgZduxE+VlIBSjHHPTTSUmQHvQxbamEYQovWxgOrfWtNKxgljoFylroH6fyCCUsh/6urOwKH/XCvG/WjtVwZ6XsShJFUZ0+FGQckvFVpGA1WECqeJ9TYAKpr1a9BoEUKVzMk33CPUxAk/14rMEBahYbGYuiG4Id7k+rutuFUyn5fzO5i9pbtccu+ac71T3D8rcpsgKWSXrxCG7ZJ+ckDppEEpuyAN5Is/Go/FivBpvw9YRo5xZJj9gvH8BXd6itA==</latexit>

[Goodfellow et al., 2014]
Source: Isola, Freeman, Torralba 32



G tries to synthesize fake images that fool the best D:

real or fake?

DG

argmin
G

max
D

]

z

Ez,x[ log (1�D(x))+logD(G(z))

G(z)
<latexit sha1_base64="gZlci8PWKnyAeNG/4T6QXcQXwz8=">AAACHXicbVDLSsNAFJ34Nr6qLt0Ei6AiJRFBl6KCbsQKthWaIDfTmzp08nBmItaQ73Cpfow7cSt+ixsnbRa+Dgwczn3MucdPOJPKtj+MkdGx8YnJqWlzZnZufqGyuNSUcSooNmjMY3Hpg0TOImwopjheJgIh9Dm2/N5hUW/dopAsji5UP0EvhG7EAkZBack7XndDUNd+kN3nG1eVql2zB7D+EqckVVKiflX5dDsxTUOMFOUgZduxE+VlIBSjHHPTTSUmQHvQxbamEYQovWxgOrfWtNKxgljoFylroH6fyCCUsh/6urOwKH/XCvG/WjtVwZ6XsShJFUZ0+FGQckvFVpGA1WECqeJ9TYAKpr1a9BoEUKVzMk33CPUxAk/14rMEBahYbGYuiG4Id7k+rutuFUyn5fzO5i9pbtccu+ac71T3D8rcpsgKWSXrxCG7ZJ+ckDppEEpuyAN5Is/Go/FivBpvw9YRo5xZJj9gvH8BXd6itA==</latexit><latexit sha1_base64="gZlci8PWKnyAeNG/4T6QXcQXwz8=">AAACHXicbVDLSsNAFJ34Nr6qLt0Ei6AiJRFBl6KCbsQKthWaIDfTmzp08nBmItaQ73Cpfow7cSt+ixsnbRa+Dgwczn3MucdPOJPKtj+MkdGx8YnJqWlzZnZufqGyuNSUcSooNmjMY3Hpg0TOImwopjheJgIh9Dm2/N5hUW/dopAsji5UP0EvhG7EAkZBack7XndDUNd+kN3nG1eVql2zB7D+EqckVVKiflX5dDsxTUOMFOUgZduxE+VlIBSjHHPTTSUmQHvQxbamEYQovWxgOrfWtNKxgljoFylroH6fyCCUsh/6urOwKH/XCvG/WjtVwZ6XsShJFUZ0+FGQckvFVpGA1WECqeJ9TYAKpr1a9BoEUKVzMk33CPUxAk/14rMEBahYbGYuiG4Id7k+rutuFUyn5fzO5i9pbtccu+ac71T3D8rcpsgKWSXrxCG7ZJ+ckDppEEpuyAN5Is/Go/FivBpvw9YRo5xZJj9gvH8BXd6itA==</latexit><latexit sha1_base64="gZlci8PWKnyAeNG/4T6QXcQXwz8=">AAACHXicbVDLSsNAFJ34Nr6qLt0Ei6AiJRFBl6KCbsQKthWaIDfTmzp08nBmItaQ73Cpfow7cSt+ixsnbRa+Dgwczn3MucdPOJPKtj+MkdGx8YnJqWlzZnZufqGyuNSUcSooNmjMY3Hpg0TOImwopjheJgIh9Dm2/N5hUW/dopAsji5UP0EvhG7EAkZBack7XndDUNd+kN3nG1eVql2zB7D+EqckVVKiflX5dDsxTUOMFOUgZduxE+VlIBSjHHPTTSUmQHvQxbamEYQovWxgOrfWtNKxgljoFylroH6fyCCUsh/6urOwKH/XCvG/WjtVwZ6XsShJFUZ0+FGQckvFVpGA1WECqeJ9TYAKpr1a9BoEUKVzMk33CPUxAk/14rMEBahYbGYuiG4Id7k+rutuFUyn5fzO5i9pbtccu+ac71T3D8rcpsgKWSXrxCG7ZJ+ckDppEEpuyAN5Is/Go/FivBpvw9YRo5xZJj9gvH8BXd6itA==</latexit><latexit sha1_base64="gZlci8PWKnyAeNG/4T6QXcQXwz8=">AAACHXicbVDLSsNAFJ34Nr6qLt0Ei6AiJRFBl6KCbsQKthWaIDfTmzp08nBmItaQ73Cpfow7cSt+ixsnbRa+Dgwczn3MucdPOJPKtj+MkdGx8YnJqWlzZnZufqGyuNSUcSooNmjMY3Hpg0TOImwopjheJgIh9Dm2/N5hUW/dopAsji5UP0EvhG7EAkZBack7XndDUNd+kN3nG1eVql2zB7D+EqckVVKiflX5dDsxTUOMFOUgZduxE+VlIBSjHHPTTSUmQHvQxbamEYQovWxgOrfWtNKxgljoFylroH6fyCCUsh/6urOwKH/XCvG/WjtVwZ6XsShJFUZ0+FGQckvFVpGA1WECqeJ9TYAKpr1a9BoEUKVzMk33CPUxAk/14rMEBahYbGYuiG4Id7k+rutuFUyn5fzO5i9pbtccu+ac71T3D8rcpsgKWSXrxCG7ZJ+ckDppEEpuyAN5Is/Go/FivBpvw9YRo5xZJj9gvH8BXd6itA==</latexit>

[Goodfellow et al., 2014]
Source: Isola, Freeman, Torralba 33



• Training: iterate between training D and G with backprop. 
• Global optimum when G reproduces data distribution (see book) 
• Note: when training G, we take derivatives through discriminator!

Training

G tries to synthesize fake images that fool D

D tries to identify the fakes

real or fake?

