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Images are snapshots of the continuous world

Cats and Dogs. Parkhi et al. 2012Goodfellow et al. 2014; StyleGAN2. Karras et al. 2020

GANs continuously approximate real images 



Gaussian noise
z ⇠ N (~0, 1)
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Datapoint Datapoint++

“DNA” of an image
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Datapoint Datapoint++

Data++ “DNA” of an image



Generative models as Data++
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<latexit sha1_base64="ghBAwonoqkX+wnXg4S1rbiFJ5uI=">AAACEXicbVDLSgNBEJyNr7i+oh69LAZBRMKuCHoM6sGLmIB5QHYJvZNOMmT2wcysGJd8gUf1Y7yJV7/Ab/HibJKDJhYMFFXdPd3lx5xJZdtfRm5hcWl5Jb9qrq1vbG4VtnfqMkoExRqNeCSaPkjkLMSaYopjMxYIgc+x4Q8uM79xj0KyKLxTwxi9AHoh6zIKSkvVx3ahaJfsMax54kxJkUxRaRe+3U5EkwBDRTlI2XLsWHkpCMUox5HpJhJjoAPoYUvTEAKUXjpedGQdaKVjdSOhX6issfq7I4VAymHg68oAVF/Oepn4n9dKVPfcS1kYJwpDOvmom3BLRVZ2tdVhAqniQ02ACqZ3tWgfBFClszFN9wr1MQJv9ODbGAWoSBylLoheAA8jfVzPPc6YTsuZzWae1E9Kjl1yqqfF8sU0tzzZI/vkkDjkjJTJNamQGqEEyRN5Ia/Gs/FmvBsfk9KcMe3ZJX9gfP4AMzCd3g==</latexit><latexit sha1_base64="ghBAwonoqkX+wnXg4S1rbiFJ5uI=">AAACEXicbVDLSgNBEJyNr7i+oh69LAZBRMKuCHoM6sGLmIB5QHYJvZNOMmT2wcysGJd8gUf1Y7yJV7/Ab/HibJKDJhYMFFXdPd3lx5xJZdtfRm5hcWl5Jb9qrq1vbG4VtnfqMkoExRqNeCSaPkjkLMSaYopjMxYIgc+x4Q8uM79xj0KyKLxTwxi9AHoh6zIKSkvVx3ahaJfsMax54kxJkUxRaRe+3U5EkwBDRTlI2XLsWHkpCMUox5HpJhJjoAPoYUvTEAKUXjpedGQdaKVjdSOhX6issfq7I4VAymHg68oAVF/Oepn4n9dKVPfcS1kYJwpDOvmom3BLRVZ2tdVhAqniQ02ACqZ3tWgfBFClszFN9wr1MQJv9ODbGAWoSBylLoheAA8jfVzPPc6YTsuZzWae1E9Kjl1yqqfF8sU0tzzZI/vkkDjkjJTJNamQGqEEyRN5Ia/Gs/FmvBsfk9KcMe3ZJX9gfP4AMzCd3g==</latexit><latexit sha1_base64="ghBAwonoqkX+wnXg4S1rbiFJ5uI=">AAACEXicbVDLSgNBEJyNr7i+oh69LAZBRMKuCHoM6sGLmIB5QHYJvZNOMmT2wcysGJd8gUf1Y7yJV7/Ab/HibJKDJhYMFFXdPd3lx5xJZdtfRm5hcWl5Jb9qrq1vbG4VtnfqMkoExRqNeCSaPkjkLMSaYopjMxYIgc+x4Q8uM79xj0KyKLxTwxi9AHoh6zIKSkvVx3ahaJfsMax54kxJkUxRaRe+3U5EkwBDRTlI2XLsWHkpCMUox5HpJhJjoAPoYUvTEAKUXjpedGQdaKVjdSOhX6issfq7I4VAymHg68oAVF/Oepn4n9dKVPfcS1kYJwpDOvmom3BLRVZ2tdVhAqniQ02ACqZ3tWgfBFClszFN9wr1MQJv9ODbGAWoSBylLoheAA8jfVzPPc6YTsuZzWae1E9Kjl1yqqfF8sU0tzzZI/vkkDjkjJTJNamQGqEEyRN5Ia/Gs/FmvBsfk9KcMe3ZJX9gfP4AMzCd3g==</latexit><latexit sha1_base64="ghBAwonoqkX+wnXg4S1rbiFJ5uI=">AAACEXicbVDLSgNBEJyNr7i+oh69LAZBRMKuCHoM6sGLmIB5QHYJvZNOMmT2wcysGJd8gUf1Y7yJV7/Ab/HibJKDJhYMFFXdPd3lx5xJZdtfRm5hcWl5Jb9qrq1vbG4VtnfqMkoExRqNeCSaPkjkLMSaYopjMxYIgc+x4Q8uM79xj0KyKLxTwxi9AHoh6zIKSkvVx3ahaJfsMax54kxJkUxRaRe+3U5EkwBDRTlI2XLsWHkpCMUox5HpJhJjoAPoYUvTEAKUXjpedGQdaKVjdSOhX6issfq7I4VAymHg68oAVF/Oepn4n9dKVPfcS1kYJwpDOvmom3BLRVZ2tdVhAqniQ02ACqZ3tWgfBFClszFN9wr1MQJv9ODbGAWoSBylLoheAA8jfVzPPc6YTsuZzWae1E9Kjl1yqqfF8sU0tzzZI/vkkDjkjJTJNamQGqEEyRN5Ia/Gs/FmvBsfk9KcMe3ZJX9gfP4AMzCd3g==</latexit>

