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What is graphics?

Image: Nvidia



What is graphics?

Chrschn, Public domain, via Wikimedia Commons Lackas at English Wikipedia, CC BY-SA 3.0 <https://
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Is this “neural rendering”?

Neural Rerendering in the Wild, Meshry et al. CVPR 2019

Neural 
Network

Paradigm 1:

“The neural network is a 
black box that directly 

renders pixels”

Neural 
Network

Paradigm A:
“The neural network is a 

black box that models the 
geometry of the world, and 

a (non-learned) graphics 
engine renders it” 

“Scene Representation” 
“Implicit Representations”

Rendering 
Engine

NeRF in the Wild, Martin-Brualla et al. CVPR 2021
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Representing Scenes as  
Neural Radiance Fields 
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Problem: View Interpolation

Inputs: sparsely sampled images of scene Outputs: new views of same scene

tancik.com/nerf



Soft 3D  
(Penner & Zhang 2017) 
Culmination of non-deep stereo 
matching techniques

Neural Volumes  
(Lombardi et al. 2019) 
Direct gradient descent to 
optimize an RGBA volume, 
regularized by a 3D CNN

Multiplane image methods 
Stereo Magnification (Zhou et al. 2018) 
Pushing the Boundaries… (Srinivasan et al. 2019) 
Local Light Field Fusion (Mildenhall et al. 2019) 
DeepView (Flynn et al. 2019) 
Single-View… (Tucker & Snavely 2020) 

Typical deep learning pipelines - images 
go into a 3D CNN, big RGBA 3D volume 
comes out

RGB-alpha volume rendering for view synthesis
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Soft 3D  
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matching techniques
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DeepView (Flynn et al. 2019) 
Single-View… (Tucker & Snavely 2020) 

Typical deep learning pipelines - images 
go into a 3D CNN, big RGBA 3D volume 
comes out

+ Great rendering model: good for optimization 
- Horrible storage requirements (1-10 GB)

RGB-alpha volume rendering for view synthesis



Neural networks as a continuous shape representation

Occupancy Networks, Mescheder et al. CVPR 2019



DeepSDF  
(Park et al. 2019) 
(x, y, z) → distance

Neural networks as a continuous shape representation

Differentiable Volumetric Rendering  
(Niemeyer et al. 2020) 
(x, y, z) → color, occ.

Scene Representation Networks  
(Sitzmann et al. 2019) 
(x, y, z) → latent vec. (color, dist.)

Occupancy Networks  
(Mescheder et al. 2019) 
(x, y, z) → occupancy



DeepSDF  
(Park et al. 2019) 
(x, y, z) → distance

Neural networks as a continuous shape representation

16

Differentiable Volumetric Rendering  
(Niemeyer et al. 2020) 
(x, y, z) → color, occ.

Scene Representation Networks  
(Sitzmann et al. 2019) 
(x, y, z) → latent vec. (color, dist.)

Occupancy Networks  
(Mescheder et al. 2019) 
(x, y, z) → occupancy

- Limited rendering model: difficult to optimize 
+ Highly compressible (1-10 MB)

Neural networks as a continuous shape representation
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NeRF (neural radiance fields)



Generate views with traditional volume rendering
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Volume rendering is trivially differentiable

Rendering model for ray r(t) = o + td: 

3D volume
t1

tN

Camera

Ray

C ⇡
NX

i=1
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<latexit sha1_base64="KuVUwmXidqiymZz6mXY/KsWgqIk=">AAACEHicbZDNSsNAFIUn9a/Wv6hLN4NF6KokIqgLodiNK6nQ2EITw2Q6aYdOkmFmIpaQV3Djq7hxoeLWpTvfxmmbhbZeGPg4517u3BNwRqWyrG+jtLS8srpWXq9sbG5t75i7e7cySQUmDk5YIroBkoTRmDiKKka6XBAUBYx0glFz4nfuiZA0idtqzIkXoUFMQ4qR0pJv1prQRZyL5AG6Mo38jF7Y+V12nbd9qh3Gh0gD9qlvVq26NS24CHYBVVBUyze/3H6C04jECjMkZc+2uPIyJBTFjOQVN5WEIzxCA9LTGKOISC+bXpTDI630YZgI/WIFp+rviQxFUo6jQHdGSA3lvDcR//N6qQrPvIzGPFUkxrNFYcqgSuAkHtingmDFxhoQFlT/FeIhEggrHWJFh2DPn7wIznH9vG7dnFQbl0UaZXAADkEN2OAUNMAVaAEHYPAInsEreDOejBfj3fiYtZaMYmYf/Cnj8wcMdZy7</latexit><latexit sha1_base64="KuVUwmXidqiymZz6mXY/KsWgqIk=">AAACEHicbZDNSsNAFIUn9a/Wv6hLN4NF6KokIqgLodiNK6nQ2EITw2Q6aYdOkmFmIpaQV3Djq7hxoeLWpTvfxmmbhbZeGPg4517u3BNwRqWyrG+jtLS8srpWXq9sbG5t75i7e7cySQUmDk5YIroBkoTRmDiKKka6XBAUBYx0glFz4nfuiZA0idtqzIkXoUFMQ4qR0pJv1prQRZyL5AG6Mo38jF7Y+V12nbd9qh3Gh0gD9qlvVq26NS24CHYBVVBUyze/3H6C04jECjMkZc+2uPIyJBTFjOQVN5WEIzxCA9LTGKOISC+bXpTDI630YZgI/WIFp+rviQxFUo6jQHdGSA3lvDcR//N6qQrPvIzGPFUkxrNFYcqgSuAkHtingmDFxhoQFlT/FeIhEggrHWJFh2DPn7wIznH9vG7dnFQbl0UaZXAADkEN2OAUNMAVaAEHYPAInsEreDOejBfj3fiYtZaMYmYf/Cnj8wcMdZy7</latexit><latexit sha1_base64="KuVUwmXidqiymZz6mXY/KsWgqIk=">AAACEHicbZDNSsNAFIUn9a/Wv6hLN4NF6KokIqgLodiNK6nQ2EITw2Q6aYdOkmFmIpaQV3Djq7hxoeLWpTvfxmmbhbZeGPg4517u3BNwRqWyrG+jtLS8srpWXq9sbG5t75i7e7cySQUmDk5YIroBkoTRmDiKKka6XBAUBYx0glFz4nfuiZA0idtqzIkXoUFMQ4qR0pJv1prQRZyL5AG6Mo38jF7Y+V12nbd9qh3Gh0gD9qlvVq26NS24CHYBVVBUyze/3H6C04jECjMkZc+2uPIyJBTFjOQVN5WEIzxCA9LTGKOISC+bXpTDI630YZgI/WIFp+rviQxFUo6jQHdGSA3lvDcR//N6qQrPvIzGPFUkxrNFYcqgSuAkHtingmDFxhoQFlT/FeIhEggrHWJFh2DPn7wIznH9vG7dnFQbl0UaZXAADkEN2OAUNMAVaAEHYPAInsEreDOejBfj3fiYtZaMYmYf/Cnj8wcMdZy7</latexit>

colors

weights

t1
<latexit sha1_base64="bJKUEM0AkWnqTCEuH9SFA9uv7d8=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpHnter1pz6+4MZJl4BalBgWav+tXtJyyLuUImqTEdz00xyKlGwSSfVLqZ4SllIzrgHUsVjbkJ8tmpE3JilT6JEm1LIZmpvydyGhszjkPbGVMcmkVvKv7ndTKMLoNcqDRDrth8UZRJggmZ/k36QnOGcmwJZVrYWwkbUk0Z2nQqNgRv8eVl4p/Vr+ru3XmtcV2kUYYjOIZT8OACGnALTfCBwQCe4RXeHOm8OO/Ox7y15BQzh/AHzucPcw+Nbw==</latexit><latexit sha1_base64="bJKUEM0AkWnqTCEuH9SFA9uv7d8=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpHnter1pz6+4MZJl4BalBgWav+tXtJyyLuUImqTEdz00xyKlGwSSfVLqZ4SllIzrgHUsVjbkJ8tmpE3JilT6JEm1LIZmpvydyGhszjkPbGVMcmkVvKv7ndTKMLoNcqDRDrth8UZRJggmZ/k36QnOGcmwJZVrYWwkbUk0Z2nQqNgRv8eVl4p/Vr+ru3XmtcV2kUYYjOIZT8OACGnALTfCBwQCe4RXeHOm8OO/Ox7y15BQzh/AHzucPcw+Nbw==</latexit><latexit sha1_base64="bJKUEM0AkWnqTCEuH9SFA9uv7d8=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpHnter1pz6+4MZJl4BalBgWav+tXtJyyLuUImqTEdz00xyKlGwSSfVLqZ4SllIzrgHUsVjbkJ8tmpE3JilT6JEm1LIZmpvydyGhszjkPbGVMcmkVvKv7ndTKMLoNcqDRDrth8UZRJggmZ/k36QnOGcmwJZVrYWwkbUk0Z2nQqNgRv8eVl4p/Vr+ru3XmtcV2kUYYjOIZT8OACGnALTfCBwQCe4RXeHOm8OO/Ox7y15BQzh/AHzucPcw+Nbw==</latexit>

Ti
<latexit sha1_base64="jE3EkY6HM0Bjylngk7SABo2oyH0=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWPFxhbaUDbbSbt0swm7G6GE/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6iRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE9k04xSDmA4kjzijxkoPzR7vVapuzZ2BLBOvIFUo0OhVvrr9hGUxSsME1brjuakJcqoMZwIn5W6mMaVsRAfYsVTSGHWQz06dkFOr9EmUKFvSkJn6eyKnsdbjOLSdMTVDvehNxf+8TmaiqyDnMs0MSjZfFGWCmIRM/yZ9rpAZMbaEMsXtrYQNqaLM2HTKNgRv8eVl4p/Xrmvu/UW1flOkUYJjOIEz8OAS6nAHDfCBwQCe4RXeHOG8OO/Ox7x1xSlmjuAPnM8flxeNhw==</latexit><latexit sha1_base64="jE3EkY6HM0Bjylngk7SABo2oyH0=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWPFxhbaUDbbSbt0swm7G6GE/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6iRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE9k04xSDmA4kjzijxkoPzR7vVapuzZ2BLBOvIFUo0OhVvrr9hGUxSsME1brjuakJcqoMZwIn5W6mMaVsRAfYsVTSGHWQz06dkFOr9EmUKFvSkJn6eyKnsdbjOLSdMTVDvehNxf+8TmaiqyDnMs0MSjZfFGWCmIRM/yZ9rpAZMbaEMsXtrYQNqaLM2HTKNgRv8eVl4p/Xrmvu/UW1flOkUYJjOIEz8OAS6nAHDfCBwQCe4RXeHOG8OO/Ox7x1xSlmjuAPnM8flxeNhw==</latexit><latexit sha1_base64="jE3EkY6HM0Bjylngk7SABo2oyH0=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWPFxhbaUDbbSbt0swm7G6GE/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6iRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE9k04xSDmA4kjzijxkoPzR7vVapuzZ2BLBOvIFUo0OhVvrr9hGUxSsME1brjuakJcqoMZwIn5W6mMaVsRAfYsVTSGHWQz06dkFOr9EmUKFvSkJn6eyKnsdbjOLSdMTVDvehNxf+8TmaiqyDnMs0MSjZfFGWCmIRM/yZ9rpAZMbaEMsXtrYQNqaLM2HTKNgRv8eVl4p/Xrmvu/UW1flOkUYJjOIEz8OAS6nAHDfCBwQCe4RXeHOG8OO/Ox7x1xSlmjuAPnM8flxeNhw==</latexit>