DG

z

G(z)
<latexit sha1_base64="gZlci8PWKnyAeNG/4T6QXcQXwz8=">AAACHXicbVDLSsNAFJ34Nr6qLt0Ei6AiJRFBl6KCbsQKthWaIDfTmzp08nBmItaQ73Cpfow7cSt+ixsnbRa+Dgwczn3MucdPOJPKtj+MkdGx8YnJqWlzZnZufqGyuNSUcSooNmjMY3Hpg0TOImwopjheJgIh9Dm2/N5hUW/dopAsji5UP0EvhG7EAkZBack7XndDUNd+kN3nG1eVql2zB7D+EqckVVKiflX5dDsxTUOMFOUgZduxE+VlIBSjHHPTTSUmQHvQxbamEYQovWxgOrfWtNKxgljoFylroH6fyCCUsh/6urOwKH/XCvG/WjtVwZ6XsShJFUZ0+FGQckvFVpGA1WECqeJ9TYAKpr1a9BoEUKVzMk33CPUxAk/14rMEBahYbGYuiG4Id7k+rutuFUyn5fzO5i9pbtccu+ac71T3D8rcpsgKWSXrxCG7ZJ+ckDppEEpuyAN5Is/Go/FivBpvw9YRo5xZJj9gvH8BXd6itA==</latexit><latexit sha1_base64="gZlci8PWKnyAeNG/4T6QXcQXwz8=">AAACHXicbVDLSsNAFJ34Nr6qLt0Ei6AiJRFBl6KCbsQKthWaIDfTmzp08nBmItaQ73Cpfow7cSt+ixsnbRa+Dgwczn3MucdPOJPKtj+MkdGx8YnJqWlzZnZufqGyuNSUcSooNmjMY3Hpg0TOImwopjheJgIh9Dm2/N5hUW/dopAsji5UP0EvhG7EAkZBack7XndDUNd+kN3nG1eVql2zB7D+EqckVVKiflX5dDsxTUOMFOUgZduxE+VlIBSjHHPTTSUmQHvQxbamEYQovWxgOrfWtNKxgljoFylroH6fyCCUsh/6urOwKH/XCvG/WjtVwZ6XsShJFUZ0+FGQckvFVpGA1WECqeJ9TYAKpr1a9BoEUKVzMk33CPUxAk/14rMEBahYbGYuiG4Id7k+rutuFUyn5fzO5i9pbtccu+ac71T3D8rcpsgKWSXrxCG7ZJ+ckDppEEpuyAN5Is/Go/FivBpvw9YRo5xZJj9gvH8BXd6itA==</latexit><latexit sha1_base64="gZlci8PWKnyAeNG/4T6QXcQXwz8=">AAACHXicbVDLSsNAFJ34Nr6qLt0Ei6AiJRFBl6KCbsQKthWaIDfTmzp08nBmItaQ73Cpfow7cSt+ixsnbRa+Dgwczn3MucdPOJPKtj+MkdGx8YnJqWlzZnZufqGyuNSUcSooNmjMY3Hpg0TOImwopjheJgIh9Dm2/N5hUW/dopAsji5UP0EvhG7EAkZBack7XndDUNd+kN3nG1eVql2zB7D+EqckVVKiflX5dDsxTUOMFOUgZduxE+VlIBSjHHPTTSUmQHvQxbamEYQovWxgOrfWtNKxgljoFylroH6fyCCUsh/6urOwKH/XCvG/WjtVwZ6XsShJFUZ0+FGQckvFVpGA1WECqeJ9TYAKpr1a9BoEUKVzMk33CPUxAk/14rMEBahYbGYuiG4Id7k+rutuFUyn5fzO5i9pbtccu+ac71T3D8rcpsgKWSXrxCG7ZJ+ckDppEEpuyAN5Is/Go/FivBpvw9YRo5xZJj9gvH8BXd6itA==</latexit><latexit sha1_base64="gZlci8PWKnyAeNG/4T6QXcQXwz8=">AAACHXicbVDLSsNAFJ34Nr6qLt0Ei6AiJRFBl6KCbsQKthWaIDfTmzp08nBmItaQ73Cpfow7cSt+ixsnbRa+Dgwczn3MucdPOJPKtj+MkdGx8YnJqWlzZnZufqGyuNSUcSooNmjMY3Hpg0TOImwopjheJgIh9Dm2/N5hUW/dopAsji5UP0EvhG7EAkZBack7XndDUNd+kN3nG1eVql2zB7D+EqckVVKiflX5dDsxTUOMFOUgZduxE+VlIBSjHHPTTSUmQHvQxbamEYQovWxgOrfWtNKxgljoFylroH6fyCCUsh/6urOwKH/XCvG/WjtVwZ6XsShJFUZ0+FGQckvFVpGA1WECqeJ9TYAKpr1a9BoEUKVzMk33CPUxAk/14rMEBahYbGYuiG4Id7k+rutuFUyn5fzO5i9pbtccu+ac71T3D8rcpsgKWSXrxCG7ZJ+ckDppEEpuyAN5Is/Go/FivBpvw9YRo5xZJj9gvH8BXd6itA==</latexit>

[Goodfellow et al., 2014]
Source: Isola, Freeman, Torralba 34



Samples from BigGAN 
[Brock et al. 2018]

More here: https://arxiv.org/pdf/1809.11096.pdf

Source: Isola, Freeman, Torralba35

https://arxiv.org/pdf/1809.11096.pdf


Latent space 
(Gaussian)

Data space 
(Natural image manifold)

z X
<latexit sha1_base64="UbyZ6wKmQgv2DiMu6HX/UADe5wk=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdh1p0NqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8wfMmZD8</latexit><latexit sha1_base64="UbyZ6wKmQgv2DiMu6HX/UADe5wk=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdh1p0NqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8wfMmZD8</latexit><latexit sha1_base64="UbyZ6wKmQgv2DiMu6HX/UADe5wk=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdh1p0NqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8wfMmZD8</latexit><latexit sha1_base64="UbyZ6wKmQgv2DiMu6HX/UADe5wk=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdh1p0NqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8wfMmZD8</latexit>

[BigGAN, Brock et al. 2018]

36



[Karras et al., “Alias-Free Generative Adversarial Networks”, 2021]https://github.com/NVlabs/stylegan3 

https://github.com/NVlabs/stylegan3


[Karras et al., “Alias-Free Generative Adversarial Networks”, 2021]



[Karras et al., “Alias-Free Generative Adversarial Networks”, 2021]



Satellite photo

Translator

Google Map

Image translation

Source: Isola, Freeman, Torralba
40



Map2Sat

n o
,

n o
,

x y
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Generator

Gx G(x)

Source: Isola, Freeman, Torralba42

∥G(x) − y∥1

Idea: L1 loss



Input L1 loss

Source: Isola, Freeman, Torralba
43



G tries to synthesize fake images that fool D

D tries to identify the fakes

Generator Discriminator

DGx G(x)

real or fake?

44



DGx

Ex,y[ ]argmax
D

logD(G(x))

fake (0.9)

G(x)

+ log(1�D(y))

real (0.1)

Dy

Source: Isola, Freeman, Torralba45



min

G tries to synthesize fake images that fool D:

logD(G(x))Ex,y[ + log(1�D(y)) ]

real or fake?

G
arg

DGx G(x)

Source: Isola, Freeman, Torralba46



G tries to synthesize fake images that fool the best D:

logD(G(x))Ex,y[ + log(1�D(y))

real or fake?

DGx G(x)

argmin
G

max
D

]

Source: Isola, Freeman, Torralba47



real or fake?

DGx G(x)

logD(G(x))Ex,y[ + log(1�D(y))argmin
G

max
D

]

Source: Isola, Freeman, Torralba48



real!

DGx G(x)

logD(G(x))Ex,y[ + log(1�D(y))argmin
G

max
D

]

Source: Isola, Freeman, Torralba49



real or fake pair ?

D

argmin
G

max
D

logD(G(x)) + log(1�D(y))Ex,y[ ]

Gx G(x)

Source: Isola, Freeman, Torralba50



argmin
G

max
D

Ex,y[ ]logD(x, G(x)) + log(1�D(x,y))

real or fake pair ?