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>

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>

Datapoint Datapoint++



Data++ is data with extra functionality

It’s data you can navigate, manipulate, and optimize through latent 
space controls

X = {x, z,G,G�1}
<latexit sha1_base64="0N+Z3LitFDuBX50IOL3gAkhrjEk=">AAACCXicbVDLSsNAFL3xWesr6tLNYBFc1JKIoBuh6EKXFewDmlgm02k7dPJgZiLWkK0bf8WNC0Xc+gfu/BsnbRbaepiBwzn3cu89XsSZVJb1bczNLywuLRdWiqtr6xub5tZ2Q4axILROQh6Klocl5SygdcUUp61IUOx7nDa94UXmN++okCwMbtQooq6P+wHrMYKVljomcnysBp6XtFJ0hpzkvoweyuhSv9vk0E6dtGOWrIo1Bpoldk5KkKPWMb+cbkhinwaKcCxl27Yi5SZYKEY4TYtOLGmEyRD3aVvTAPtUusn4khTta6WLeqHQP1BorP7uSLAv5cj3dGW2t5z2MvE/rx2r3qmbsCCKFQ3IZFAv5kiFKIsFdZmgRPGRJpgIpndFZIAFJkqHV9Qh2NMnz5LGUcW2Kvb1cal6nsdRgF3YgwOw4QSqcAU1qAOBR3iGV3gznowX4934mJTOGXnPDvyB8fkDhy2YSg==</latexit><latexit sha1_base64="0N+Z3LitFDuBX50IOL3gAkhrjEk=">AAACCXicbVDLSsNAFL3xWesr6tLNYBFc1JKIoBuh6EKXFewDmlgm02k7dPJgZiLWkK0bf8WNC0Xc+gfu/BsnbRbaepiBwzn3cu89XsSZVJb1bczNLywuLRdWiqtr6xub5tZ2Q4axILROQh6Klocl5SygdcUUp61IUOx7nDa94UXmN++okCwMbtQooq6P+wHrMYKVljomcnysBp6XtFJ0hpzkvoweyuhSv9vk0E6dtGOWrIo1Bpoldk5KkKPWMb+cbkhinwaKcCxl27Yi5SZYKEY4TYtOLGmEyRD3aVvTAPtUusn4khTta6WLeqHQP1BorP7uSLAv5cj3dGW2t5z2MvE/rx2r3qmbsCCKFQ3IZFAv5kiFKIsFdZmgRPGRJpgIpndFZIAFJkqHV9Qh2NMnz5LGUcW2Kvb1cal6nsdRgF3YgwOw4QSqcAU1qAOBR3iGV3gznowX4934mJTOGXnPDvyB8fkDhy2YSg==</latexit><latexit sha1_base64="0N+Z3LitFDuBX50IOL3gAkhrjEk=">AAACCXicbVDLSsNAFL3xWesr6tLNYBFc1JKIoBuh6EKXFewDmlgm02k7dPJgZiLWkK0bf8WNC0Xc+gfu/BsnbRbaepiBwzn3cu89XsSZVJb1bczNLywuLRdWiqtr6xub5tZ2Q4axILROQh6Klocl5SygdcUUp61IUOx7nDa94UXmN++okCwMbtQooq6P+wHrMYKVljomcnysBp6XtFJ0hpzkvoweyuhSv9vk0E6dtGOWrIo1Bpoldk5KkKPWMb+cbkhinwaKcCxl27Yi5SZYKEY4TYtOLGmEyRD3aVvTAPtUusn4khTta6WLeqHQP1BorP7uSLAv5cj3dGW2t5z2MvE/rx2r3qmbsCCKFQ3IZFAv5kiFKIsFdZmgRPGRJpgIpndFZIAFJkqHV9Qh2NMnz5LGUcW2Kvb1cal6nsdRgF3YgwOw4QSqcAU1qAOBR3iGV3gznowX4934mJTOGXnPDvyB8fkDhy2YSg==</latexit><latexit sha1_base64="0N+Z3LitFDuBX50IOL3gAkhrjEk=">AAACCXicbVDLSsNAFL3xWesr6tLNYBFc1JKIoBuh6EKXFewDmlgm02k7dPJgZiLWkK0bf8WNC0Xc+gfu/BsnbRbaepiBwzn3cu89XsSZVJb1bczNLywuLRdWiqtr6xub5tZ2Q4axILROQh6Klocl5SygdcUUp61IUOx7nDa94UXmN++okCwMbtQooq6P+wHrMYKVljomcnysBp6XtFJ0hpzkvoweyuhSv9vk0E6dtGOWrIo1Bpoldk5KkKPWMb+cbkhinwaKcCxl27Yi5SZYKEY4TYtOLGmEyRD3aVvTAPtUusn4khTta6WLeqHQP1BorP7uSLAv5cj3dGW2t5z2MvE/rx2r3qmbsCCKFQ3IZFAv5kiFKIsFdZmgRPGRJpgIpndFZIAFJkqHV9Qh2NMnz5LGUcW2Kvb1cal6nsdRgF3YgwOw4QSqcAU1qAOBR3iGV3gznowX4934mJTOGXnPDvyB8fkDhy2YSg==</latexit>