↵i
<latexit sha1_base64="ufBqalC3VbOLOhvPqRvC2O8oDTo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ5lsN+3SzSbuboQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmKPNpIhLVDlEzwSXzDTeCtVPFMA4Fa4Wjm6nfemJK80Tem3HKghgHkkecorFSu4siHWKP96o1t+7OQJaJV5AaFGj2ql/dfkKzmElDBWrd8dzUBDkqw6lgk0o30yxFOsIB61gqMWY6yGf3TsiJVfokSpQtachM/T2RY6z1OA5tZ4xmqBe9qfif18lMdBnkXKaZYZLOF0WZICYh0+dJnytGjRhbglRxeyuhQ1RIjY2oYkPwFl9eJv5Z/aru3p3XGtdFGmU4gmM4BQ8uoAG30AQfKAh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8AXUMj8c=</latexit><latexit sha1_base64="ufBqalC3VbOLOhvPqRvC2O8oDTo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ5lsN+3SzSbuboQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmKPNpIhLVDlEzwSXzDTeCtVPFMA4Fa4Wjm6nfemJK80Tem3HKghgHkkecorFSu4siHWKP96o1t+7OQJaJV5AaFGj2ql/dfkKzmElDBWrd8dzUBDkqw6lgk0o30yxFOsIB61gqMWY6yGf3TsiJVfokSpQtachM/T2RY6z1OA5tZ4xmqBe9qfif18lMdBnkXKaZYZLOF0WZICYh0+dJnytGjRhbglRxeyuhQ1RIjY2oYkPwFl9eJv5Z/aru3p3XGtdFGmU4gmM4BQ8uoAG30AQfKAh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8AXUMj8c=</latexit><latexit sha1_base64="ufBqalC3VbOLOhvPqRvC2O8oDTo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ5lsN+3SzSbuboQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmKPNpIhLVDlEzwSXzDTeCtVPFMA4Fa4Wjm6nfemJK80Tem3HKghgHkkecorFSu4siHWKP96o1t+7OQJaJV5AaFGj2ql/dfkKzmElDBWrd8dzUBDkqw6lgk0o30yxFOsIB61gqMWY6yGf3TsiJVfokSpQtachM/T2RY6z1OA5tZ4xmqBe9qfif18lMdBnkXKaZYZLOF0WZICYh0+dJnytGjRhbglRxeyuhQ1RIjY2oYkPwFl9eJv5Z/aru3p3XGtdFGmU4gmM4BQ8uoAG30AQfKAh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8AXUMj8c=</latexit>

tN
<latexit sha1_base64="wuBe8O632feSYdniV99kkfY0wXU=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKd9i76VVrbt2dgfwlXkFqUKDZq352+wnLYq6QSWpMx3NTDHKqUTDJJ5VuZnhK2YgOeMdSRWNugnx26oQcWaVPokTbUkhm6s+JnMbGjOPQdsYUh2bRm4r/eZ0Mo/MgFyrNkCs2XxRlkmBCpn+TvtCcoRxbQpkW9lbChlRThjadig3BW3z5L/FP6hd19/a01rgs0ijDARzCMXhwBg24hib4wGAAT/ACr450np03533eWnKKmX34BefjG57mjYw=</latexit><latexit sha1_base64="wuBe8O632feSYdniV99kkfY0wXU=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKd9i76VVrbt2dgfwlXkFqUKDZq352+wnLYq6QSWpMx3NTDHKqUTDJJ5VuZnhK2YgOeMdSRWNugnx26oQcWaVPokTbUkhm6s+JnMbGjOPQdsYUh2bRm4r/eZ0Mo/MgFyrNkCs2XxRlkmBCpn+TvtCcoRxbQpkW9lbChlRThjadig3BW3z5L/FP6hd19/a01rgs0ijDARzCMXhwBg24hib4wGAAT/ACr450np03533eWnKKmX34BefjG57mjYw=</latexit><latexit sha1_base64="wuBe8O632feSYdniV99kkfY0wXU=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKd9i76VVrbt2dgfwlXkFqUKDZq352+wnLYq6QSWpMx3NTDHKqUTDJJ5VuZnhK2YgOeMdSRWNugnx26oQcWaVPokTbUkhm6s+JnMbGjOPQdsYUh2bRm4r/eZ0Mo/MgFyrNkCs2XxRlkmBCpn+TvtCcoRxbQpkW9lbChlRThjadig3BW3z5L/FP6hd19/a01rgs0ijDARzCMXhwBg24hib4wGAAT/ACr450np03533eWnKKmX34BefjG57mjYw=</latexit>



Volume rendering is trivially differentiable

Rendering model for ray r(t) = o + td: 

How much light is blocked earlier along ray: 3D volume
t1

tN
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Ti↵ici
<latexit sha1_base64="KuVUwmXidqiymZz6mXY/KsWgqIk=">AAACEHicbZDNSsNAFIUn9a/Wv6hLN4NF6KokIqgLodiNK6nQ2EITw2Q6aYdOkmFmIpaQV3Djq7hxoeLWpTvfxmmbhbZeGPg4517u3BNwRqWyrG+jtLS8srpWXq9sbG5t75i7e7cySQUmDk5YIroBkoTRmDiKKka6XBAUBYx0glFz4nfuiZA0idtqzIkXoUFMQ4qR0pJv1prQRZyL5AG6Mo38jF7Y+V12nbd9qh3Gh0gD9qlvVq26NS24CHYBVVBUyze/3H6C04jECjMkZc+2uPIyJBTFjOQVN5WEIzxCA9LTGKOISC+bXpTDI630YZgI/WIFp+rviQxFUo6jQHdGSA3lvDcR//N6qQrPvIzGPFUkxrNFYcqgSuAkHtingmDFxhoQFlT/FeIhEggrHWJFh2DPn7wIznH9vG7dnFQbl0UaZXAADkEN2OAUNMAVaAEHYPAInsEreDOejBfj3fiYtZaMYmYf/Cnj8wcMdZy7</latexit><latexit sha1_base64="KuVUwmXidqiymZz6mXY/KsWgqIk=">AAACEHicbZDNSsNAFIUn9a/Wv6hLN4NF6KokIqgLodiNK6nQ2EITw2Q6aYdOkmFmIpaQV3Djq7hxoeLWpTvfxmmbhbZeGPg4517u3BNwRqWyrG+jtLS8srpWXq9sbG5t75i7e7cySQUmDk5YIroBkoTRmDiKKka6XBAUBYx0glFz4nfuiZA0idtqzIkXoUFMQ4qR0pJv1prQRZyL5AG6Mo38jF7Y+V12nbd9qh3Gh0gD9qlvVq26NS24CHYBVVBUyze/3H6C04jECjMkZc+2uPIyJBTFjOQVN5WEIzxCA9LTGKOISC+bXpTDI630YZgI/WIFp+rviQxFUo6jQHdGSA3lvDcR//N6qQrPvIzGPFUkxrNFYcqgSuAkHtingmDFxhoQFlT/FeIhEggrHWJFh2DPn7wIznH9vG7dnFQbl0UaZXAADkEN2OAUNMAVaAEHYPAInsEreDOejBfj3fiYtZaMYmYf/Cnj8wcMdZy7</latexit><latexit sha1_base64="KuVUwmXidqiymZz6mXY/KsWgqIk=">AAACEHicbZDNSsNAFIUn9a/Wv6hLN4NF6KokIqgLodiNK6nQ2EITw2Q6aYdOkmFmIpaQV3Djq7hxoeLWpTvfxmmbhbZeGPg4517u3BNwRqWyrG+jtLS8srpWXq9sbG5t75i7e7cySQUmDk5YIroBkoTRmDiKKka6XBAUBYx0glFz4nfuiZA0idtqzIkXoUFMQ4qR0pJv1prQRZyL5AG6Mo38jF7Y+V12nbd9qh3Gh0gD9qlvVq26NS24CHYBVVBUyze/3H6C04jECjMkZc+2uPIyJBTFjOQVN5WEIzxCA9LTGKOISC+bXpTDI630YZgI/WIFp+rviQxFUo6jQHdGSA3lvDcR//N6qQrPvIzGPFUkxrNFYcqgSuAkHtingmDFxhoQFlT/FeIhEggrHWJFh2DPn7wIznH9vG7dnFQbl0UaZXAADkEN2OAUNMAVaAEHYPAInsEreDOejBfj3fiYtZaMYmYf/Cnj8wcMdZy7</latexit>

colors

weights

Ti =
i�1Y

j=1

(1� ↵j)

<latexit sha1_base64="6KV6f6FKasFMxaqx8B3K1XWXpC8=">AAACC3icbVDNSsNAGNz4W+tf1aOXxSLUQ0signooFL14rNDYQhPDZrNpt90ky+5GKKEP4MVX8eJBxasv4M23cdvmoK0DC8PMfHz7jc8Zlco0v42l5ZXVtfXCRnFza3tnt7S3fyeTVGBi44QlouMjSRiNia2oYqTDBUGRz0jbH15P/PYDEZImcUuNOHEj1ItpSDFSWvJK5ZZHYR06XCSBlw3q1vg+o1VrXLGqDmK8j7zBiU6ZNXMKuEisnJRBjqZX+nKCBKcRiRVmSMquZXLlZkgoihkZF51UEo7wEPVIV9MYRUS62fSYMTzWSgDDROgXKzhVf09kKJJyFPk6GSHVl/PeRPzP66YqvHAzGvNUkRjPFoUpgyqBk2ZgQAXBio00QVhQ/VeI+0ggrHR/RV2CNX/yIrFPa5c18/as3LjK2yiAQ3AEKsAC56ABbkAT2ACDR/AMXsGb8WS8GO/Gxyy6ZOQzB+APjM8fqFOZrA==</latexit><latexit sha1_base64="6KV6f6FKasFMxaqx8B3K1XWXpC8=">AAACC3icbVDNSsNAGNz4W+tf1aOXxSLUQ0signooFL14rNDYQhPDZrNpt90ky+5GKKEP4MVX8eJBxasv4M23cdvmoK0DC8PMfHz7jc8Zlco0v42l5ZXVtfXCRnFza3tnt7S3fyeTVGBi44QlouMjSRiNia2oYqTDBUGRz0jbH15P/PYDEZImcUuNOHEj1ItpSDFSWvJK5ZZHYR06XCSBlw3q1vg+o1VrXLGqDmK8j7zBiU6ZNXMKuEisnJRBjqZX+nKCBKcRiRVmSMquZXLlZkgoihkZF51UEo7wEPVIV9MYRUS62fSYMTzWSgDDROgXKzhVf09kKJJyFPk6GSHVl/PeRPzP66YqvHAzGvNUkRjPFoUpgyqBk2ZgQAXBio00QVhQ/VeI+0ggrHR/RV2CNX/yIrFPa5c18/as3LjK2yiAQ3AEKsAC56ABbkAT2ACDR/AMXsGb8WS8GO/Gxyy6ZOQzB+APjM8fqFOZrA==</latexit><latexit sha1_base64="6KV6f6FKasFMxaqx8B3K1XWXpC8=">AAACC3icbVDNSsNAGNz4W+tf1aOXxSLUQ0signooFL14rNDYQhPDZrNpt90ky+5GKKEP4MVX8eJBxasv4M23cdvmoK0DC8PMfHz7jc8Zlco0v42l5ZXVtfXCRnFza3tnt7S3fyeTVGBi44QlouMjSRiNia2oYqTDBUGRz0jbH15P/PYDEZImcUuNOHEj1ItpSDFSWvJK5ZZHYR06XCSBlw3q1vg+o1VrXLGqDmK8j7zBiU6ZNXMKuEisnJRBjqZX+nKCBKcRiRVmSMquZXLlZkgoihkZF51UEo7wEPVIV9MYRUS62fSYMTzWSgDDROgXKzhVf09kKJJyFPk6GSHVl/PeRPzP66YqvHAzGvNUkRjPFoUpgyqBk2ZgQAXBio00QVhQ/VeI+0ggrHR/RV2CNX/yIrFPa5c18/as3LjK2yiAQ3AEKsAC56ABbkAT2ACDR/AMXsGb8WS8GO/Gxyy6ZOQzB+APjM8fqFOZrA==</latexit>

t1
<latexit sha1_base64="bJKUEM0AkWnqTCEuH9SFA9uv7d8=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpHnter1pz6+4MZJl4BalBgWav+tXtJyyLuUImqTEdz00xyKlGwSSfVLqZ4SllIzrgHUsVjbkJ8tmpE3JilT6JEm1LIZmpvydyGhszjkPbGVMcmkVvKv7ndTKMLoNcqDRDrth8UZRJggmZ/k36QnOGcmwJZVrYWwkbUk0Z2nQqNgRv8eVl4p/Vr+ru3XmtcV2kUYYjOIZT8OACGnALTfCBwQCe4RXeHOm8OO/Ox7y15BQzh/AHzucPcw+Nbw==</latexit><latexit sha1_base64="bJKUEM0AkWnqTCEuH9SFA9uv7d8=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpHnter1pz6+4MZJl4BalBgWav+tXtJyyLuUImqTEdz00xyKlGwSSfVLqZ4SllIzrgHUsVjbkJ8tmpE3JilT6JEm1LIZmpvydyGhszjkPbGVMcmkVvKv7ndTKMLoNcqDRDrth8UZRJggmZ/k36QnOGcmwJZVrYWwkbUk0Z2nQqNgRv8eVl4p/Vr+ru3XmtcV2kUYYjOIZT8OACGnALTfCBwQCe4RXeHOm8OO/Ox7y15BQzh/AHzucPcw+Nbw==</latexit><latexit sha1_base64="bJKUEM0AkWnqTCEuH9SFA9uv7d8=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpHnter1pz6+4MZJl4BalBgWav+tXtJyyLuUImqTEdz00xyKlGwSSfVLqZ4SllIzrgHUsVjbkJ8tmpE3JilT6JEm1LIZmpvydyGhszjkPbGVMcmkVvKv7ndTKMLoNcqDRDrth8UZRJggmZ/k36QnOGcmwJZVrYWwkbUk0Z2nQqNgRv8eVl4p/Vr+ru3XmtcV2kUYYjOIZT8OACGnALTfCBwQCe4RXeHOm8OO/Ox7y15BQzh/AHzucPcw+Nbw==</latexit>