D

Gx G(x)

Source: Isola, Freeman, Torralba51



argmin
G

max
D

Ex,y[ ]logD(x, G(x)) + log(1�D(x,y))

D

Gx G(x)

fake pair

Source: Isola, Freeman, Torralba52



D

Gx G(x)

argmin
G

max
D

Ex,y[ ]logD(x, G(x)) + log(1�D(x,y))

real or fake pair ?

Source: Isola, Freeman, Torralba53



Training Details: Loss function
Conditional GAN 

Pixel-wise loss helps stabilize training + faster convergence

Gx G(x) y

-

Source: Isola, Freeman, Torralba
54

<latexit sha1_base64="UBnLi2VShayu/s29Bfx6jVKQxOs="></latexit>

G→ = argmin
G

max
D

LcGAN (G,D) + ωLL1(G)



Input Output Groundtruth

Data from 
[maps.google.com]

Source: Isola, Freeman, Torralba55

http://maps.google.com


Input Output Groundtruth

Data from [maps.google.com]
Source: Isola, Freeman, Torralba

56

http://maps.google.com


Input L1 loss only

Source: Isola, Freeman, Torralba
57



L1 loss + discriminatorInput

Source: Isola, Freeman, Torralba
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[HED, Xie & Tu, 2015]

Training data

n o
,

n o
,

n o
,

…

x y G
x G(x)

x
G

G(x)

Source: Isola, Freeman, Torralba
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edges2cats

Source: Isola, Freeman, Torralba
60[Chris Hess, edges2cats]

https://affinelayer.com/pixsrv/


Source: Isola, Freeman, Torralba
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Ivy Tasi @ivymyt

Vitaly Vidmirov @vvid

Source: Isola, Freeman, Torralba
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Architectures
Generator: U-Net

Figure from [Isola et al., “Image-to-Image Translation with Conditional Adversarial Networks”, 2017]63

Skip connections between encoder and decoder layers



Architectures
Discriminator: fully convolutional network

64
Sequence of strided convolutions

 output map (last conv. layer)n × n

real or fake?



Architectures
Discriminator: fully convolutional network

65

real or fake?

receptive field

Sometimes called a Patch GAN, since it effectively only looks at patches



[“GauGAN”, Park et al., CVPR 2019]
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More recent architectures



[“GauGAN”, Park et al., CVPR 2019]
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What’s wrong with GANs?

Figure source: [Razavi et al., 2019]

Category: fish 
[Brock et al., “BigGAN”, 2018]

• Optimization challenges 

• Lack of diversity 

• Mode collapse: only models one 
“mode” of the probability distribution



Today

69

• Texture synthesis 
• Generative adversarial nets (GANs) 
• Autoregressive models



Recall: autoregressive models for text

Once upon a___ timePredictor
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Source: P. Isola

Can we do something analogous for images?



Generating images one pixel at a time
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Generating images one pixel at a time
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Generating images one pixel at a time
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Generating images one pixel at a time

74



Generating images one pixel at a time
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Generating images one pixel at a time
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Generating images one pixel at a time
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Generating images one pixel at a time
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Generating images one pixel at a time
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Generating images one pixel at a time
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Generating images one pixel at a time
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Generating images one pixel at a time

82



Generating images one pixel at a time
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[PixelRNN, PixelCNN, van der Oord et al. 2016] 

Input partial 
image

“white”

Texture synthesis with a neural network

Predicted color 
of next pixel

Source: Torralba, Freeman, Isola84



[PixelRNN, PixelCNN, van der Oord et al. 2016] 

Input partial 
image

Predicted color 
of next pixel

“white”

…

Source: Torralba, Freeman, Isola85



86

Represent colors as discrete categories
pr

ob
ab

ilit
y

• One class for each intensity 
value, e.g. 256 classes 

• One label per color 
channel 

• Newer methods use 
mixture density networks

Source: Torralba, Freeman, Isola



ŷ ⌘ [P✓(Y = 1|X = x), . . . , P✓(Y = K|X = x)]
<latexit sha1_base64="FLIao99Qz6GVvosm3Rj3LoAyQPE="></latexit><latexit sha1_base64="FLIao99Qz6GVvosm3Rj3LoAyQPE="></latexit><latexit sha1_base64="FLIao99Qz6GVvosm3Rj3LoAyQPE="></latexit><latexit sha1_base64="FLIao99Qz6GVvosm3Rj3LoAyQPE="></latexit>

predicted probability of 
each class given input x

H(y, ŷ) = �
KX

k=1

yk log ŷk
<latexit sha1_base64="Nvgamej5IoGXAY7SBC0qipCV7Sc="></latexit><latexit sha1_base64="Nvgamej5IoGXAY7SBC0qipCV7Sc="></latexit><latexit sha1_base64="Nvgamej5IoGXAY7SBC0qipCV7Sc="></latexit><latexit sha1_base64="Nvgamej5IoGXAY7SBC0qipCV7Sc="></latexit>

picks out the -log likelihood 
of the ground truth class 
under the model prediction ŷ

<latexit sha1_base64="eAq0gZs1CrkHzhdK4Yaap7+ZT54="></latexit><latexit sha1_base64="eAq0gZs1CrkHzhdK4Yaap7+ZT54="></latexit><latexit sha1_base64="eAq0gZs1CrkHzhdK4Yaap7+ZT54="></latexit><latexit sha1_base64="eAq0gZs1CrkHzhdK4Yaap7+ZT54="></latexit>

y
<latexit sha1_base64="jakeceKd7YQr7mP2FD8kA6r2jpA="></latexit><latexit sha1_base64="jakeceKd7YQr7mP2FD8kA6r2jpA="></latexit><latexit sha1_base64="jakeceKd7YQr7mP2FD8kA6r2jpA="></latexit><latexit sha1_base64="jakeceKd7YQr7mP2FD8kA6r2jpA="></latexit>

The model is learning: P(next pixel | previous pixels): 

Source: Torralba, Freeman, Isola
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Represent colors as discrete categories
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Representing distributions
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y

Distribution has multiple modes

H(y, ŷ) = �
KX

k=1

yk log ŷk
<latexit sha1_base64="Nvgamej5IoGXAY7SBC0qipCV7Sc="></latexit><latexit sha1_base64="Nvgamej5IoGXAY7SBC0qipCV7Sc="></latexit><latexit sha1_base64="Nvgamej5IoGXAY7SBC0qipCV7Sc="></latexit><latexit sha1_base64="Nvgamej5IoGXAY7SBC0qipCV7Sc="></latexit>

Single mode

L2(y, ŷ) = � log(Pgauss(ŷ|y)) / (y � ŷ)2
<latexit sha1_base64="8jaWvNThsk2kcVK/xh2fyuPSU+8="></latexit>



Network output
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P (pi|p1, · · · , pi�1)

P(next pixel | previous pixels)