!
<latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit>        Graphics, visualization, data aug, counterfactual reasoning, …

(Can’t you do these things on regular data? No: it takes you “off the manifold”)



Data++ supports counterfactual reasoning
i.e. “What would it have looked like if …?”

Observation Counterfactual hallucinations

see  also: [Mao, Cha, Gupta, Wang, Yang, Vondrick, 2020]

[Sauer & Geiger, 2021]


[Liu, Kailkhura, Loveland, Han, 2019]

[Goetschalckx, Andonian, Oliva, Isola, 2019]


[Oktay, Vondrick, Torralba, 2018]

…



Ensembling with Deep Generative Views
[Chai, Zhu, Shechtman, Isola, Zhang, CVPR 2021]

⌃
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[Slides credit: Lucy Chai]



Input Image
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Ensembling GAN views for Classification



Input Image

Ensembling GAN views for Classification

⊕

C

GAN Generated Variations

CCC



Projecting images into GAN latent space

E G
Latent

Space

w* = arg min
w

Limg(x, G(w)) + λLlatent(w, E(x))

iGAN. Zhu et al. 2016; GAN Inversion: A Survey. Xia et al. 2021



Types of Perturbations in Latent Code

w̃ ∼ 𝒩(w*, σI)
Isotropic

w̃ = mix(w*, wr)
Style-mixing

w̃ = w* + βṽd

PCA Directions

w*

w̃
wr



Types of Perturbations in Latent Code

w̃ = mix(w*, wr)
Style-mixing

w*

wr

w̃

w̃ ∼ 𝒩(w*, σI)
Isotropic

w̃ = w* + βṽd

PCA Directions



Types of Perturbations in Latent Code

InputReconstruction

Coarse Layers

w̃ = mix(w*, wr)
Style-mixing

G



Types of Perturbations in Latent Code

Fine Layers

w̃ = mix(w*, wr)
Style-mixing

G

Reconstruction

Coarse Layers



Investigating Ensemble Weight

Input Image

C



Investigating Ensemble Weight

Input Image

⊕

C

Fine Layer Style-mix Variations

CCC

accuracy drops!



Investigating Ensemble Weight

Input Image

⊕

C

GAN Generated Variations

CCC

ααα−α1



Three-way Cars Domain

Input Reconstruction

ensembling

image crops



Three-way Cars Domain

Style-mix Fine Layers

Input Reconstruction

ensembling

image crops



Three-way Cars Domain

Style-mix Fine Layers

Input Reconstruction



Three-way Cars Domain

Style-mix Fine Layers

Input Reconstruction



12-way Cats Domain

Style-mix Coarse Layers

Input Reconstruction

finetuned



Limitations
• GAN reconstruction capability 


• GAN inversion efficiency

• Classifier sensitivities to GAN output


• Currently limited to simple tasks with small, structured datasets…


• But generation and inversion technology is rapidly improving!  