Ti
<latexit sha1_base64="jE3EkY6HM0Bjylngk7SABo2oyH0=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWPFxhbaUDbbSbt0swm7G6GE/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6iRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE9k04xSDmA4kjzijxkoPzR7vVapuzZ2BLBOvIFUo0OhVvrr9hGUxSsME1brjuakJcqoMZwIn5W6mMaVsRAfYsVTSGHWQz06dkFOr9EmUKFvSkJn6eyKnsdbjOLSdMTVDvehNxf+8TmaiqyDnMs0MSjZfFGWCmIRM/yZ9rpAZMbaEMsXtrYQNqaLM2HTKNgRv8eVl4p/Xrmvu/UW1flOkUYJjOIEz8OAS6nAHDfCBwQCe4RXeHOG8OO/Ox7x1xSlmjuAPnM8flxeNhw==</latexit><latexit sha1_base64="jE3EkY6HM0Bjylngk7SABo2oyH0=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWPFxhbaUDbbSbt0swm7G6GE/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6iRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE9k04xSDmA4kjzijxkoPzR7vVapuzZ2BLBOvIFUo0OhVvrr9hGUxSsME1brjuakJcqoMZwIn5W6mMaVsRAfYsVTSGHWQz06dkFOr9EmUKFvSkJn6eyKnsdbjOLSdMTVDvehNxf+8TmaiqyDnMs0MSjZfFGWCmIRM/yZ9rpAZMbaEMsXtrYQNqaLM2HTKNgRv8eVl4p/Xrmvu/UW1flOkUYJjOIEz8OAS6nAHDfCBwQCe4RXeHOG8OO/Ox7x1xSlmjuAPnM8flxeNhw==</latexit><latexit sha1_base64="jE3EkY6HM0Bjylngk7SABo2oyH0=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWPFxhbaUDbbSbt0swm7G6GE/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6iRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE9k04xSDmA4kjzijxkoPzR7vVapuzZ2BLBOvIFUo0OhVvrr9hGUxSsME1brjuakJcqoMZwIn5W6mMaVsRAfYsVTSGHWQz06dkFOr9EmUKFvSkJn6eyKnsdbjOLSdMTVDvehNxf+8TmaiqyDnMs0MSjZfFGWCmIRM/yZ9rpAZMbaEMsXtrYQNqaLM2HTKNgRv8eVl4p/Xrmvu/UW1flOkUYJjOIEz8OAS6nAHDfCBwQCe4RXeHOG8OO/Ox7x1xSlmjuAPnM8flxeNhw==</latexit>

↵i
<latexit sha1_base64="ufBqalC3VbOLOhvPqRvC2O8oDTo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ5lsN+3SzSbuboQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmKPNpIhLVDlEzwSXzDTeCtVPFMA4Fa4Wjm6nfemJK80Tem3HKghgHkkecorFSu4siHWKP96o1t+7OQJaJV5AaFGj2ql/dfkKzmElDBWrd8dzUBDkqw6lgk0o30yxFOsIB61gqMWY6yGf3TsiJVfokSpQtachM/T2RY6z1OA5tZ4xmqBe9qfif18lMdBnkXKaZYZLOF0WZICYh0+dJnytGjRhbglRxeyuhQ1RIjY2oYkPwFl9eJv5Z/aru3p3XGtdFGmU4gmM4BQ8uoAG30AQfKAh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8AXUMj8c=</latexit><latexit sha1_base64="ufBqalC3VbOLOhvPqRvC2O8oDTo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ5lsN+3SzSbuboQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmKPNpIhLVDlEzwSXzDTeCtVPFMA4Fa4Wjm6nfemJK80Tem3HKghgHkkecorFSu4siHWKP96o1t+7OQJaJV5AaFGj2ql/dfkKzmElDBWrd8dzUBDkqw6lgk0o30yxFOsIB61gqMWY6yGf3TsiJVfokSpQtachM/T2RY6z1OA5tZ4xmqBe9qfif18lMdBnkXKaZYZLOF0WZICYh0+dJnytGjRhbglRxeyuhQ1RIjY2oYkPwFl9eJv5Z/aru3p3XGtdFGmU4gmM4BQ8uoAG30AQfKAh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8AXUMj8c=</latexit><latexit sha1_base64="ufBqalC3VbOLOhvPqRvC2O8oDTo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ5lsN+3SzSbuboQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmKPNpIhLVDlEzwSXzDTeCtVPFMA4Fa4Wjm6nfemJK80Tem3HKghgHkkecorFSu4siHWKP96o1t+7OQJaJV5AaFGj2ql/dfkKzmElDBWrd8dzUBDkqw6lgk0o30yxFOsIB61gqMWY6yGf3TsiJVfokSpQtachM/T2RY6z1OA5tZ4xmqBe9qfif18lMdBnkXKaZYZLOF0WZICYh0+dJnytGjRhbglRxeyuhQ1RIjY2oYkPwFl9eJv5Z/aru3p3XGtdFGmU4gmM4BQ8uoAG30AQfKAh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8AXUMj8c=</latexit>

tN
<latexit sha1_base64="wuBe8O632feSYdniV99kkfY0wXU=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKd9i76VVrbt2dgfwlXkFqUKDZq352+wnLYq6QSWpMx3NTDHKqUTDJJ5VuZnhK2YgOeMdSRWNugnx26oQcWaVPokTbUkhm6s+JnMbGjOPQdsYUh2bRm4r/eZ0Mo/MgFyrNkCs2XxRlkmBCpn+TvtCcoRxbQpkW9lbChlRThjadig3BW3z5L/FP6hd19/a01rgs0ijDARzCMXhwBg24hib4wGAAT/ACr450np03533eWnKKmX34BefjG57mjYw=</latexit><latexit sha1_base64="wuBe8O632feSYdniV99kkfY0wXU=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKd9i76VVrbt2dgfwlXkFqUKDZq352+wnLYq6QSWpMx3NTDHKqUTDJJ5VuZnhK2YgOeMdSRWNugnx26oQcWaVPokTbUkhm6s+JnMbGjOPQdsYUh2bRm4r/eZ0Mo/MgFyrNkCs2XxRlkmBCpn+TvtCcoRxbQpkW9lbChlRThjadig3BW3z5L/FP6hd19/a01rgs0ijDARzCMXhwBg24hib4wGAAT/ACr450np03533eWnKKmX34BefjG57mjYw=</latexit><latexit sha1_base64="wuBe8O632feSYdniV99kkfY0wXU=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKd9i76VVrbt2dgfwlXkFqUKDZq352+wnLYq6QSWpMx3NTDHKqUTDJJ5VuZnhK2YgOeMdSRWNugnx26oQcWaVPokTbUkhm6s+JnMbGjOPQdsYUh2bRm4r/eZ0Mo/MgFyrNkCs2XxRlkmBCpn+TvtCcoRxbQpkW9lbChlRThjadig3BW3z5L/FP6hd19/a01rgs0ijDARzCMXhwBg24hib4wGAAT/ACr450np03533eWnKKmX34BefjG57mjYw=</latexit>



Volume rendering is trivially differentiable

Rendering model for ray r(t) = o + td: 

How much light is blocked earlier along ray: 

How much light is contributed by ray segment i: 

3D volume
t1

tN
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C ⇡
NX

i=1

Ti↵ici
<latexit sha1_base64="KuVUwmXidqiymZz6mXY/KsWgqIk=">AAACEHicbZDNSsNAFIUn9a/Wv6hLN4NF6KokIqgLodiNK6nQ2EITw2Q6aYdOkmFmIpaQV3Djq7hxoeLWpTvfxmmbhbZeGPg4517u3BNwRqWyrG+jtLS8srpWXq9sbG5t75i7e7cySQUmDk5YIroBkoTRmDiKKka6XBAUBYx0glFz4nfuiZA0idtqzIkXoUFMQ4qR0pJv1prQRZyL5AG6Mo38jF7Y+V12nbd9qh3Gh0gD9qlvVq26NS24CHYBVVBUyze/3H6C04jECjMkZc+2uPIyJBTFjOQVN5WEIzxCA9LTGKOISC+bXpTDI630YZgI/WIFp+rviQxFUo6jQHdGSA3lvDcR//N6qQrPvIzGPFUkxrNFYcqgSuAkHtingmDFxhoQFlT/FeIhEggrHWJFh2DPn7wIznH9vG7dnFQbl0UaZXAADkEN2OAUNMAVaAEHYPAInsEreDOejBfj3fiYtZaMYmYf/Cnj8wcMdZy7</latexit><latexit sha1_base64="KuVUwmXidqiymZz6mXY/KsWgqIk=">AAACEHicbZDNSsNAFIUn9a/Wv6hLN4NF6KokIqgLodiNK6nQ2EITw2Q6aYdOkmFmIpaQV3Djq7hxoeLWpTvfxmmbhbZeGPg4517u3BNwRqWyrG+jtLS8srpWXq9sbG5t75i7e7cySQUmDk5YIroBkoTRmDiKKka6XBAUBYx0glFz4nfuiZA0idtqzIkXoUFMQ4qR0pJv1prQRZyL5AG6Mo38jF7Y+V12nbd9qh3Gh0gD9qlvVq26NS24CHYBVVBUyze/3H6C04jECjMkZc+2uPIyJBTFjOQVN5WEIzxCA9LTGKOISC+bXpTDI630YZgI/WIFp+rviQxFUo6jQHdGSA3lvDcR//N6qQrPvIzGPFUkxrNFYcqgSuAkHtingmDFxhoQFlT/FeIhEggrHWJFh2DPn7wIznH9vG7dnFQbl0UaZXAADkEN2OAUNMAVaAEHYPAInsEreDOejBfj3fiYtZaMYmYf/Cnj8wcMdZy7</latexit><latexit sha1_base64="KuVUwmXidqiymZz6mXY/KsWgqIk=">AAACEHicbZDNSsNAFIUn9a/Wv6hLN4NF6KokIqgLodiNK6nQ2EITw2Q6aYdOkmFmIpaQV3Djq7hxoeLWpTvfxmmbhbZeGPg4517u3BNwRqWyrG+jtLS8srpWXq9sbG5t75i7e7cySQUmDk5YIroBkoTRmDiKKka6XBAUBYx0glFz4nfuiZA0idtqzIkXoUFMQ4qR0pJv1prQRZyL5AG6Mo38jF7Y+V12nbd9qh3Gh0gD9qlvVq26NS24CHYBVVBUyze/3H6C04jECjMkZc+2uPIyJBTFjOQVN5WEIzxCA9LTGKOISC+bXpTDI630YZgI/WIFp+rviQxFUo6jQHdGSA3lvDcR//N6qQrPvIzGPFUkxrNFYcqgSuAkHtingmDFxhoQFlT/FeIhEggrHWJFh2DPn7wIznH9vG7dnFQbl0UaZXAADkEN2OAUNMAVaAEHYPAInsEreDOejBfj3fiYtZaMYmYf/Cnj8wcMdZy7</latexit>

colors

weights

Ti =
i�1Y

j=1

(1� ↵j)

<latexit sha1_base64="6KV6f6FKasFMxaqx8B3K1XWXpC8=">AAACC3icbVDNSsNAGNz4W+tf1aOXxSLUQ0signooFL14rNDYQhPDZrNpt90ky+5GKKEP4MVX8eJBxasv4M23cdvmoK0DC8PMfHz7jc8Zlco0v42l5ZXVtfXCRnFza3tnt7S3fyeTVGBi44QlouMjSRiNia2oYqTDBUGRz0jbH15P/PYDEZImcUuNOHEj1ItpSDFSWvJK5ZZHYR06XCSBlw3q1vg+o1VrXLGqDmK8j7zBiU6ZNXMKuEisnJRBjqZX+nKCBKcRiRVmSMquZXLlZkgoihkZF51UEo7wEPVIV9MYRUS62fSYMTzWSgDDROgXKzhVf09kKJJyFPk6GSHVl/PeRPzP66YqvHAzGvNUkRjPFoUpgyqBk2ZgQAXBio00QVhQ/VeI+0ggrHR/RV2CNX/yIrFPa5c18/as3LjK2yiAQ3AEKsAC56ABbkAT2ACDR/AMXsGb8WS8GO/Gxyy6ZOQzB+APjM8fqFOZrA==</latexit><latexit sha1_base64="6KV6f6FKasFMxaqx8B3K1XWXpC8=">AAACC3icbVDNSsNAGNz4W+tf1aOXxSLUQ0signooFL14rNDYQhPDZrNpt90ky+5GKKEP4MVX8eJBxasv4M23cdvmoK0DC8PMfHz7jc8Zlco0v42l5ZXVtfXCRnFza3tnt7S3fyeTVGBi44QlouMjSRiNia2oYqTDBUGRz0jbH15P/PYDEZImcUuNOHEj1ItpSDFSWvJK5ZZHYR06XCSBlw3q1vg+o1VrXLGqDmK8j7zBiU6ZNXMKuEisnJRBjqZX+nKCBKcRiRVmSMquZXLlZkgoihkZF51UEo7wEPVIV9MYRUS62fSYMTzWSgDDROgXKzhVf09kKJJyFPk6GSHVl/PeRPzP66YqvHAzGvNUkRjPFoUpgyqBk2ZgQAXBio00QVhQ/VeI+0ggrHR/RV2CNX/yIrFPa5c18/as3LjK2yiAQ3AEKsAC56ABbkAT2ACDR/AMXsGb8WS8GO/Gxyy6ZOQzB+APjM8fqFOZrA==</latexit><latexit sha1_base64="6KV6f6FKasFMxaqx8B3K1XWXpC8=">AAACC3icbVDNSsNAGNz4W+tf1aOXxSLUQ0signooFL14rNDYQhPDZrNpt90ky+5GKKEP4MVX8eJBxasv4M23cdvmoK0DC8PMfHz7jc8Zlco0v42l5ZXVtfXCRnFza3tnt7S3fyeTVGBi44QlouMjSRiNia2oYqTDBUGRz0jbH15P/PYDEZImcUuNOHEj1ItpSDFSWvJK5ZZHYR06XCSBlw3q1vg+o1VrXLGqDmK8j7zBiU6ZNXMKuEisnJRBjqZX+nKCBKcRiRVmSMquZXLlZkgoihkZF51UEo7wEPVIV9MYRUS62fSYMTzWSgDDROgXKzhVf09kKJJyFPk6GSHVl/PeRPzP66YqvHAzGvNUkRjPFoUpgyqBk2ZgQAXBio00QVhQ/VeI+0ggrHR/RV2CNX/yIrFPa5c18/as3LjK2yiAQ3AEKsAC56ABbkAT2ACDR/AMXsGb8WS8GO/Gxyy6ZOQzB+APjM8fqFOZrA==</latexit>