Source: Torralba, Freeman, Isola89
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Source: Torralba, Freeman, Isola90
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Source: Torralba, Freeman, Isola91
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Source: Torralba, Freeman, Isola92
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P (pi|p1, · · · , pi�1)pi ⇠
<latexit sha1_base64="d2bUvrH7B0CX/XsZg2vT/MDQWiI=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOSJcxOepMhM7PLzKwQQr7CiwdFvPo53vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6nfmtJ9SGJ+rBjlMMJR0oHnNGrZMe0x4nXcMl6ZUrftWfg6ySICcVyFHvlb+6/YRlEpVlghrTCfzUhhOqLWcCp6VuZjClbEQH2HFUUYkmnMwPnpIzp/RJnGhXypK5+ntiQqUxYxm5Tknt0Cx7M/E/r5PZ+DqccJVmFhVbLIozQWxCZt+TPtfIrBg7Qpnm7lbChlRTZl1GJRdCsPzyKmleVAO/GtxfVmo3eRxFOIFTOIcArqAGd1CHBjCQ8Ayv8OZp78V79z4WrQUvnzmGP/A+fwAdNo/x</latexit><latexit sha1_base64="d2bUvrH7B0CX/XsZg2vT/MDQWiI=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOSJcxOepMhM7PLzKwQQr7CiwdFvPo53vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6nfmtJ9SGJ+rBjlMMJR0oHnNGrZMe0x4nXcMl6ZUrftWfg6ySICcVyFHvlb+6/YRlEpVlghrTCfzUhhOqLWcCp6VuZjClbEQH2HFUUYkmnMwPnpIzp/RJnGhXypK5+ntiQqUxYxm5Tknt0Cx7M/E/r5PZ+DqccJVmFhVbLIozQWxCZt+TPtfIrBg7Qpnm7lbChlRTZl1GJRdCsPzyKmleVAO/GtxfVmo3eRxFOIFTOIcArqAGd1CHBjCQ8Ayv8OZp78V79z4WrQUvnzmGP/A+fwAdNo/x</latexit><latexit sha1_base64="d2bUvrH7B0CX/XsZg2vT/MDQWiI=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOSJcxOepMhM7PLzKwQQr7CiwdFvPo53vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6nfmtJ9SGJ+rBjlMMJR0oHnNGrZMe0x4nXcMl6ZUrftWfg6ySICcVyFHvlb+6/YRlEpVlghrTCfzUhhOqLWcCp6VuZjClbEQH2HFUUYkmnMwPnpIzp/RJnGhXypK5+ntiQqUxYxm5Tknt0Cx7M/E/r5PZ+DqccJVmFhVbLIozQWxCZt+TPtfIrBg7Qpnm7lbChlRTZl1GJRdCsPzyKmleVAO/GtxfVmo3eRxFOIFTOIcArqAGd1CHBjCQ8Ayv8OZp78V79z4WrQUvnzmGP/A+fwAdNo/x</latexit><latexit sha1_base64="d2bUvrH7B0CX/XsZg2vT/MDQWiI=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOSJcxOepMhM7PLzKwQQr7CiwdFvPo53vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTDBssEYluR9Sg4AoblluB7VQjlZHAVjS6nfmtJ9SGJ+rBjlMMJR0oHnNGrZMe0x4nXcMl6ZUrftWfg6ySICcVyFHvlb+6/YRlEpVlghrTCfzUhhOqLWcCp6VuZjClbEQH2HFUUYkmnMwPnpIzp/RJnGhXypK5+ntiQqUxYxm5Tknt0Cx7M/E/r5PZ+DqccJVmFhVbLIozQWxCZt+TPtfIrBg7Qpnm7lbChlRTZl1GJRdCsPzyKmleVAO/GtxfVmo3eRxFOIFTOIcArqAGd1CHBjCQ8Ayv8OZp78V79z4WrQUvnzmGP/A+fwAdNo/x</latexit>

Source: Torralba, Freeman, Isola93



p3
<latexit sha1_base64="o4nZ68qYcK0np11Ttx2Ns6alTxc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh6R/2S9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+6pScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uw2s/EypJkSu2WBSmkmBMZn+TgdCcoZxYQpkW9lbCRlRThjadkg3BW355lbQuqp5b9e5rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwACiI2a</latexit><latexit sha1_base64="o4nZ68qYcK0np11Ttx2Ns6alTxc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh6R/2S9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+6pScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uw2s/EypJkSu2WBSmkmBMZn+TgdCcoZxYQpkW9lbCRlRThjadkg3BW355lbQuqp5b9e5rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwACiI2a</latexit><latexit sha1_base64="o4nZ68qYcK0np11Ttx2Ns6alTxc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh6R/2S9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+6pScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uw2s/EypJkSu2WBSmkmBMZn+TgdCcoZxYQpkW9lbCRlRThjadkg3BW355lbQuqp5b9e5rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwACiI2a</latexit><latexit sha1_base64="o4nZ68qYcK0np11Ttx2Ns6alTxc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh6R/2S9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+6pScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uw2s/EypJkSu2WBSmkmBMZn+TgdCcoZxYQpkW9lbCRlRThjadkg3BW355lbQuqp5b9e5rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwACiI2a</latexit>

p4 ⇠ P (p4|p1, p2, p3)
<latexit sha1_base64="GbXK+Obifi4mOWelrEQ+ehVNFXQ=">AAACCHicbVDLSgMxFM3UV62vUZcuDBahgpSZWtBl0Y3LCvYB7TBk0kwbmmSGJCOUsUs3/oobF4q49RPc+Tdm2llo9UAuh3Pu5eaeIGZUacf5sgpLyyura8X10sbm1vaOvbvXVlEiMWnhiEWyGyBFGBWkpalmpBtLgnjASCcYX2V+545IRSNxqycx8TgaChpSjLSRfPsw9uuwryiHzUpG72Hsu6em1LJyduLbZafqzAD/EjcnZZCj6duf/UGEE06Exgwp1XOdWHspkppiRqalfqJIjPAYDUnPUIE4UV46O2QKj40ygGEkzRMaztSfEyniSk14YDo50iO16GXif14v0eGFl1IRJ5oIPF8UJgzqCGapwAGVBGs2MQRhSc1fIR4hibA22ZVMCO7iyX9Ju1Z1nap7Uy83LvM4iuAAHIEKcME5aIBr0AQtgMEDeAIv4NV6tJ6tN+t93lqw8pl98AvWxzcGTZbE</latexit><latexit sha1_base64="GbXK+Obifi4mOWelrEQ+ehVNFXQ=">AAACCHicbVDLSgMxFM3UV62vUZcuDBahgpSZWtBl0Y3LCvYB7TBk0kwbmmSGJCOUsUs3/oobF4q49RPc+Tdm2llo9UAuh3Pu5eaeIGZUacf5sgpLyyura8X10sbm1vaOvbvXVlEiMWnhiEWyGyBFGBWkpalmpBtLgnjASCcYX2V+545IRSNxqycx8TgaChpSjLSRfPsw9uuwryiHzUpG72Hsu6em1LJyduLbZafqzAD/EjcnZZCj6duf/UGEE06Exgwp1XOdWHspkppiRqalfqJIjPAYDUnPUIE4UV46O2QKj40ygGEkzRMaztSfEyniSk14YDo50iO16GXif14v0eGFl1IRJ5oIPF8UJgzqCGapwAGVBGs2MQRhSc1fIR4hibA22ZVMCO7iyX9Ju1Z1nap7Uy83LvM4iuAAHIEKcME5aIBr0AQtgMEDeAIv4NV6tJ6tN+t93lqw8pl98AvWxzcGTZbE</latexit><latexit sha1_base64="GbXK+Obifi4mOWelrEQ+ehVNFXQ=">AAACCHicbVDLSgMxFM3UV62vUZcuDBahgpSZWtBl0Y3LCvYB7TBk0kwbmmSGJCOUsUs3/oobF4q49RPc+Tdm2llo9UAuh3Pu5eaeIGZUacf5sgpLyyura8X10sbm1vaOvbvXVlEiMWnhiEWyGyBFGBWkpalmpBtLgnjASCcYX2V+545IRSNxqycx8TgaChpSjLSRfPsw9uuwryiHzUpG72Hsu6em1LJyduLbZafqzAD/EjcnZZCj6duf/UGEE06Exgwp1XOdWHspkppiRqalfqJIjPAYDUnPUIE4UV46O2QKj40ygGEkzRMaztSfEyniSk14YDo50iO16GXif14v0eGFl1IRJ5oIPF8UJgzqCGapwAGVBGs2MQRhSc1fIR4hibA22ZVMCO7iyX9Ju1Z1nap7Uy83LvM4iuAAHIEKcME5aIBr0AQtgMEDeAIv4NV6tJ6tN+t93lqw8pl98AvWxzcGTZbE</latexit><latexit sha1_base64="GbXK+Obifi4mOWelrEQ+ehVNFXQ=">AAACCHicbVDLSgMxFM3UV62vUZcuDBahgpSZWtBl0Y3LCvYB7TBk0kwbmmSGJCOUsUs3/oobF4q49RPc+Tdm2llo9UAuh3Pu5eaeIGZUacf5sgpLyyura8X10sbm1vaOvbvXVlEiMWnhiEWyGyBFGBWkpalmpBtLgnjASCcYX2V+545IRSNxqycx8TgaChpSjLSRfPsw9uuwryiHzUpG72Hsu6em1LJyduLbZafqzAD/EjcnZZCj6duf/UGEE06Exgwp1XOdWHspkppiRqalfqJIjPAYDUnPUIE4UV46O2QKj40ygGEkzRMaztSfEyniSk14YDo50iO16GXif14v0eGFl1IRJ5oIPF8UJgzqCGapwAGVBGs2MQRhSc1fIR4hibA22ZVMCO7iyX9Ju1Z1nap7Uy83LvM4iuAAHIEKcME5aIBr0AQtgMEDeAIv4NV6tJ6tN+t93lqw8pl98AvWxzcGTZbE</latexit>