Summary
• StyleGAN as a generator of image variations


• Project image into latent space and perturb 


• Requires adjustments to mitigate classifier sensitivity to GAN output



Summary
• StyleGAN as a generator of image variations


• Project image into latent space and perturb 


• Requires adjustments to mitigate classifier sensitivity to GAN output

Project Website + Code + Colab:

https://chail.github.io/gan-ensembling/

https://chail.github.io/gan-ensembling/


Explaining in Style: 
Training a GAN to explain a classifier


ICCV 2021
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Google

Explaining a classifier

Dog vs. Cat classifier 

Why was this image classified as “Cat”?



Google

Prior Work

Dog vs. Cat classifier 
Attention Maps

Output important regions

Counterfactual Examples

“If input X were X’ ➔ output Y would change to Y’ ”

Only spatially 
localized attributes

 Changes all attributes  
at once

e.g., “Ganalyze”  [Goetschalckx et al. 2019]e.g., [Selvaraju et al. 2017]



Google

Our Approach

Automatically discover disentangled attributes ➔ generate counterfactual examples



Google

Method

G

Generator

C

Classifier

CInp

StyleSpace
E


Encoder

Input Image Generated ImageInput Image

CInp

(StyleGAN based)(PRE-TRAINED)

[“StyleSpace”: Wu, Lischinski, Shechtman 2020]



Google

Method

G

Generator

C

Classifier

(StyleGAN based)

E

Encoder

Input Image

CInp

Diff

Diff

CGen

Classifier Loss

Generated ImageReconstruction 
Loss

(PRE-TRAINED)

“StylEx”



Google

Diff

Method

E

Encoder

G

Generator

C

Classifier

A
ffine

S0

Sn

S0

S1S1

Sn

Input Image Generated Image

CInp

Diff

CGen

Compute  
probability diff

➔ 
Discover top K image-specific attrib

utes

Many class images➔ 
Discover top K class-specific attrib

utes

Classifier Loss

(PRE-TRAINED)

“StylEx”



Google

Perceived Age Classifier:

Class-specific explanation

Attribute #1

“Skin Pigmentation”

Attribute #2

“Eyebrow Thickness”

Attribute #3

“Glasses” 

Attribute #4

“Dark / White Hair”



Google

Attribute #1 

“Exudates”

Attribute #2 

“Cotton Wool”

Attribute #3 

“Hemorrhages” 

Attribute #4 

“Clustered Exudates” 

Retinal Fundus Classifier:

Class-specific explanation



Google

Works on many domains

Healthy / Sick Leaves Classifier

Attribute #1

“Leaf Base Color” 

Attribute #2

“Rotten Apex” 

Attribute #3

“Spots”

Retinal Fundus Classifier

Attribute #1 

“Exudates”

Attribute #2 

“Cotton Wool”

Attribute #3 

“Hemorrhages” 

Attribute #4 

“Clustered Exudates” 

Perceived Gender Classifier

Attribute #1

“Stubble Beard” 

Attribute #2

“Mustache” 

Attribute #3

“Lipstick” 

Attribute #4

“Eyebrow Thickness”

Perceived Age Classifier

Attribute #1

“Skin Pigmentation”

Attribute #2

“Eyebrow Thickness”

Attribute #3

“Glasses” 

Attribute #4

“Dark / White Hair”

Attribute #2

“Black Upperparts”

Attribute #3

“Solid Wing Pattern”

Caltech UCSD birds (CUB)  - 200

Attribute #1

“Black Belly”

Animals (AFHQ) Classifier

Attribute #1

“Open / Close Mouth”

Attribute #2

“Ear Dropped / 

Pointed”

Attribute #3

“Eye 

Circumference” 

Attribute #4

“Eye Shape”

“StylEx” can be used for:


❖Explain what a classifier has learned


❖Detect unknown features in medical images


❖Detect classifier/dataset biases




C “I think it’s a cat but let me get a better angle”

Is this a cat or a dog?



C “Yes, definitely a cat”

C

“It’s a cat because:”

“The pupils are narrow” “The mouth is closed”

Is this a cat or a dog?
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