↵i = 1� e��i�ti
<latexit sha1_base64="CqFepARyJ7DKq+fd+euPamvL4no=">AAACD3icbVA9SwNBEN3zM8avqKXNYhBtEu5EUAshaGMZwaiQi8fcZpIs7n2wOyeEIz/Bxr9iY6Fia2vnv3ETU2j0wcDjvRlm5oWpkoZc99OZmp6ZnZsvLBQXl5ZXVktr65cmybTAhkhUoq9DMKhkjA2SpPA61QhRqPAqvD0d+ld3qI1M4gvqp9iKoBvLjhRAVgpKOz6otAeB5Mfc4xWON3nFN7IbDSW/jYqAUyAHQansVt0R+F/ijUmZjVEPSh9+OxFZhDEJBcY0PTelVg6apFA4KPqZwRTELXSxaWkMEZpWPnpowLet0uadRNuKiY/UnxM5RMb0o9B2RkA9M+kNxf+8Zkadw1Yu4zQjjMX3ok6mOCV8mA5vS42CVN8SEFraW7nogQZBNsOiDcGbfPkvaexVj6ru+X65djJOo8A22RbbZR47YDV2xuqswQS7Z4/smb04D86T8+q8fbdOOeOZDfYLzvsXmbCbSA==</latexit><latexit sha1_base64="CqFepARyJ7DKq+fd+euPamvL4no=">AAACD3icbVA9SwNBEN3zM8avqKXNYhBtEu5EUAshaGMZwaiQi8fcZpIs7n2wOyeEIz/Bxr9iY6Fia2vnv3ETU2j0wcDjvRlm5oWpkoZc99OZmp6ZnZsvLBQXl5ZXVktr65cmybTAhkhUoq9DMKhkjA2SpPA61QhRqPAqvD0d+ld3qI1M4gvqp9iKoBvLjhRAVgpKOz6otAeB5Mfc4xWON3nFN7IbDSW/jYqAUyAHQansVt0R+F/ijUmZjVEPSh9+OxFZhDEJBcY0PTelVg6apFA4KPqZwRTELXSxaWkMEZpWPnpowLet0uadRNuKiY/UnxM5RMb0o9B2RkA9M+kNxf+8Zkadw1Yu4zQjjMX3ok6mOCV8mA5vS42CVN8SEFraW7nogQZBNsOiDcGbfPkvaexVj6ru+X65djJOo8A22RbbZR47YDV2xuqswQS7Z4/smb04D86T8+q8fbdOOeOZDfYLzvsXmbCbSA==</latexit><latexit sha1_base64="CqFepARyJ7DKq+fd+euPamvL4no=">AAACD3icbVA9SwNBEN3zM8avqKXNYhBtEu5EUAshaGMZwaiQi8fcZpIs7n2wOyeEIz/Bxr9iY6Fia2vnv3ETU2j0wcDjvRlm5oWpkoZc99OZmp6ZnZsvLBQXl5ZXVktr65cmybTAhkhUoq9DMKhkjA2SpPA61QhRqPAqvD0d+ld3qI1M4gvqp9iKoBvLjhRAVgpKOz6otAeB5Mfc4xWON3nFN7IbDSW/jYqAUyAHQansVt0R+F/ijUmZjVEPSh9+OxFZhDEJBcY0PTelVg6apFA4KPqZwRTELXSxaWkMEZpWPnpowLet0uadRNuKiY/UnxM5RMb0o9B2RkA9M+kNxf+8Zkadw1Yu4zQjjMX3ok6mOCV8mA5vS42CVN8SEFraW7nogQZBNsOiDcGbfPkvaexVj6ru+X65djJOo8A22RbbZR47YDV2xuqswQS7Z4/smb04D86T8+q8fbdOOeOZDfYLzvsXmbCbSA==</latexit>

t1
<latexit sha1_base64="bJKUEM0AkWnqTCEuH9SFA9uv7d8=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpHnter1pz6+4MZJl4BalBgWav+tXtJyyLuUImqTEdz00xyKlGwSSfVLqZ4SllIzrgHUsVjbkJ8tmpE3JilT6JEm1LIZmpvydyGhszjkPbGVMcmkVvKv7ndTKMLoNcqDRDrth8UZRJggmZ/k36QnOGcmwJZVrYWwkbUk0Z2nQqNgRv8eVl4p/Vr+ru3XmtcV2kUYYjOIZT8OACGnALTfCBwQCe4RXeHOm8OO/Ox7y15BQzh/AHzucPcw+Nbw==</latexit><latexit sha1_base64="bJKUEM0AkWnqTCEuH9SFA9uv7d8=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpHnter1pz6+4MZJl4BalBgWav+tXtJyyLuUImqTEdz00xyKlGwSSfVLqZ4SllIzrgHUsVjbkJ8tmpE3JilT6JEm1LIZmpvydyGhszjkPbGVMcmkVvKv7ndTKMLoNcqDRDrth8UZRJggmZ/k36QnOGcmwJZVrYWwkbUk0Z2nQqNgRv8eVl4p/Vr+ru3XmtcV2kUYYjOIZT8OACGnALTfCBwQCe4RXeHOm8OO/Ox7y15BQzh/AHzucPcw+Nbw==</latexit><latexit sha1_base64="bJKUEM0AkWnqTCEuH9SFA9uv7d8=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpHnter1pz6+4MZJl4BalBgWav+tXtJyyLuUImqTEdz00xyKlGwSSfVLqZ4SllIzrgHUsVjbkJ8tmpE3JilT6JEm1LIZmpvydyGhszjkPbGVMcmkVvKv7ndTKMLoNcqDRDrth8UZRJggmZ/k36QnOGcmwJZVrYWwkbUk0Z2nQqNgRv8eVl4p/Vr+ru3XmtcV2kUYYjOIZT8OACGnALTfCBwQCe4RXeHOm8OO/Ox7y15BQzh/AHzucPcw+Nbw==</latexit>

Ti
<latexit sha1_base64="jE3EkY6HM0Bjylngk7SABo2oyH0=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWPFxhbaUDbbSbt0swm7G6GE/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6iRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE9k04xSDmA4kjzijxkoPzR7vVapuzZ2BLBOvIFUo0OhVvrr9hGUxSsME1brjuakJcqoMZwIn5W6mMaVsRAfYsVTSGHWQz06dkFOr9EmUKFvSkJn6eyKnsdbjOLSdMTVDvehNxf+8TmaiqyDnMs0MSjZfFGWCmIRM/yZ9rpAZMbaEMsXtrYQNqaLM2HTKNgRv8eVl4p/Xrmvu/UW1flOkUYJjOIEz8OAS6nAHDfCBwQCe4RXeHOG8OO/Ox7x1xSlmjuAPnM8flxeNhw==</latexit><latexit sha1_base64="jE3EkY6HM0Bjylngk7SABo2oyH0=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWPFxhbaUDbbSbt0swm7G6GE/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6iRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE9k04xSDmA4kjzijxkoPzR7vVapuzZ2BLBOvIFUo0OhVvrr9hGUxSsME1brjuakJcqoMZwIn5W6mMaVsRAfYsVTSGHWQz06dkFOr9EmUKFvSkJn6eyKnsdbjOLSdMTVDvehNxf+8TmaiqyDnMs0MSjZfFGWCmIRM/yZ9rpAZMbaEMsXtrYQNqaLM2HTKNgRv8eVl4p/Xrmvu/UW1flOkUYJjOIEz8OAS6nAHDfCBwQCe4RXeHOG8OO/Ox7x1xSlmjuAPnM8flxeNhw==</latexit><latexit sha1_base64="jE3EkY6HM0Bjylngk7SABo2oyH0=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWPFxhbaUDbbSbt0swm7G6GE/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6iRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE9k04xSDmA4kjzijxkoPzR7vVapuzZ2BLBOvIFUo0OhVvrr9hGUxSsME1brjuakJcqoMZwIn5W6mMaVsRAfYsVTSGHWQz06dkFOr9EmUKFvSkJn6eyKnsdbjOLSdMTVDvehNxf+8TmaiqyDnMs0MSjZfFGWCmIRM/yZ9rpAZMbaEMsXtrYQNqaLM2HTKNgRv8eVl4p/Xrmvu/UW1flOkUYJjOIEz8OAS6nAHDfCBwQCe4RXeHOG8OO/Ox7x1xSlmjuAPnM8flxeNhw==</latexit>

↵i
<latexit sha1_base64="ufBqalC3VbOLOhvPqRvC2O8oDTo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ5lsN+3SzSbuboQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmKPNpIhLVDlEzwSXzDTeCtVPFMA4Fa4Wjm6nfemJK80Tem3HKghgHkkecorFSu4siHWKP96o1t+7OQJaJV5AaFGj2ql/dfkKzmElDBWrd8dzUBDkqw6lgk0o30yxFOsIB61gqMWY6yGf3TsiJVfokSpQtachM/T2RY6z1OA5tZ4xmqBe9qfif18lMdBnkXKaZYZLOF0WZICYh0+dJnytGjRhbglRxeyuhQ1RIjY2oYkPwFl9eJv5Z/aru3p3XGtdFGmU4gmM4BQ8uoAG30AQfKAh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8AXUMj8c=</latexit><latexit sha1_base64="ufBqalC3VbOLOhvPqRvC2O8oDTo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ5lsN+3SzSbuboQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmKPNpIhLVDlEzwSXzDTeCtVPFMA4Fa4Wjm6nfemJK80Tem3HKghgHkkecorFSu4siHWKP96o1t+7OQJaJV5AaFGj2ql/dfkKzmElDBWrd8dzUBDkqw6lgk0o30yxFOsIB61gqMWY6yGf3TsiJVfokSpQtachM/T2RY6z1OA5tZ4xmqBe9qfif18lMdBnkXKaZYZLOF0WZICYh0+dJnytGjRhbglRxeyuhQ1RIjY2oYkPwFl9eJv5Z/aru3p3XGtdFGmU4gmM4BQ8uoAG30AQfKAh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8AXUMj8c=</latexit><latexit sha1_base64="ufBqalC3VbOLOhvPqRvC2O8oDTo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ5lsN+3SzSbuboQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmKPNpIhLVDlEzwSXzDTeCtVPFMA4Fa4Wjm6nfemJK80Tem3HKghgHkkecorFSu4siHWKP96o1t+7OQJaJV5AaFGj2ql/dfkKzmElDBWrd8dzUBDkqw6lgk0o30yxFOsIB61gqMWY6yGf3TsiJVfokSpQtachM/T2RY6z1OA5tZ4xmqBe9qfif18lMdBnkXKaZYZLOF0WZICYh0+dJnytGjRhbglRxeyuhQ1RIjY2oYkPwFl9eJv5Z/aru3p3XGtdFGmU4gmM4BQ8uoAG30AQfKAh4hld4cx6dF+fd+Zi3lpxi5hD+wPn8AXUMj8c=</latexit>

tN
<latexit sha1_base64="wuBe8O632feSYdniV99kkfY0wXU=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKd9i76VVrbt2dgfwlXkFqUKDZq352+wnLYq6QSWpMx3NTDHKqUTDJJ5VuZnhK2YgOeMdSRWNugnx26oQcWaVPokTbUkhm6s+JnMbGjOPQdsYUh2bRm4r/eZ0Mo/MgFyrNkCs2XxRlkmBCpn+TvtCcoRxbQpkW9lbChlRThjadig3BW3z5L/FP6hd19/a01rgs0ijDARzCMXhwBg24hib4wGAAT/ACr450np03533eWnKKmX34BefjG57mjYw=</latexit><latexit sha1_base64="wuBe8O632feSYdniV99kkfY0wXU=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKd9i76VVrbt2dgfwlXkFqUKDZq352+wnLYq6QSWpMx3NTDHKqUTDJJ5VuZnhK2YgOeMdSRWNugnx26oQcWaVPokTbUkhm6s+JnMbGjOPQdsYUh2bRm4r/eZ0Mo/MgFyrNkCs2XxRlkmBCpn+TvtCcoRxbQpkW9lbChlRThjadig3BW3z5L/FP6hd19/a01rgs0ijDARzCMXhwBg24hib4wGAAT/ACr450np03533eWnKKmX34BefjG57mjYw=</latexit><latexit sha1_base64="wuBe8O632feSYdniV99kkfY0wXU=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL56korGFNpTNdtMu3WzC7kQooT/BiwcVr/4jb/4bt20OWn0w8Hhvhpl5YSqFQdf9ckpLyyura+X1ysbm1vZOdXfvwSSZZtxniUx0O6SGS6G4jwIlb6ea0ziUvBWOrqZ+65FrIxJ1j+OUBzEdKBEJRtFKd9i76VVrbt2dgfwlXkFqUKDZq352+wnLYq6QSWpMx3NTDHKqUTDJJ5VuZnhK2YgOeMdSRWNugnx26oQcWaVPokTbUkhm6s+JnMbGjOPQdsYUh2bRm4r/eZ0Mo/MgFyrNkCs2XxRlkmBCpn+TvtCcoRxbQpkW9lbChlRThjadig3BW3z5L/FP6hd19/a01rgs0ijDARzCMXhwBg24hib4wGAAT/ACr450np03533eWnKKmX34BefjG57mjYw=</latexit>