p4
<latexit sha1_base64="OkR9akwWyxYkB1LMIZwFnIjKfqw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI9FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpIRnUBuWKW3UXIOvEy0kFcjQH5a/+MGZphNIwQbXueW5i/Iwqw5nAWamfakwom9AR9iyVNELtZ4tTZ+TCKkMSxsqWNGSh/p7IaKT1NApsZ0TNWK96c/E/r5ea8NrPuExSg5ItF4WpICYm87/JkCtkRkwtoUxxeythY6ooMzadkg3BW315nbSvqp5b9e5rlcZNHkcRzuAcLsGDOjTgDprQAgYjeIZXeHOE8+K8Ox/L1oKTz5zCHzifPwQMjZs=</latexit><latexit sha1_base64="OkR9akwWyxYkB1LMIZwFnIjKfqw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI9FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpIRnUBuWKW3UXIOvEy0kFcjQH5a/+MGZphNIwQbXueW5i/Iwqw5nAWamfakwom9AR9iyVNELtZ4tTZ+TCKkMSxsqWNGSh/p7IaKT1NApsZ0TNWK96c/E/r5ea8NrPuExSg5ItF4WpICYm87/JkCtkRkwtoUxxeythY6ooMzadkg3BW315nbSvqp5b9e5rlcZNHkcRzuAcLsGDOjTgDprQAgYjeIZXeHOE8+K8Ox/L1oKTz5zCHzifPwQMjZs=</latexit><latexit sha1_base64="OkR9akwWyxYkB1LMIZwFnIjKfqw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI9FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpIRnUBuWKW3UXIOvEy0kFcjQH5a/+MGZphNIwQbXueW5i/Iwqw5nAWamfakwom9AR9iyVNELtZ4tTZ+TCKkMSxsqWNGSh/p7IaKT1NApsZ0TNWK96c/E/r5ea8NrPuExSg5ItF4WpICYm87/JkCtkRkwtoUxxeythY6ooMzadkg3BW315nbSvqp5b9e5rlcZNHkcRzuAcLsGDOjTgDprQAgYjeIZXeHOE8+K8Ox/L1oKTz5zCHzifPwQMjZs=</latexit><latexit sha1_base64="OkR9akwWyxYkB1LMIZwFnIjKfqw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI9FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpIRnUBuWKW3UXIOvEy0kFcjQH5a/+MGZphNIwQbXueW5i/Iwqw5nAWamfakwom9AR9iyVNELtZ4tTZ+TCKkMSxsqWNGSh/p7IaKT1NApsZ0TNWK96c/E/r5ea8NrPuExSg5ItF4WpICYm87/JkCtkRkwtoUxxeythY6ooMzadkg3BW315nbSvqp5b9e5rlcZNHkcRzuAcLsGDOjTgDprQAgYjeIZXeHOE8+K8Ox/L1oKTz5zCHzifPwQMjZs=</latexit>

p3 ⇠ P (p3|p1, p2)
<latexit sha1_base64="5yax7WHBHSmIZcEJs92TYqlcSZs=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqCBlpgq6LLpxWcFeoB2GTJppQ5OZkGSEMhbc+CpuXCji1pdw59uYaWehrQcSPv7/HJLzB4JRpR3n2yosLa+srhXXSxubW9s79u5eS8WJxKSJYxbLToAUYTQiTU01Ix0hCeIBI+1gdJ357XsiFY2jOz0WxONoENGQYqSN5NsHwj+DPUU5bFQyfIDCd0/NVTvx7bJTdaYFF8HNoQzyavj2V68f44STSGOGlOq6jtBeiqSmmJFJqZcoIhAeoQHpGowQJ8pLpztM4LFR+jCMpTmRhlP190SKuFJjHphOjvRQzXuZ+J/XTXR46aU0EokmEZ49FCYM6hhmgcA+lQRrNjaAsKTmrxAPkURYm9hKJgR3fuVFaNWqrlN1b8/L9as8jiI4BEegAlxwAergBjRAE2DwCJ7BK3iznqwX6936mLUWrHxmH/wp6/MHJeeVQg==</latexit><latexit sha1_base64="5yax7WHBHSmIZcEJs92TYqlcSZs=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqCBlpgq6LLpxWcFeoB2GTJppQ5OZkGSEMhbc+CpuXCji1pdw59uYaWehrQcSPv7/HJLzB4JRpR3n2yosLa+srhXXSxubW9s79u5eS8WJxKSJYxbLToAUYTQiTU01Ix0hCeIBI+1gdJ357XsiFY2jOz0WxONoENGQYqSN5NsHwj+DPUU5bFQyfIDCd0/NVTvx7bJTdaYFF8HNoQzyavj2V68f44STSGOGlOq6jtBeiqSmmJFJqZcoIhAeoQHpGowQJ8pLpztM4LFR+jCMpTmRhlP190SKuFJjHphOjvRQzXuZ+J/XTXR46aU0EokmEZ49FCYM6hhmgcA+lQRrNjaAsKTmrxAPkURYm9hKJgR3fuVFaNWqrlN1b8/L9as8jiI4BEegAlxwAergBjRAE2DwCJ7BK3iznqwX6936mLUWrHxmH/wp6/MHJeeVQg==</latexit><latexit sha1_base64="5yax7WHBHSmIZcEJs92TYqlcSZs=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqCBlpgq6LLpxWcFeoB2GTJppQ5OZkGSEMhbc+CpuXCji1pdw59uYaWehrQcSPv7/HJLzB4JRpR3n2yosLa+srhXXSxubW9s79u5eS8WJxKSJYxbLToAUYTQiTU01Ix0hCeIBI+1gdJ357XsiFY2jOz0WxONoENGQYqSN5NsHwj+DPUU5bFQyfIDCd0/NVTvx7bJTdaYFF8HNoQzyavj2V68f44STSGOGlOq6jtBeiqSmmJFJqZcoIhAeoQHpGowQJ8pLpztM4LFR+jCMpTmRhlP190SKuFJjHphOjvRQzXuZ+J/XTXR46aU0EokmEZ49FCYM6hhmgcA+lQRrNjaAsKTmrxAPkURYm9hKJgR3fuVFaNWqrlN1b8/L9as8jiI4BEegAlxwAergBjRAE2DwCJ7BK3iznqwX6936mLUWrHxmH/wp6/MHJeeVQg==</latexit><latexit sha1_base64="5yax7WHBHSmIZcEJs92TYqlcSZs=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqCBlpgq6LLpxWcFeoB2GTJppQ5OZkGSEMhbc+CpuXCji1pdw59uYaWehrQcSPv7/HJLzB4JRpR3n2yosLa+srhXXSxubW9s79u5eS8WJxKSJYxbLToAUYTQiTU01Ix0hCeIBI+1gdJ357XsiFY2jOz0WxONoENGQYqSN5NsHwj+DPUU5bFQyfIDCd0/NVTvx7bJTdaYFF8HNoQzyavj2V68f44STSGOGlOq6jtBeiqSmmJFJqZcoIhAeoQHpGowQJ8pLpztM4LFR+jCMpTmRhlP190SKuFJjHphOjvRQzXuZ+J/XTXR46aU0EokmEZ49FCYM6hhmgcA+lQRrNjaAsKTmrxAPkURYm9hKJgR3fuVFaNWqrlN1b8/L9as8jiI4BEegAlxwAergBjRAE2DwCJ7BK3iznqwX6936mLUWrHxmH/wp6/MHJeeVQg==</latexit>

p2
<latexit sha1_base64="DjS1oOAr1VR/VatzfCTqK/ymJgE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKUI9FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpIRnUBuWKW3UXIOvEy0kFcjQH5a/+MGZphNIwQbXueW5i/Iwqw5nAWamfakwom9AR9iyVNELtZ4tTZ+TCKkMSxsqWNGSh/p7IaKT1NApsZ0TNWK96c/E/r5ea8NrPuExSg5ItF4WpICYm87/JkCtkRkwtoUxxeythY6ooMzadkg3BW315nbRrVc+tevdXlcZNHkcRzuAcLsGDOjTgDprQAgYjeIZXeHOE8+K8Ox/L1oKTz5zCHzifPwEEjZk=</latexit><latexit sha1_base64="DjS1oOAr1VR/VatzfCTqK/ymJgE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKUI9FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpIRnUBuWKW3UXIOvEy0kFcjQH5a/+MGZphNIwQbXueW5i/Iwqw5nAWamfakwom9AR9iyVNELtZ4tTZ+TCKkMSxsqWNGSh/p7IaKT1NApsZ0TNWK96c/E/r5ea8NrPuExSg5ItF4WpICYm87/JkCtkRkwtoUxxeythY6ooMzadkg3BW315nbRrVc+tevdXlcZNHkcRzuAcLsGDOjTgDprQAgYjeIZXeHOE8+K8Ox/L1oKTz5zCHzifPwEEjZk=</latexit><latexit sha1_base64="DjS1oOAr1VR/VatzfCTqK/ymJgE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKUI9FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpIRnUBuWKW3UXIOvEy0kFcjQH5a/+MGZphNIwQbXueW5i/Iwqw5nAWamfakwom9AR9iyVNELtZ4tTZ+TCKkMSxsqWNGSh/p7IaKT1NApsZ0TNWK96c/E/r5ea8NrPuExSg5ItF4WpICYm87/JkCtkRkwtoUxxeythY6ooMzadkg3BW315nbRrVc+tevdXlcZNHkcRzuAcLsGDOjTgDprQAgYjeIZXeHOE8+K8Ox/L1oKTz5zCHzifPwEEjZk=</latexit><latexit sha1_base64="DjS1oOAr1VR/VatzfCTqK/ymJgE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKUI9FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpIRnUBuWKW3UXIOvEy0kFcjQH5a/+MGZphNIwQbXueW5i/Iwqw5nAWamfakwom9AR9iyVNELtZ4tTZ+TCKkMSxsqWNGSh/p7IaKT1NApsZ0TNWK96c/E/r5ea8NrPuExSg5ItF4WpICYm87/JkCtkRkwtoUxxeythY6ooMzadkg3BW315nbRrVc+tevdXlcZNHkcRzuAcLsGDOjTgDprQAgYjeIZXeHOE8+K8Ox/L1oKTz5zCHzifPwEEjZk=</latexit>