Optimize with gradient descent on rendering loss

min
✓

X

i

|| renderi(F✓)� Ii||2
<latexit sha1_base64="Xn5NfehjOJt7dbZm59TFdM1Gqag="></latexit><latexit sha1_base64="Xn5NfehjOJt7dbZm59TFdM1Gqag="></latexit><latexit sha1_base64="Xn5NfehjOJt7dbZm59TFdM1Gqag="></latexit><latexit sha1_base64="Xn5NfehjOJt7dbZm59TFdM1Gqag="></latexit>

F✓
<latexit sha1_base64="TvRuwHoCNUWTwL6XF5jPCH2bQWw=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LEoiMcKthbaUDbbSbt0s4m7E6GU/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTKUw5HnfTmFldW19o7hZ2tre2d0r7x80TZJpjg2eyES3QmZQCoUNEiSxlWpkcSjxIRxeT/2HJ9RGJOqeRikGMesrEQnOyEqtm26HBkisW654VW8Gd5n4OalAjnq3/NXpJTyLURGXzJi276UUjJkmwSVOSp3MYMr4kPWxbaliMZpgPLt34p5YpedGibalyJ2pvyfGLDZmFIe2M2Y0MIveVPzPa2cUXQZjodKMUPH5oiiTLiXu9Hm3JzRykiNLGNfC3uryAdOMk42oZEPwF19eJs2zqu9V/bvzSu0qj6MIR3AMp+DDBdTgFurQAA4SnuEV3pxH58V5dz7mrQUnnzmEP3A+fwDsHI/h</latexit><latexit sha1_base64="TvRuwHoCNUWTwL6XF5jPCH2bQWw=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LEoiMcKthbaUDbbSbt0s4m7E6GU/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTKUw5HnfTmFldW19o7hZ2tre2d0r7x80TZJpjg2eyES3QmZQCoUNEiSxlWpkcSjxIRxeT/2HJ9RGJOqeRikGMesrEQnOyEqtm26HBkisW654VW8Gd5n4OalAjnq3/NXpJTyLURGXzJi276UUjJkmwSVOSp3MYMr4kPWxbaliMZpgPLt34p5YpedGibalyJ2pvyfGLDZmFIe2M2Y0MIveVPzPa2cUXQZjodKMUPH5oiiTLiXu9Hm3JzRykiNLGNfC3uryAdOMk42oZEPwF19eJs2zqu9V/bvzSu0qj6MIR3AMp+DDBdTgFurQAA4SnuEV3pxH58V5dz7mrQUnnzmEP3A+fwDsHI/h</latexit><latexit sha1_base64="TvRuwHoCNUWTwL6XF5jPCH2bQWw=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LEoiMcKthbaUDbbSbt0s4m7E6GU/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTKUw5HnfTmFldW19o7hZ2tre2d0r7x80TZJpjg2eyES3QmZQCoUNEiSxlWpkcSjxIRxeT/2HJ9RGJOqeRikGMesrEQnOyEqtm26HBkisW654VW8Gd5n4OalAjnq3/NXpJTyLURGXzJi276UUjJkmwSVOSp3MYMr4kPWxbaliMZpgPLt34p5YpedGibalyJ2pvyfGLDZmFIe2M2Y0MIveVPzPa2cUXQZjodKMUPH5oiiTLiXu9Hm3JzRykiNLGNfC3uryAdOMk42oZEPwF19eJs2zqu9V/bvzSu0qj6MIR3AMp+DDBdTgFurQAA4SnuEV3pxH58V5dz7mrQUnnzmEP3A+fwDsHI/h</latexit><latexit sha1_base64="TvRuwHoCNUWTwL6XF5jPCH2bQWw=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LEoiMcKthbaUDbbSbt0s4m7E6GU/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTKUw5HnfTmFldW19o7hZ2tre2d0r7x80TZJpjg2eyES3QmZQCoUNEiSxlWpkcSjxIRxeT/2HJ9RGJOqeRikGMesrEQnOyEqtm26HBkisW654VW8Gd5n4OalAjnq3/NXpJTyLURGXzJi276UUjJkmwSVOSp3MYMr4kPWxbaliMZpgPLt34p5YpedGibalyJ2pvyfGLDZmFIe2M2Y0MIveVPzPa2cUXQZjodKMUPH5oiiTLiXu9Hm3JzRykiNLGNfC3uryAdOMk42oZEPwF19eJs2zqu9V/bvzSu0qj6MIR3AMp+DDBdTgFurQAA4SnuEV3pxH58V5dz7mrQUnnzmEP3A+fwDsHI/h</latexit>



Training network to reproduce all input views of the sceneInput Images Optimize NeRF Render new views



Viewing directions as input

(a) View 1 (b) View 2 (c) Radiance Distributions
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SRN [Sitzmann et al. 2019]SRN [Sitzmann et al. 2019] NeRF

Nearest Input

vs. Prior Work (Implicit / MLP)



vs. Prior Work (Implicit / MLP)
SRN [Sitzmann et al. 2019] NeRF

Nearest Input





View-Dependent Effects



Detailed Geometry & Occlusion



Detailed Geometry & Occlusion
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http://nerf.live/
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Naive implementation produces blurry results

NeRF (Naive)



NeRF (Naive) NeRF (with positional encoding)

Naive implementation produces blurry results



Toy problem: memorizing a 2D image

(x, y)
<latexit sha1_base64="+Dn+ettgkrbGWsceKVIT9KlMDPY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdEfRY9OKxgv2AdinZNNvGZpMlyYrL0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfDP1249UaSbFvUlj6kd4KFjICDZWalWfzlB62i9X3Jo7A1omXk4qkKPRL3/1BpIkERWGcKx113Nj42dYGUY4nZR6iaYxJmM8pF1LBY6o9rPZtRN0YpUBCqWyJQyaqb8nMhxpnUaB7YywGelFbyr+53UTE175GRNxYqgg80VhwpGRaPo6GjBFieGpJZgoZm9FZIQVJsYGVLIheIsvL5PWec1za97dRaV+ncdRhCM4hip4cAl1uIUGNIHAAzzDK7w50nlx3p2PeWvByWcO4Q+czx9IK45E</latexit><latexit sha1_base64="+Dn+ettgkrbGWsceKVIT9KlMDPY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdEfRY9OKxgv2AdinZNNvGZpMlyYrL0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfDP1249UaSbFvUlj6kd4KFjICDZWalWfzlB62i9X3Jo7A1omXk4qkKPRL3/1BpIkERWGcKx113Nj42dYGUY4nZR6iaYxJmM8pF1LBY6o9rPZtRN0YpUBCqWyJQyaqb8nMhxpnUaB7YywGelFbyr+53UTE175GRNxYqgg80VhwpGRaPo6GjBFieGpJZgoZm9FZIQVJsYGVLIheIsvL5PWec1za97dRaV+ncdRhCM4hip4cAl1uIUGNIHAAzzDK7w50nlx3p2PeWvByWcO4Q+czx9IK45E</latexit><latexit sha1_base64="+Dn+ettgkrbGWsceKVIT9KlMDPY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdEfRY9OKxgv2AdinZNNvGZpMlyYrL0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfDP1249UaSbFvUlj6kd4KFjICDZWalWfzlB62i9X3Jo7A1omXk4qkKPRL3/1BpIkERWGcKx113Nj42dYGUY4nZR6iaYxJmM8pF1LBY6o9rPZtRN0YpUBCqWyJQyaqb8nMhxpnUaB7YywGelFbyr+53UTE175GRNxYqgg80VhwpGRaPo6GjBFieGpJZgoZm9FZIQVJsYGVLIheIsvL5PWec1za97dRaV+ncdRhCM4hip4cAl1uIUGNIHAAzzDK7w50nlx3p2PeWvByWcO4Q+czx9IK45E</latexit><latexit sha1_base64="+Dn+ettgkrbGWsceKVIT9KlMDPY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdEfRY9OKxgv2AdinZNNvGZpMlyYrL0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfDP1249UaSbFvUlj6kd4KFjICDZWalWfzlB62i9X3Jo7A1omXk4qkKPRL3/1BpIkERWGcKx113Nj42dYGUY4nZR6iaYxJmM8pF1LBY6o9rPZtRN0YpUBCqWyJQyaqb8nMhxpnUaB7YywGelFbyr+53UTE175GRNxYqgg80VhwpGRaPo6GjBFieGpJZgoZm9FZIQVJsYGVLIheIsvL5PWec1za97dRaV+ncdRhCM4hip4cAl1uIUGNIHAAzzDK7w50nlx3p2PeWvByWcO4Q+czx9IK45E</latexit>

(r, g, b)
<latexit sha1_base64="PepXjN/yk5xuGs7F+6LrFnty4FY=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahQim7Iuix6MVjBfsh7VKyabYNTbJLkhXK0l/hxYMiXv053vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewtr6xuVXcLu3s7u0flA+P2jpKFKEtEvFIdQOsKWeStgwznHZjRbEIOO0Ek9vM7zxRpVkkH8w0pr7AI8lCRrCx0mNV1dCohoLzQbni1t050CrxclKBHM1B+as/jEgiqDSEY617nhsbP8XKMMLprNRPNI0xmeAR7VkqsaDaT+cHz9CZVYYojJQtadBc/T2RYqH1VAS2U2Az1steJv7n9RITXvspk3FiqCSLRWHCkYlQ9j0aMkWJ4VNLMFHM3orIGCtMjM2oZEPwll9eJe2LuufWvfvLSuMmj6MIJ3AKVfDgChpwB01oAQEBz/AKb45yXpx352PRWnDymWP4A+fzB59Fjvg=</latexit><latexit sha1_base64="PepXjN/yk5xuGs7F+6LrFnty4FY=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahQim7Iuix6MVjBfsh7VKyabYNTbJLkhXK0l/hxYMiXv053vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewtr6xuVXcLu3s7u0flA+P2jpKFKEtEvFIdQOsKWeStgwznHZjRbEIOO0Ek9vM7zxRpVkkH8w0pr7AI8lCRrCx0mNV1dCohoLzQbni1t050CrxclKBHM1B+as/jEgiqDSEY617nhsbP8XKMMLprNRPNI0xmeAR7VkqsaDaT+cHz9CZVYYojJQtadBc/T2RYqH1VAS2U2Az1steJv7n9RITXvspk3FiqCSLRWHCkYlQ9j0aMkWJ4VNLMFHM3orIGCtMjM2oZEPwll9eJe2LuufWvfvLSuMmj6MIJ3AKVfDgChpwB01oAQEBz/AKb45yXpx352PRWnDymWP4A+fzB59Fjvg=</latexit><latexit sha1_base64="PepXjN/yk5xuGs7F+6LrFnty4FY=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahQim7Iuix6MVjBfsh7VKyabYNTbJLkhXK0l/hxYMiXv053vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewtr6xuVXcLu3s7u0flA+P2jpKFKEtEvFIdQOsKWeStgwznHZjRbEIOO0Ek9vM7zxRpVkkH8w0pr7AI8lCRrCx0mNV1dCohoLzQbni1t050CrxclKBHM1B+as/jEgiqDSEY617nhsbP8XKMMLprNRPNI0xmeAR7VkqsaDaT+cHz9CZVYYojJQtadBc/T2RYqH1VAS2U2Az1steJv7n9RITXvspk3FiqCSLRWHCkYlQ9j0aMkWJ4VNLMFHM3orIGCtMjM2oZEPwll9eJe2LuufWvfvLSuMmj6MIJ3AKVfDgChpwB01oAQEBz/AKb45yXpx352PRWnDymWP4A+fzB59Fjvg=</latexit><latexit sha1_base64="PepXjN/yk5xuGs7F+6LrFnty4FY=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahQim7Iuix6MVjBfsh7VKyabYNTbJLkhXK0l/hxYMiXv053vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewtr6xuVXcLu3s7u0flA+P2jpKFKEtEvFIdQOsKWeStgwznHZjRbEIOO0Ek9vM7zxRpVkkH8w0pr7AI8lCRrCx0mNV1dCohoLzQbni1t050CrxclKBHM1B+as/jEgiqDSEY617nhsbP8XKMMLprNRPNI0xmeAR7VkqsaDaT+cHz9CZVYYojJQtadBc/T2RYqH1VAS2U2Az1steJv7n9RITXvspk3FiqCSLRWHCkYlQ9j0aMkWJ4VNLMFHM3orIGCtMjM2oZEPwll9eJe2LuufWvfvLSuMmj6MIJ3AKVfDgChpwB01oAQEBz/AKb45yXpx352PRWnDymWP4A+fzB59Fjvg=</latexit>
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Ground truth image Standard fully-connected net

Toy problem: memorizing a 2D image



sin(v), cos(v)

sin(2v), cos(2v)

sin(4v), cos(4v)

. . .

sin(2L�1v), cos(2L�1v)
<latexit sha1_base64="qDY3y8IBiPaLucYavMrYlSf1zXk="></latexit><latexit sha1_base64="qDY3y8IBiPaLucYavMrYlSf1zXk="></latexit><latexit sha1_base64="qDY3y8IBiPaLucYavMrYlSf1zXk="></latexit><latexit sha1_base64="qDY3y8IBiPaLucYavMrYlSf1zXk="></latexit>

v
<latexit sha1_base64="hHmc8DnL8weBQ5oJmgGYEz1+IwA=">AAAB8XicbVDLSsNAFL3xWeur6tLNYBFclUQEXRbduKxgH9iGMplO2qGTSZi5KZTQv3DjQhG3/o07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo5bJk41400Wy1h3Amq4FIo3UaDknURzGgWSt4PxXe63J1wbEatHnCbcj+hQiVAwilZ66kUUR0GYTWb9StWtuXOQVeIVpAoFGv3KV28QszTiCpmkxnQ9N0E/oxoFk3xW7qWGJ5SN6ZB3LVU04sbP5oln5NwqAxLG2j6FZK7+3shoZMw0CuxkntAse7n4n9dNMbzxM6GSFLlii4/CVBKMSX4+GQjNGcqpJZRpYbMSNqKaMrQllW0J3vLJq6R1WfPcmvdwVa3fFnWU4BTO4AI8uIY63EMDmsBAwTO8wptjnBfn3flYjK45xc4J/IHz+QP6L5Ea</latexit><latexit sha1_base64="hHmc8DnL8weBQ5oJmgGYEz1+IwA=">AAAB8XicbVDLSsNAFL3xWeur6tLNYBFclUQEXRbduKxgH9iGMplO2qGTSZi5KZTQv3DjQhG3/o07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo5bJk41400Wy1h3Amq4FIo3UaDknURzGgWSt4PxXe63J1wbEatHnCbcj+hQiVAwilZ66kUUR0GYTWb9StWtuXOQVeIVpAoFGv3KV28QszTiCpmkxnQ9N0E/oxoFk3xW7qWGJ5SN6ZB3LVU04sbP5oln5NwqAxLG2j6FZK7+3shoZMw0CuxkntAse7n4n9dNMbzxM6GSFLlii4/CVBKMSX4+GQjNGcqpJZRpYbMSNqKaMrQllW0J3vLJq6R1WfPcmvdwVa3fFnWU4BTO4AI8uIY63EMDmsBAwTO8wptjnBfn3flYjK45xc4J/IHz+QP6L5Ea</latexit><latexit sha1_base64="hHmc8DnL8weBQ5oJmgGYEz1+IwA=">AAAB8XicbVDLSsNAFL3xWeur6tLNYBFclUQEXRbduKxgH9iGMplO2qGTSZi5KZTQv3DjQhG3/o07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo5bJk41400Wy1h3Amq4FIo3UaDknURzGgWSt4PxXe63J1wbEatHnCbcj+hQiVAwilZ66kUUR0GYTWb9StWtuXOQVeIVpAoFGv3KV28QszTiCpmkxnQ9N0E/oxoFk3xW7qWGJ5SN6ZB3LVU04sbP5oln5NwqAxLG2j6FZK7+3shoZMw0CuxkntAse7n4n9dNMbzxM6GSFLlii4/CVBKMSX4+GQjNGcqpJZRpYbMSNqKaMrQllW0J3vLJq6R1WfPcmvdwVa3fFnWU4BTO4AI8uIY63EMDmsBAwTO8wptjnBfn3flYjK45xc4J/IHz+QP6L5Ea</latexit><latexit sha1_base64="hHmc8DnL8weBQ5oJmgGYEz1+IwA=">AAAB8XicbVDLSsNAFL3xWeur6tLNYBFclUQEXRbduKxgH9iGMplO2qGTSZi5KZTQv3DjQhG3/o07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo5bJk41400Wy1h3Amq4FIo3UaDknURzGgWSt4PxXe63J1wbEatHnCbcj+hQiVAwilZ66kUUR0GYTWb9StWtuXOQVeIVpAoFGv3KV28QszTiCpmkxnQ9N0E/oxoFk3xW7qWGJ5SN6ZB3LVU04sbP5oln5NwqAxLG2j6FZK7+3shoZMw0CuxkntAse7n4n9dNMbzxM6GSFLlii4/CVBKMSX4+GQjNGcqpJZRpYbMSNqKaMrQllW0J3vLJq6R1WfPcmvdwVa3fFnWU4BTO4AI8uIY63EMDmsBAwTO8wptjnBfn3flYjK45xc4J/IHz+QP6L5Ea</latexit>

y
<latexit sha1_base64="w2SeowxjSmKQZ+WPP4dmP+ztLQA=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdhNp0NqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8wf+vpEd</latexit><latexit sha1_base64="w2SeowxjSmKQZ+WPP4dmP+ztLQA=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdhNp0NqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8wf+vpEd</latexit><latexit sha1_base64="w2SeowxjSmKQZ+WPP4dmP+ztLQA=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdhNp0NqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8wf+vpEd</latexit><latexit sha1_base64="w2SeowxjSmKQZ+WPP4dmP+ztLQA=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdhNp0NqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8wf+vpEd</latexit>

y
<latexit sha1_base64="w2SeowxjSmKQZ+WPP4dmP+ztLQA=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdhNp0NqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8wf+vpEd</latexit><latexit sha1_base64="w2SeowxjSmKQZ+WPP4dmP+ztLQA=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdhNp0NqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8wf+vpEd</latexit><latexit sha1_base64="w2SeowxjSmKQZ+WPP4dmP+ztLQA=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdhNp0NqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8wf+vpEd</latexit><latexit sha1_base64="w2SeowxjSmKQZ+WPP4dmP+ztLQA=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdhNp0NqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8wf+vpEd</latexit>
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Standard fully-connected net With Positional EncodingGround truth image



Positional encoding also directly improves our scene representation!

NeRF (Naive) NeRF (with positional encoding)



Why?



Fourier Features Let Networks Learn  
High Frequency Functions in Low Dimensional Domains 

Matthew Tancik*, Pratul Srinivasan*, Ben Mildenhall*, 
Sara Fridovich-Keil, Nithin Ragahavan, Utkarsh Singhal, 

Ravi Ramamoorthi, Jonathan T. Barron, Ren Ng 



Input Coordinate  
(position, view direction)

v
<latexit sha1_base64="hHmc8DnL8weBQ5oJmgGYEz1+IwA=">AAAB8XicbVDLSsNAFL3xWeur6tLNYBFclUQEXRbduKxgH9iGMplO2qGTSZi5KZTQv3DjQhG3/o07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo5bJk41400Wy1h3Amq4FIo3UaDknURzGgWSt4PxXe63J1wbEatHnCbcj+hQiVAwilZ66kUUR0GYTWb9StWtuXOQVeIVpAoFGv3KV28QszTiCpmkxnQ9N0E/oxoFk3xW7qWGJ5SN6ZB3LVU04sbP5oln5NwqAxLG2j6FZK7+3shoZMw0CuxkntAse7n4n9dNMbzxM6GSFLlii4/CVBKMSX4+GQjNGcqpJZRpYbMSNqKaMrQllW0J3vLJq6R1WfPcmvdwVa3fFnWU4BTO4AI8uIY63EMDmsBAwTO8wptjnBfn3flYjK45xc4J/IHz+QP6L5Ea</latexit><latexit sha1_base64="hHmc8DnL8weBQ5oJmgGYEz1+IwA=">AAAB8XicbVDLSsNAFL3xWeur6tLNYBFclUQEXRbduKxgH9iGMplO2qGTSZi5KZTQv3DjQhG3/o07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo5bJk41400Wy1h3Amq4FIo3UaDknURzGgWSt4PxXe63J1wbEatHnCbcj+hQiVAwilZ66kUUR0GYTWb9StWtuXOQVeIVpAoFGv3KV28QszTiCpmkxnQ9N0E/oxoFk3xW7qWGJ5SN6ZB3LVU04sbP5oln5NwqAxLG2j6FZK7+3shoZMw0CuxkntAse7n4n9dNMbzxM6GSFLlii4/CVBKMSX4+GQjNGcqpJZRpYbMSNqKaMrQllW0J3vLJq6R1WfPcmvdwVa3fFnWU4BTO4AI8uIY63EMDmsBAwTO8wptjnBfn3flYjK45xc4J/IHz+QP6L5Ea</latexit><latexit sha1_base64="hHmc8DnL8weBQ5oJmgGYEz1+IwA=">AAAB8XicbVDLSsNAFL3xWeur6tLNYBFclUQEXRbduKxgH9iGMplO2qGTSZi5KZTQv3DjQhG3/o07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo5bJk41400Wy1h3Amq4FIo3UaDknURzGgWSt4PxXe63J1wbEatHnCbcj+hQiVAwilZ66kUUR0GYTWb9StWtuXOQVeIVpAoFGv3KV28QszTiCpmkxnQ9N0E/oxoFk3xW7qWGJ5SN6ZB3LVU04sbP5oln5NwqAxLG2j6FZK7+3shoZMw0CuxkntAse7n4n9dNMbzxM6GSFLlii4/CVBKMSX4+GQjNGcqpJZRpYbMSNqKaMrQllW0J3vLJq6R1WfPcmvdwVa3fFnWU4BTO4AI8uIY63EMDmsBAwTO8wptjnBfn3flYjK45xc4J/IHz+QP6L5Ea</latexit><latexit sha1_base64="hHmc8DnL8weBQ5oJmgGYEz1+IwA=">AAAB8XicbVDLSsNAFL3xWeur6tLNYBFclUQEXRbduKxgH9iGMplO2qGTSZi5KZTQv3DjQhG3/o07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo5bJk41400Wy1h3Amq4FIo3UaDknURzGgWSt4PxXe63J1wbEatHnCbcj+hQiVAwilZ66kUUR0GYTWb9StWtuXOQVeIVpAoFGv3KV28QszTiCpmkxnQ9N0E/oxoFk3xW7qWGJ5SN6ZB3LVU04sbP5oln5NwqAxLG2j6FZK7+3shoZMw0CuxkntAse7n4n9dNMbzxM6GSFLlii4/CVBKMSX4+GQjNGcqpJZRpYbMSNqKaMrQllW0J3vLJq6R1WfPcmvdwVa3fFnWU4BTO4AI8uIY63EMDmsBAwTO8wptjnBfn3flYjK45xc4J/IHz+QP6L5Ea</latexit>

Input Mapping  xx Relu MLP  xxxxx
Output Signal     xxxxxxx 

(color, density)
�(·)