p2 ⇠ P (p2|p1)
<latexit sha1_base64="SOXQkEZJJNBLYcrBX8TqRdXqmaM=">AAAB/nicbZDLSgMxFIYzXmu9jYorN8Ei1E2ZKYIui25cVrAXaIchk2ba0CQTkoxQxoKv4saFIm59Dne+jZl2Ftr6Q+DjP+dwTv5IMqqN5307K6tr6xubpa3y9s7u3r57cNjWSaowaeGEJaobIU0YFaRlqGGkKxVBPGKkE41v8nrngShNE3FvJpIEHA0FjSlGxlqheyzDOuxrymGzmuMjlKF/HroVr+bNBJfBL6ACCjVD96s/SHDKiTCYIa17vidNkCFlKGZkWu6nmkiEx2hIehYF4kQH2ez8KTyzzgDGibJPGDhzf09kiGs94ZHt5MiM9GItN/+r9VITXwUZFTI1ROD5ojhl0CQwzwIOqCLYsIkFhBW1t0I8QgphYxMr2xD8xS8vQ7te872af3dRaVwXcZTACTgFVeCDS9AAt6AJWgCDDDyDV/DmPDkvzrvzMW9dcYqZI/BHzucPTc2TwQ==</latexit><latexit sha1_base64="SOXQkEZJJNBLYcrBX8TqRdXqmaM=">AAAB/nicbZDLSgMxFIYzXmu9jYorN8Ei1E2ZKYIui25cVrAXaIchk2ba0CQTkoxQxoKv4saFIm59Dne+jZl2Ftr6Q+DjP+dwTv5IMqqN5307K6tr6xubpa3y9s7u3r57cNjWSaowaeGEJaobIU0YFaRlqGGkKxVBPGKkE41v8nrngShNE3FvJpIEHA0FjSlGxlqheyzDOuxrymGzmuMjlKF/HroVr+bNBJfBL6ACCjVD96s/SHDKiTCYIa17vidNkCFlKGZkWu6nmkiEx2hIehYF4kQH2ez8KTyzzgDGibJPGDhzf09kiGs94ZHt5MiM9GItN/+r9VITXwUZFTI1ROD5ojhl0CQwzwIOqCLYsIkFhBW1t0I8QgphYxMr2xD8xS8vQ7te872af3dRaVwXcZTACTgFVeCDS9AAt6AJWgCDDDyDV/DmPDkvzrvzMW9dcYqZI/BHzucPTc2TwQ==</latexit><latexit sha1_base64="SOXQkEZJJNBLYcrBX8TqRdXqmaM=">AAAB/nicbZDLSgMxFIYzXmu9jYorN8Ei1E2ZKYIui25cVrAXaIchk2ba0CQTkoxQxoKv4saFIm59Dne+jZl2Ftr6Q+DjP+dwTv5IMqqN5307K6tr6xubpa3y9s7u3r57cNjWSaowaeGEJaobIU0YFaRlqGGkKxVBPGKkE41v8nrngShNE3FvJpIEHA0FjSlGxlqheyzDOuxrymGzmuMjlKF/HroVr+bNBJfBL6ACCjVD96s/SHDKiTCYIa17vidNkCFlKGZkWu6nmkiEx2hIehYF4kQH2ez8KTyzzgDGibJPGDhzf09kiGs94ZHt5MiM9GItN/+r9VITXwUZFTI1ROD5ojhl0CQwzwIOqCLYsIkFhBW1t0I8QgphYxMr2xD8xS8vQ7te872af3dRaVwXcZTACTgFVeCDS9AAt6AJWgCDDDyDV/DmPDkvzrvzMW9dcYqZI/BHzucPTc2TwQ==</latexit><latexit sha1_base64="SOXQkEZJJNBLYcrBX8TqRdXqmaM=">AAAB/nicbZDLSgMxFIYzXmu9jYorN8Ei1E2ZKYIui25cVrAXaIchk2ba0CQTkoxQxoKv4saFIm59Dne+jZl2Ftr6Q+DjP+dwTv5IMqqN5307K6tr6xubpa3y9s7u3r57cNjWSaowaeGEJaobIU0YFaRlqGGkKxVBPGKkE41v8nrngShNE3FvJpIEHA0FjSlGxlqheyzDOuxrymGzmuMjlKF/HroVr+bNBJfBL6ACCjVD96s/SHDKiTCYIa17vidNkCFlKGZkWu6nmkiEx2hIehYF4kQH2ez8KTyzzgDGibJPGDhzf09kiGs94ZHt5MiM9GItN/+r9VITXwUZFTI1ROD5ojhl0CQwzwIOqCLYsIkFhBW1t0I8QgphYxMr2xD8xS8vQ7te872af3dRaVwXcZTACTgFVeCDS9AAt6AJWgCDDDyDV/DmPDkvzrvzMW9dcYqZI/BHzucPTc2TwQ==</latexit>

p1
<latexit sha1_base64="PG232OQihDmkgBlqogfqqH3oHi0=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis9pH2/71a9mjcHWSV+QapQoNF3v3qDhGUxSsME1brre6kJcqoMZwKnlV6mMaVsTIfYtVTSGHWQz0+dkjOrDEiUKFvSkLn6eyKnsdaTOLSdMTUjvezNxP+8bmai6yDnMs0MSrZYFGWCmITM/iYDrpAZMbGEMsXtrYSNqKLM2HQqNgR/+eVV0rqo+V7Nv7+s1m+KOMpwAqdwDj5cQR3uoAFNYDCEZ3iFN0c4L86787FoLTnFzDH8gfP5A/9xjZg=</latexit><latexit sha1_base64="PG232OQihDmkgBlqogfqqH3oHi0=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis9pH2/71a9mjcHWSV+QapQoNF3v3qDhGUxSsME1brre6kJcqoMZwKnlV6mMaVsTIfYtVTSGHWQz0+dkjOrDEiUKFvSkLn6eyKnsdaTOLSdMTUjvezNxP+8bmai6yDnMs0MSrZYFGWCmITM/iYDrpAZMbGEMsXtrYSNqKLM2HQqNgR/+eVV0rqo+V7Nv7+s1m+KOMpwAqdwDj5cQR3uoAFNYDCEZ3iFN0c4L86787FoLTnFzDH8gfP5A/9xjZg=</latexit><latexit sha1_base64="PG232OQihDmkgBlqogfqqH3oHi0=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis9pH2/71a9mjcHWSV+QapQoNF3v3qDhGUxSsME1brre6kJcqoMZwKnlV6mMaVsTIfYtVTSGHWQz0+dkjOrDEiUKFvSkLn6eyKnsdaTOLSdMTUjvezNxP+8bmai6yDnMs0MSrZYFGWCmITM/iYDrpAZMbGEMsXtrYSNqKLM2HQqNgR/+eVV0rqo+V7Nv7+s1m+KOMpwAqdwDj5cQR3uoAFNYDCEZ3iFN0c4L86787FoLTnFzDH8gfP5A/9xjZg=</latexit><latexit sha1_base64="PG232OQihDmkgBlqogfqqH3oHi0=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis9pH2/71a9mjcHWSV+QapQoNF3v3qDhGUxSsME1brre6kJcqoMZwKnlV6mMaVsTIfYtVTSGHWQz0+dkjOrDEiUKFvSkLn6eyKnsdaTOLSdMTUjvezNxP+8bmai6yDnMs0MSrZYFGWCmITM/iYDrpAZMbGEMsXtrYSNqKLM2HQqNgR/+eVV0rqo+V7Nv7+s1m+KOMpwAqdwDj5cQR3uoAFNYDCEZ3iFN0c4L86787FoLTnFzDH8gfP5A/9xjZg=</latexit>

p1 ⇠ P (p1)
<latexit sha1_base64="71eTt1wN1aOF7jqotrS5gFlR0Gg=">AAAB+HicbZDLSgMxFIbPeK310lGXboJFqJsyI4Iui25cVrAXaIchk2ba0CQzJBmhDn0SNy4UceujuPNtTNtZaOsPgY//nMM5+aOUM20879tZW9/Y3Nou7ZR39/YPKu7hUVsnmSK0RRKeqG6ENeVM0pZhhtNuqigWEaedaHw7q3ceqdIskQ9mktJA4KFkMSPYWCt0K2noo75mAjVrFs9Dt+rVvbnQKvgFVKFQM3S/+oOEZIJKQzjWuud7qQlyrAwjnE7L/UzTFJMxHtKeRYkF1UE+P3yKzqwzQHGi7JMGzd3fEzkWWk9EZDsFNiO9XJuZ/9V6mYmvg5zJNDNUksWiOOPIJGiWAhowRYnhEwuYKGZvRWSEFSbGZlW2IfjLX16F9kXd9+r+/WW1cVPEUYITOIUa+HAFDbiDJrSAQAbP8ApvzpPz4rw7H4vWNaeYOYY/cj5/AKqPkcc=</latexit><latexit sha1_base64="71eTt1wN1aOF7jqotrS5gFlR0Gg=">AAAB+HicbZDLSgMxFIbPeK310lGXboJFqJsyI4Iui25cVrAXaIchk2ba0CQzJBmhDn0SNy4UceujuPNtTNtZaOsPgY//nMM5+aOUM20879tZW9/Y3Nou7ZR39/YPKu7hUVsnmSK0RRKeqG6ENeVM0pZhhtNuqigWEaedaHw7q3ceqdIskQ9mktJA4KFkMSPYWCt0K2noo75mAjVrFs9Dt+rVvbnQKvgFVKFQM3S/+oOEZIJKQzjWuud7qQlyrAwjnE7L/UzTFJMxHtKeRYkF1UE+P3yKzqwzQHGi7JMGzd3fEzkWWk9EZDsFNiO9XJuZ/9V6mYmvg5zJNDNUksWiOOPIJGiWAhowRYnhEwuYKGZvRWSEFSbGZlW2IfjLX16F9kXd9+r+/WW1cVPEUYITOIUa+HAFDbiDJrSAQAbP8ApvzpPz4rw7H4vWNaeYOYY/cj5/AKqPkcc=</latexit><latexit sha1_base64="71eTt1wN1aOF7jqotrS5gFlR0Gg=">AAAB+HicbZDLSgMxFIbPeK310lGXboJFqJsyI4Iui25cVrAXaIchk2ba0CQzJBmhDn0SNy4UceujuPNtTNtZaOsPgY//nMM5+aOUM20879tZW9/Y3Nou7ZR39/YPKu7hUVsnmSK0RRKeqG6ENeVM0pZhhtNuqigWEaedaHw7q3ceqdIskQ9mktJA4KFkMSPYWCt0K2noo75mAjVrFs9Dt+rVvbnQKvgFVKFQM3S/+oOEZIJKQzjWuud7qQlyrAwjnE7L/UzTFJMxHtKeRYkF1UE+P3yKzqwzQHGi7JMGzd3fEzkWWk9EZDsFNiO9XJuZ/9V6mYmvg5zJNDNUksWiOOPIJGiWAhowRYnhEwuYKGZvRWSEFSbGZlW2IfjLX16F9kXd9+r+/WW1cVPEUYITOIUa+HAFDbiDJrSAQAbP8ApvzpPz4rw7H4vWNaeYOYY/cj5/AKqPkcc=</latexit><latexit sha1_base64="71eTt1wN1aOF7jqotrS5gFlR0Gg=">AAAB+HicbZDLSgMxFIbPeK310lGXboJFqJsyI4Iui25cVrAXaIchk2ba0CQzJBmhDn0SNy4UceujuPNtTNtZaOsPgY//nMM5+aOUM20879tZW9/Y3Nou7ZR39/YPKu7hUVsnmSK0RRKeqG6ENeVM0pZhhtNuqigWEaedaHw7q3ceqdIskQ9mktJA4KFkMSPYWCt0K2noo75mAjVrFs9Dt+rVvbnQKvgFVKFQM3S/+oOEZIJKQzjWuud7qQlyrAwjnE7L/UzTFJMxHtKeRYkF1UE+P3yKzqwzQHGi7JMGzd3fEzkWWk9EZDsFNiO9XJuZ/9V6mYmvg5zJNDNUksWiOOPIJGiWAhowRYnhEwuYKGZvRWSEFSbGZlW2IfjLX16F9kXd9+r+/WW1cVPEUYITOIUa+HAFDbiDJrSAQAbP8ApvzpPz4rw7H4vWNaeYOYY/cj5/AKqPkcc=</latexit>

pi ⇠ P (pi|p1, . . . , pi�1)
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{p1, p2, p3, p4} ⇠ P (p4|p1, p2, p3)P (p3|p1, p2)P (p2|p1)P (p1)
<latexit sha1_base64="xs1t043Ms8DzofiL0dVnx+dxunA="></latexit><latexit sha1_base64="xs1t043Ms8DzofiL0dVnx+dxunA="></latexit><latexit sha1_base64="xs1t043Ms8DzofiL0dVnx+dxunA="></latexit><latexit sha1_base64="xs1t043Ms8DzofiL0dVnx+dxunA="></latexit>

p ⇠
NY

i=1

P (pi|p1, . . . , pi�1)
<latexit sha1_base64="xxm87wGsh9Xp1TPQvrng8OWayaY="></latexit><latexit sha1_base64="xxm87wGsh9Xp1TPQvrng8OWayaY="></latexit><latexit sha1_base64="xxm87wGsh9Xp1TPQvrng8OWayaY="></latexit><latexit sha1_base64="xxm87wGsh9Xp1TPQvrng8OWayaY="></latexit>

Source: Torralba, Freeman, Isola 94



Autoregressive probability model

p ⇠
NY

i=1

P (pi|p1, . . . , pi�1)
<latexit sha1_base64="xxm87wGsh9Xp1TPQvrng8OWayaY="></latexit><latexit sha1_base64="xxm87wGsh9Xp1TPQvrng8OWayaY="></latexit><latexit sha1_base64="xxm87wGsh9Xp1TPQvrng8OWayaY="></latexit><latexit sha1_base64="xxm87wGsh9Xp1TPQvrng8OWayaY="></latexit>

P (p) =
NY

i=1

P (pi|p1, . . . , pi�1)
<latexit sha1_base64="aiGak24Aj7V1ToxddOlXwktOmF8="></latexit><latexit sha1_base64="aiGak24Aj7V1ToxddOlXwktOmF8="></latexit><latexit sha1_base64="aiGak24Aj7V1ToxddOlXwktOmF8="></latexit><latexit sha1_base64="aiGak24Aj7V1ToxddOlXwktOmF8="></latexit>

General product rule

The sampling procedure we defined above takes exact samples from the 
learned probability distribution (pdf). 

Multiplying all conditionals evaluates the probability of a full joint 
configuration of pixels.

Source: Torralba, Freeman, Isola95



Samples from PixelRNN 

[PixelRNN, van der Oord et al. 2016] Source: Torralba, Freeman, Isola 96



Image completions (conditional samples) from PixelRNN 

[PixelRNN, van der Oord et al. 2016] 
Source: Torralba, Freeman, Isola 97



Image completions (conditional samples) from PixelRNN 

[PixelRNN, van der Oord et al. 2016] 
Source: Torralba, Freeman, Isola 98



Image completions (conditional samples) from PixelRNN 

[PixelRNN, van der Oord et al. 2016] 
Source: Torralba, Freeman, Isola 99



M. Chen et al., Generative pretraining from pixels, ICML 2020

https://openai.com/blog/image-gpt/

Source: S. Lazebnik

Hard to scale up, though…

Can we lower the dimensionality?

https://cdn.openai.com/papers/Generative_Pretraining_from_Pixels_V2.pdf
https://openai.com/blog/image-gpt/
https://openai.com/blog/image-gpt/
https://openai.com/blog/image-gpt/
https://openai.com/blog/image-gpt/
https://openai.com/blog/image-gpt/


Lower dimensionality using an autoencoder

F

Image

X

Reconstructed 
image

X̂ = F(X)

Figure source: Torralba, Freeman, Isola

How can we make the output discrete?



ek

Vector quantization

E(x) z Quantization

Predict a real-valued vector, then 
“snap” it to a nearest neighbor from 
a codebook.

TODO: codebook (in prev slide?)
Figure adapted from [van den Oord et al., “VQ-VAE”, 2017]

Patch x

Codebook



Vector quantized (variational) autoencoder

Figure source: [van den Oord et al., “VQ-VAE”, 2017]



Figure source: [van den Oord et al., “VQ-VAE 2”, 2017]

Generated images (256  256)×



Vector quantized GAN (VQ-GAN)

[Esser et al., “Taming Transformers for High-Resolution Image Synthesis”, 2021]

Add a GAN loss to get crisper images



Autoregressive text-to-image generation

[Yu et al., “Parti”, 2022]



Next time: more image synthesis
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