<latexit sha1_base64="hm81GVL/0Qw9cKaeb3ATT7lbCoU=">AAAB9HicbVBNS8NAEN34WetX1aOXxSLUS0lE0GPRi8cK9gOaUCabTbt0dxN3N4US+ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8MOVMG9f9dtbWNza3tks75d29/YPDytFxWyeZIrRFEp6obgiaciZpyzDDaTdVFETIaScc3c38zpgqzRL5aCYpDQQMJIsZAWOlwB+AEFDzSZSYi36l6tbdOfAq8QpSRQWa/cqXHyUkE1QawkHrnuemJshBGUY4nZb9TNMUyAgGtGepBEF1kM+PnuJzq0Q4TpQtafBc/T2Rg9B6IkLbKcAM9bI3E//zepmJb4KcyTQzVJLFojjj2CR4lgCOmKLE8IklQBSzt2IyBAXE2JzKNgRv+eVV0r6se27de7iqNm6LOEroFJ2hGvLQNWqge9RELUTQE3pGr+jNGTsvzrvzsWhdc4qZE/QHzucPLR2Rsg==</latexit><latexit sha1_base64="hm81GVL/0Qw9cKaeb3ATT7lbCoU=">AAAB9HicbVBNS8NAEN34WetX1aOXxSLUS0lE0GPRi8cK9gOaUCabTbt0dxN3N4US+ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8MOVMG9f9dtbWNza3tks75d29/YPDytFxWyeZIrRFEp6obgiaciZpyzDDaTdVFETIaScc3c38zpgqzRL5aCYpDQQMJIsZAWOlwB+AEFDzSZSYi36l6tbdOfAq8QpSRQWa/cqXHyUkE1QawkHrnuemJshBGUY4nZb9TNMUyAgGtGepBEF1kM+PnuJzq0Q4TpQtafBc/T2Rg9B6IkLbKcAM9bI3E//zepmJb4KcyTQzVJLFojjj2CR4lgCOmKLE8IklQBSzt2IyBAXE2JzKNgRv+eVV0r6se27de7iqNm6LOEroFJ2hGvLQNWqge9RELUTQE3pGr+jNGTsvzrvzsWhdc4qZE/QHzucPLR2Rsg==</latexit><latexit sha1_base64="hm81GVL/0Qw9cKaeb3ATT7lbCoU=">AAAB9HicbVBNS8NAEN34WetX1aOXxSLUS0lE0GPRi8cK9gOaUCabTbt0dxN3N4US+ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8MOVMG9f9dtbWNza3tks75d29/YPDytFxWyeZIrRFEp6obgiaciZpyzDDaTdVFETIaScc3c38zpgqzRL5aCYpDQQMJIsZAWOlwB+AEFDzSZSYi36l6tbdOfAq8QpSRQWa/cqXHyUkE1QawkHrnuemJshBGUY4nZb9TNMUyAgGtGepBEF1kM+PnuJzq0Q4TpQtafBc/T2Rg9B6IkLbKcAM9bI3E//zepmJb4KcyTQzVJLFojjj2CR4lgCOmKLE8IklQBSzt2IyBAXE2JzKNgRv+eVV0r6se27de7iqNm6LOEroFJ2hGvLQNWqge9RELUTQE3pGr+jNGTsvzrvzsWhdc4qZE/QHzucPLR2Rsg==</latexit><latexit sha1_base64="hm81GVL/0Qw9cKaeb3ATT7lbCoU=">AAAB9HicbVBNS8NAEN34WetX1aOXxSLUS0lE0GPRi8cK9gOaUCabTbt0dxN3N4US+ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8MOVMG9f9dtbWNza3tks75d29/YPDytFxWyeZIrRFEp6obgiaciZpyzDDaTdVFETIaScc3c38zpgqzRL5aCYpDQQMJIsZAWOlwB+AEFDzSZSYi36l6tbdOfAq8QpSRQWa/cqXHyUkE1QawkHrnuemJshBGUY4nZb9TNMUyAgGtGepBEF1kM+PnuJzq0Q4TpQtafBc/T2Rg9B6IkLbKcAM9bI3E//zepmJb4KcyTQzVJLFojjj2CR4lgCOmKLE8IklQBSzt2IyBAXE2JzKNgRv+eVV0r6se27de7iqNm6LOEroFJ2hGvLQNWqge9RELUTQE3pGr+jNGTsvzrvzsWhdc4qZE/QHzucPLR2Rsg==</latexit>

f(· ; ✓)
<latexit sha1_base64="AiYVNf8m5G9L1qxVU864IbOvNvM=">AAAB/HicbVBNS8NAEN34WetXtEcvi0WoICURQcFL0YvHCvYDmlA2m027dLMJuxOhhPpXvHhQxKs/xJv/xm2bg7Y+GHi8N8PMvCAVXIPjfFsrq2vrG5ulrfL2zu7evn1w2NZJpihr0UQkqhsQzQSXrAUcBOumipE4EKwTjG6nfueRKc0T+QDjlPkxGUgecUrASH27EtU8GiaAvbNr7MGQATnt21Wn7syAl4lbkCoq0OzbX16Y0CxmEqggWvdcJwU/Jwo4FWxS9jLNUkJHZMB6hkoSM+3ns+Mn+MQoIY4SZUoCnqm/J3ISaz2OA9MZExjqRW8q/uf1Moiu/JzLNAMm6XxRlAkMCZ4mgUOuGAUxNoRQxc2tmA6JIhRMXmUTgrv48jJpn9ddp+7eX1QbN0UcJXSEjlENuegSNdAdaqIWomiMntErerOerBfr3fqYt65YxUwF/YH1+QPd7JOb</latexit><latexit sha1_base64="AiYVNf8m5G9L1qxVU864IbOvNvM=">AAAB/HicbVBNS8NAEN34WetXtEcvi0WoICURQcFL0YvHCvYDmlA2m027dLMJuxOhhPpXvHhQxKs/xJv/xm2bg7Y+GHi8N8PMvCAVXIPjfFsrq2vrG5ulrfL2zu7evn1w2NZJpihr0UQkqhsQzQSXrAUcBOumipE4EKwTjG6nfueRKc0T+QDjlPkxGUgecUrASH27EtU8GiaAvbNr7MGQATnt21Wn7syAl4lbkCoq0OzbX16Y0CxmEqggWvdcJwU/Jwo4FWxS9jLNUkJHZMB6hkoSM+3ns+Mn+MQoIY4SZUoCnqm/J3ISaz2OA9MZExjqRW8q/uf1Moiu/JzLNAMm6XxRlAkMCZ4mgUOuGAUxNoRQxc2tmA6JIhRMXmUTgrv48jJpn9ddp+7eX1QbN0UcJXSEjlENuegSNdAdaqIWomiMntErerOerBfr3fqYt65YxUwF/YH1+QPd7JOb</latexit><latexit sha1_base64="AiYVNf8m5G9L1qxVU864IbOvNvM=">AAAB/HicbVBNS8NAEN34WetXtEcvi0WoICURQcFL0YvHCvYDmlA2m027dLMJuxOhhPpXvHhQxKs/xJv/xm2bg7Y+GHi8N8PMvCAVXIPjfFsrq2vrG5ulrfL2zu7evn1w2NZJpihr0UQkqhsQzQSXrAUcBOumipE4EKwTjG6nfueRKc0T+QDjlPkxGUgecUrASH27EtU8GiaAvbNr7MGQATnt21Wn7syAl4lbkCoq0OzbX16Y0CxmEqggWvdcJwU/Jwo4FWxS9jLNUkJHZMB6hkoSM+3ns+Mn+MQoIY4SZUoCnqm/J3ISaz2OA9MZExjqRW8q/uf1Moiu/JzLNAMm6XxRlAkMCZ4mgUOuGAUxNoRQxc2tmA6JIhRMXmUTgrv48jJpn9ddp+7eX1QbN0UcJXSEjlENuegSNdAdaqIWomiMntErerOerBfr3fqYt65YxUwF/YH1+QPd7JOb</latexit><latexit sha1_base64="AiYVNf8m5G9L1qxVU864IbOvNvM=">AAAB/HicbVBNS8NAEN34WetXtEcvi0WoICURQcFL0YvHCvYDmlA2m027dLMJuxOhhPpXvHhQxKs/xJv/xm2bg7Y+GHi8N8PMvCAVXIPjfFsrq2vrG5ulrfL2zu7evn1w2NZJpihr0UQkqhsQzQSXrAUcBOumipE4EKwTjG6nfueRKc0T+QDjlPkxGUgecUrASH27EtU8GiaAvbNr7MGQATnt21Wn7syAl4lbkCoq0OzbX16Y0CxmEqggWvdcJwU/Jwo4FWxS9jLNUkJHZMB6hkoSM+3ns+Mn+MQoIY4SZUoCnqm/J3ISaz2OA9MZExjqRW8q/uf1Moiu/JzLNAMm6XxRlAkMCZ4mgUOuGAUxNoRQxc2tmA6JIhRMXmUTgrv48jJpn9ddp+7eX1QbN0UcJXSEjlENuegSNdAdaqIWomiMntErerOerBfr3fqYt65YxUwF/YH1+QPd7JOb</latexit>

f(�(v); ✓)
<latexit sha1_base64="KtXm86HSZ8vATGeDtnDNx93VquU=">AAACBnicbVBNS8NAEN34WetX1aMIi0Wol5KIoOCl6MVjBauFJpTJdtMu7iZhd1IooScv/hUvHhTx6m/w5r9xU3vQ6oOBx3szzMwLUykMuu6nMze/sLi0XFopr66tb2xWtrZvTJJpxlsskYluh2C4FDFvoUDJ26nmoELJb8O7i8K/HXJtRBJf4yjlgYJ+LCLBAK3UrexFNb8PSkHNV4CDMMqH48Mz6uOAIxx2K1W37k5A/xJvSqpkima38uH3EpYpHiOTYEzHc1MMctAomOTjsp8ZngK7gz7vWBqD4ibIJ2+M6YFVejRKtK0Y6UT9OZGDMmakQttZ3GpmvUL8z+tkGJ0GuYjTDHnMvhdFmaSY0CIT2hOaM5QjS4BpYW+lbAAaGNrkyjYEb/blv+TmqO65de/quNo4n8ZRIrtkn9SIR05Ig1ySJmkRRu7JI3kmL86D8+S8Om/frXPOdGaH/ILz/gUb8pg9</latexit><latexit sha1_base64="KtXm86HSZ8vATGeDtnDNx93VquU=">AAACBnicbVBNS8NAEN34WetX1aMIi0Wol5KIoOCl6MVjBauFJpTJdtMu7iZhd1IooScv/hUvHhTx6m/w5r9xU3vQ6oOBx3szzMwLUykMuu6nMze/sLi0XFopr66tb2xWtrZvTJJpxlsskYluh2C4FDFvoUDJ26nmoELJb8O7i8K/HXJtRBJf4yjlgYJ+LCLBAK3UrexFNb8PSkHNV4CDMMqH48Mz6uOAIxx2K1W37k5A/xJvSqpkima38uH3EpYpHiOTYEzHc1MMctAomOTjsp8ZngK7gz7vWBqD4ibIJ2+M6YFVejRKtK0Y6UT9OZGDMmakQttZ3GpmvUL8z+tkGJ0GuYjTDHnMvhdFmaSY0CIT2hOaM5QjS4BpYW+lbAAaGNrkyjYEb/blv+TmqO65de/quNo4n8ZRIrtkn9SIR05Ig1ySJmkRRu7JI3kmL86D8+S8Om/frXPOdGaH/ILz/gUb8pg9</latexit><latexit sha1_base64="KtXm86HSZ8vATGeDtnDNx93VquU=">AAACBnicbVBNS8NAEN34WetX1aMIi0Wol5KIoOCl6MVjBauFJpTJdtMu7iZhd1IooScv/hUvHhTx6m/w5r9xU3vQ6oOBx3szzMwLUykMuu6nMze/sLi0XFopr66tb2xWtrZvTJJpxlsskYluh2C4FDFvoUDJ26nmoELJb8O7i8K/HXJtRBJf4yjlgYJ+LCLBAK3UrexFNb8PSkHNV4CDMMqH48Mz6uOAIxx2K1W37k5A/xJvSqpkima38uH3EpYpHiOTYEzHc1MMctAomOTjsp8ZngK7gz7vWBqD4ibIJ2+M6YFVejRKtK0Y6UT9OZGDMmakQttZ3GpmvUL8z+tkGJ0GuYjTDHnMvhdFmaSY0CIT2hOaM5QjS4BpYW+lbAAaGNrkyjYEb/blv+TmqO65de/quNo4n8ZRIrtkn9SIR05Ig1ySJmkRRu7JI3kmL86D8+S8Om/frXPOdGaH/ILz/gUb8pg9</latexit><latexit sha1_base64="KtXm86HSZ8vATGeDtnDNx93VquU=">AAACBnicbVBNS8NAEN34WetX1aMIi0Wol5KIoOCl6MVjBauFJpTJdtMu7iZhd1IooScv/hUvHhTx6m/w5r9xU3vQ6oOBx3szzMwLUykMuu6nMze/sLi0XFopr66tb2xWtrZvTJJpxlsskYluh2C4FDFvoUDJ26nmoELJb8O7i8K/HXJtRBJf4yjlgYJ+LCLBAK3UrexFNb8PSkHNV4CDMMqH48Mz6uOAIxx2K1W37k5A/xJvSqpkima38uH3EpYpHiOTYEzHc1MMctAomOTjsp8ZngK7gz7vWBqD4ibIJ2+M6YFVejRKtK0Y6UT9OZGDMmakQttZ3GpmvUL8z+tkGJ0GuYjTDHnMvhdFmaSY0CIT2hOaM5QjS4BpYW+lbAAaGNrkyjYEb/blv+TmqO65de/quNo4n8ZRIrtkn9SIR05Ig1ySJmkRRu7JI3kmL86D8+S8Om/frXPOdGaH/ILz/gUb8pg9</latexit>

Positional Encoding [1]: �(v) =
⇥
cos(20v), sin(20v), . . . , cos(2L�1v), sin(2L�1v)

⇤
<latexit sha1_base64="Q865SnCchgaMAx8XobIlLH0IaN8="></latexit><latexit sha1_base64="Q865SnCchgaMAx8XobIlLH0IaN8="></latexit><latexit sha1_base64="Q865SnCchgaMAx8XobIlLH0IaN8="></latexit><latexit sha1_base64="Q865SnCchgaMAx8XobIlLH0IaN8="></latexit>

[1] Vaswani et al.. NeurIPS, 2017

B ⇠ N (0,�2)
<latexit sha1_base64="A6z1xwsmVQnD8dguiLLjmfvVdag=">AAACDnicbVDLSgMxFM34rPU16tJNsBQqSJkpgi5L3biSCvYBnbFk0kwbmmSGJCOUoV/gxl9x40IRt67d+Tdm2llo64HAyTn3cu89Qcyo0o7zba2srq1vbBa2its7u3v79sFhW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gfJX5nQciFY3EnZ7ExOdoKGhIMdJG6ttljyM9CkLYgJ6iHM6+GDF4U3HOjDLk6L522rdLTtWZAS4TNyclkKPZt7+8QYQTToTGDCnVc51Y+ymSmmJGpkUvUSRGeIyGpGeoQJwoP52dM4VlowxgGEnzhIYz9XdHirhSEx6Yymxbtehl4n9eL9HhpZ9SESeaCDwfFCYM6ghm2cABlQRrNjEEYUnNrhCPkERYmwSLJgR38eRl0q5VXafq3p6X6o08jgI4BiegAlxwAergGjRBC2DwCJ7BK3iznqwX6936mJeuWHnPEfgD6/MHja2agA==</latexit><latexit sha1_base64="A6z1xwsmVQnD8dguiLLjmfvVdag=">AAACDnicbVDLSgMxFM34rPU16tJNsBQqSJkpgi5L3biSCvYBnbFk0kwbmmSGJCOUoV/gxl9x40IRt67d+Tdm2llo64HAyTn3cu89Qcyo0o7zba2srq1vbBa2its7u3v79sFhW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gfJX5nQciFY3EnZ7ExOdoKGhIMdJG6ttljyM9CkLYgJ6iHM6+GDF4U3HOjDLk6L522rdLTtWZAS4TNyclkKPZt7+8QYQTToTGDCnVc51Y+ymSmmJGpkUvUSRGeIyGpGeoQJwoP52dM4VlowxgGEnzhIYz9XdHirhSEx6Yymxbtehl4n9eL9HhpZ9SESeaCDwfFCYM6ghm2cABlQRrNjEEYUnNrhCPkERYmwSLJgR38eRl0q5VXafq3p6X6o08jgI4BiegAlxwAergGjRBC2DwCJ7BK3iznqwX6936mJeuWHnPEfgD6/MHja2agA==</latexit><latexit sha1_base64="A6z1xwsmVQnD8dguiLLjmfvVdag=">AAACDnicbVDLSgMxFM34rPU16tJNsBQqSJkpgi5L3biSCvYBnbFk0kwbmmSGJCOUoV/gxl9x40IRt67d+Tdm2llo64HAyTn3cu89Qcyo0o7zba2srq1vbBa2its7u3v79sFhW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gfJX5nQciFY3EnZ7ExOdoKGhIMdJG6ttljyM9CkLYgJ6iHM6+GDF4U3HOjDLk6L522rdLTtWZAS4TNyclkKPZt7+8QYQTToTGDCnVc51Y+ymSmmJGpkUvUSRGeIyGpGeoQJwoP52dM4VlowxgGEnzhIYz9XdHirhSEx6Yymxbtehl4n9eL9HhpZ9SESeaCDwfFCYM6ghm2cABlQRrNjEEYUnNrhCPkERYmwSLJgR38eRl0q5VXafq3p6X6o08jgI4BiegAlxwAergGjRBC2DwCJ7BK3iznqwX6936mJeuWHnPEfgD6/MHja2agA==</latexit><latexit sha1_base64="A6z1xwsmVQnD8dguiLLjmfvVdag=">AAACDnicbVDLSgMxFM34rPU16tJNsBQqSJkpgi5L3biSCvYBnbFk0kwbmmSGJCOUoV/gxl9x40IRt67d+Tdm2llo64HAyTn3cu89Qcyo0o7zba2srq1vbBa2its7u3v79sFhW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gfJX5nQciFY3EnZ7ExOdoKGhIMdJG6ttljyM9CkLYgJ6iHM6+GDF4U3HOjDLk6L522rdLTtWZAS4TNyclkKPZt7+8QYQTToTGDCnVc51Y+ymSmmJGpkUvUSRGeIyGpGeoQJwoP52dM4VlowxgGEnzhIYz9XdHirhSEx6Yymxbtehl4n9eL9HhpZ9SESeaCDwfFCYM6ghm2cABlQRrNjEEYUnNrhCPkERYmwSLJgR38eRl0q5VXafq3p6X6o08jgI4BiegAlxwAergGjRBC2DwCJ7BK3iznqwX6936mJeuWHnPEfgD6/MHja2agA==</latexit>

Random Fourier Features [2]:

[2] Rahimi & Recht. NeurIPS, 2007

�(v) = [cos(Bv), sin(Bv)]
<latexit sha1_base64="2nC+0zi9lQO89MEWJ0BSkfg3vo0="></latexit><latexit sha1_base64="2nC+0zi9lQO89MEWJ0BSkfg3vo0="></latexit><latexit sha1_base64="2nC+0zi9lQO89MEWJ0BSkfg3vo0="></latexit><latexit sha1_base64="2nC+0zi9lQO89MEWJ0BSkfg3vo0="></latexit>



Neural Tangent Kernel

Jacot et al., NeurIPS, 2018, Arora, et al., ICML, 2019, Basri et al., 2020., Du et al., ICLR, 2019., Lee et al., NeurIPS, 2019

k(xi,xj) = hNTK(hxi,xji)
<latexit sha1_base64="SU28r1cwjDZErgSkl8FzngmxIV4="></latexit><latexit sha1_base64="SU28r1cwjDZErgSkl8FzngmxIV4="></latexit><latexit sha1_base64="SU28r1cwjDZErgSkl8FzngmxIV4="></latexit><latexit sha1_base64="SU28r1cwjDZErgSkl8FzngmxIV4="></latexit>

ReLU MLPs correspond to a “dot product” kernel
hNTK : R ! R

<latexit sha1_base64="uyzib7lYAvh8RwYvswUS1eFJbR4=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0VwVRIRFFdFN4IgVfqCJoTJdNIMnTyYmSgl5Efc+CtuXCjiwo34N07SLGrrgYEz59zLvfe4MaNCGsaPVllaXlldq67XNja3tnf03b2uiBKOSQdHLOJ9FwnCaEg6kkpG+jEnKHAZ6bnjq9zvPRAuaBS25SQmdoBGIfUoRlJJjn7qO6kVIOnzIL1t32QZvIDF33XT+wxanI58iTiPHmdkR68bDaMAXCRmSeqgRMvRv6xhhJOAhBIzJMTANGJpp4hLihnJalYiSIzwGI3IQNEQBUTYaXFdBo+UMoRexNULJSzU2Y4UBUJMAldV5huKeS8X//MGifTO7ZSGcSJJiKeDvIRBGcE8KjiknGDJJoogzKnaFWIfcYSlCrSmQjDnT14k3ZOGaTTMu9N687KMowoOwCE4BiY4A01wDVqgAzB4Ai/gDbxrz9qr9qF9TksrWtmzD/5A+/4FdnSiww==</latexit><latexit sha1_base64="uyzib7lYAvh8RwYvswUS1eFJbR4=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0VwVRIRFFdFN4IgVfqCJoTJdNIMnTyYmSgl5Efc+CtuXCjiwo34N07SLGrrgYEz59zLvfe4MaNCGsaPVllaXlldq67XNja3tnf03b2uiBKOSQdHLOJ9FwnCaEg6kkpG+jEnKHAZ6bnjq9zvPRAuaBS25SQmdoBGIfUoRlJJjn7qO6kVIOnzIL1t32QZvIDF33XT+wxanI58iTiPHmdkR68bDaMAXCRmSeqgRMvRv6xhhJOAhBIzJMTANGJpp4hLihnJalYiSIzwGI3IQNEQBUTYaXFdBo+UMoRexNULJSzU2Y4UBUJMAldV5huKeS8X//MGifTO7ZSGcSJJiKeDvIRBGcE8KjiknGDJJoogzKnaFWIfcYSlCrSmQjDnT14k3ZOGaTTMu9N687KMowoOwCE4BiY4A01wDVqgAzB4Ai/gDbxrz9qr9qF9TksrWtmzD/5A+/4FdnSiww==</latexit><latexit sha1_base64="uyzib7lYAvh8RwYvswUS1eFJbR4=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0VwVRIRFFdFN4IgVfqCJoTJdNIMnTyYmSgl5Efc+CtuXCjiwo34N07SLGrrgYEz59zLvfe4MaNCGsaPVllaXlldq67XNja3tnf03b2uiBKOSQdHLOJ9FwnCaEg6kkpG+jEnKHAZ6bnjq9zvPRAuaBS25SQmdoBGIfUoRlJJjn7qO6kVIOnzIL1t32QZvIDF33XT+wxanI58iTiPHmdkR68bDaMAXCRmSeqgRMvRv6xhhJOAhBIzJMTANGJpp4hLihnJalYiSIzwGI3IQNEQBUTYaXFdBo+UMoRexNULJSzU2Y4UBUJMAldV5huKeS8X//MGifTO7ZSGcSJJiKeDvIRBGcE8KjiknGDJJoogzKnaFWIfcYSlCrSmQjDnT14k3ZOGaTTMu9N687KMowoOwCE4BiY4A01wDVqgAzB4Ai/gDbxrz9qr9qF9TksrWtmzD/5A+/4FdnSiww==</latexit><latexit sha1_base64="uyzib7lYAvh8RwYvswUS1eFJbR4=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0VwVRIRFFdFN4IgVfqCJoTJdNIMnTyYmSgl5Efc+CtuXCjiwo34N07SLGrrgYEz59zLvfe4MaNCGsaPVllaXlldq67XNja3tnf03b2uiBKOSQdHLOJ9FwnCaEg6kkpG+jEnKHAZ6bnjq9zvPRAuaBS25SQmdoBGIfUoRlJJjn7qO6kVIOnzIL1t32QZvIDF33XT+wxanI58iTiPHmdkR68bDaMAXCRmSeqgRMvRv6xhhJOAhBIzJMTANGJpp4hLihnJalYiSIzwGI3IQNEQBUTYaXFdBo+UMoRexNULJSzU2Y4UBUJMAldV5huKeS8X//MGifTO7ZSGcSJJiKeDvIRBGcE8KjiknGDJJoogzKnaFWIfcYSlCrSmQjDnT14k3ZOGaTTMu9N687KMowoOwCE4BiY4A01wDVqgAzB4Ai/gDbxrz9qr9qF9TksrWtmzD/5A+/4FdnSiww==</latexit>

Under certain conditions,

neural networks are kernel regression(!)f(x; ✓) ⇡

X

i

(K�1y)ik(xi,x)
<latexit sha1_base64="eQxJrvYFxdc1NYZpcPNpG4t7/IE="></latexit><latexit sha1_base64="eQxJrvYFxdc1NYZpcPNpG4t7/IE="></latexit><latexit sha1_base64="eQxJrvYFxdc1NYZpcPNpG4t7/IE="></latexit><latexit sha1_base64="eQxJrvYFxdc1NYZpcPNpG4t7/IE="></latexit>



Fourier Features  stationary kernel→

Dot Product of Fourier Features
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Resulting composed NTK is stationary

Resulting network regression function is a convolution

hNTK

⇣
h�(v)i, �(v)ji

⌘
= hNTK(h�(vi � vj))
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Mapping bandwidth controls underfitting / overfitting 

B ⇠ N (0,�2)
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Mapping bandwidth controls underfitting / overfitting 

B ⇠ N (0,�2)
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Mapping bandwidth controls underfitting / overfitting 

B ⇠ N (0,�2)
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Try It!

x = nn.Dense(x, features=256) 

B = SCALE * np.random.normal(shape=(input_dims, NUM_FEATURES)) 
x = np.concatenate([np.sin(x @ B), np.cos(x @ B)], axis=-1)



Coordinate based neural representation 
 

a magic black box that learns things and generalizes
6=
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Coordinate based neural representation 

a tiny n-dimensional lookup table with extremely high resolution

Coordinate based neural representation 
 

a magic black box that learns things and generalizes
6=
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Learned Initializations for Optimizing 
Coordinate-Based Neural Representations

Matthew Tancik*1 Ben Mildenhall*1 Terrance Wang1 Divi Schmidt1

Pratul P. Srinivasan2 Jonathan T. Barron2 Ren Ng1

Target

Init. Step 1 Step 2

Standard Initialization

Meta-learned Initialization (MAML)



NeRF in the Wild: 
Neural Radiance Fields for 
Uncontrolled Photo Collections
CVPR 2021


Ricardo Martin-Brualla*, Noha Radwan*, Mehdi Sajjadi*,  
Jonathan T. Barron, Alexey Dosovitskiy, Daniel Duckworth


Google Brain Berlin & Google Research


https://nerf-w.github.io/

https://nerf-w.github.io/


Unconstrained photo collection 

  Novel views + Novel appearance



Photos by Flickr users: parados, itia4u, jobless / CC BY



Photos by Flickr users: joshheumann, ojotes, chyauchentravelworld / CC BY
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TargetPhotos by Flickr users: vasnic64 / CC BY
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Flythorugh full screen



NeRF Ours
“NeRF: Representing Scenes as Neural Radiance Fields for View Synthesis”, 

Mildenhall, Srinivasan, Tancik et. al., ECCV 2020



Trevi flythorugh



Trevi flythorugh



Multiple appearances











Neural Rendering in the WildOurs
“Neural Rerendering In the Wild”, Meshry et. al., CVPR 2019





Thanks!

http://jonbarron.info


https://twitter.com/jon_barron
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