
Computer Graphics and Imaging 
UC Berkeley CS184/284A

Lecture 23:

Special Topics: 
Neural Radiance Fields



Where does the 3D model come from?

San Miguel Scene, 10.7M triangles
Jun Yan, Tracy Renderer



3D Modeling Software is Complex
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The Next Leap: How A.I. will change the 3D industry, Andrew Price 



Depth Sensors

Microsoft Kinect



iPhone Depth Sensor

SiteScape - Andy Putch 



What if you don’t have depth?



Point Cloud from Images

Brown and Lowe (2007) 



Point Cloud from Images

Brown and Lowe (2007) 



Point Cloud from Images

Brown and Lowe (2007) 



Point Cloud from Images

Hata and Savarese CS231a 



Can we operate on the geometry directly?



Gradient Based Optimization

Initial Geometry Target Geometry



Gradient Based Optimization

Compute Gradients Target Geometry



Gradient Based Optimization

Compute Gradients Target Geometry



Gradient Based Optimization

Update positions Target Geometry



Gradient Based Optimization

Compute New Error Target Geometry



Gradient Based Optimization

Repeat Target Geometry



Gradient Based Optimization

Repeat Target Geometry



Gradient Based Optimization

Initial Geometry Target Geometry

?



Gradient Based Optimization

Initial Geometry Target Geometry

?



Gradient Based Optimization

Initial Geometry Target Geometry

?



Voxel Representation



Gradient Based Optimization

Initialized Grid Target Geometry



Gradient Based Optimization

Target GeometryInitialized Grid



Gradient Based Optimization

Loss Target Geometry



Gradient Based Optimization

Gradient Step Target Geometry



Gradient Based Optimization

Target GeometryRepeat



Gradient Based Optimization

Repeat Target Geometry



Gradient Based Optimization

Reconstruction Target Geometry



Gradient Based Optimization

Target GeometryReconstruction



Gradient Based Optimization

Target GeometryVoxel Mesh



Geometry Representations

Mesh Representation Voxel Representation

Small memory footprint 
Hard to optimize

Easy to optimize 
Large memory footprint



Implicit Functions

x2 + y2 + z2= 1



Implicit Functions

x2 + y2 + z2= 1



Input 
Coordinate 

Value at 
Coordinate 

MLP

Coordinate Based Neural Network

Multi Layer Perceptron



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



NeRF: Representing Scenes as  
Neural Radiance Fields for View Synthesis

Matthew Tancik*1 Pratul P. Srinivasan*1,3 Ben Mildenhall*1,3

Ravi Ramamoorthi2Jonathan T. Barron3 Ren Ng1

* Denotes Equal Contribution

1
2 3





Representing a scene as a continuous 5D function

(x, y, z, θ, ϕ) (r, g, b, σ)
FΩ

{ {
Spatial 
location

Viewing 
direction

MLP 
9 layers,  

256 channels

Output 
color

{

Output 
density

{
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Generate views with traditional volume rendering

Ω



Generate views with traditional volume rendering
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

Camera

Ray

C ⇡
NX

i=1
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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>



Effective resolution is tied to distance between samples

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

Camera
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C ⇡
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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>

↵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>
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sample distance

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>

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>



Can we allocate samples more efficiently? Two pass rendering
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Two pass rendering: fine
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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>

treat weights as probability 
distribution for new samples



Viewing directions as input

3D volume

tN

Camera

Ray
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Manipulate  to visualize 
view-dependent effects

(θ, ϕ)



Volume rendering is 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

Camera

Ray

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>
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 differentiable w.r.t.

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>



Multiview Consistency as Supervision

Inconsistent 



Multiview Consistency as Supervision







NeRF encodes convincing view-dependent effects using 
directional dependence



NeRF encodes convincing view-dependent effects using 
directional dependence



NeRF encodes detailed scene geometry with occlusion effects



NeRF encodes detailed scene geometry with occlusion effects



NeRF encodes detailed scene geometry with occlusion effects



NeRF encodes detailed scene geometry



NeRF (Naive) NeRF (with positional encoding)

Naive implementation produces blurry results



Challenge:
How to get MLPs to represent higher frequency functions?

Rahaman et al. 2019, Basri et al. 2020
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MLP output Supervision image
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<latexit sha1_base64="E+xWb622b2P97o+CO1oWwc/7ors=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOjRjQQ=</latexit>

0

<latexit sha1_base64="N5TJ24ZtGvvOJUapKeIo4Hi0i/I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPe7GMvA==</latexit>

1

<latexit sha1_base64="MMIAP3nsMe/tMB1hzvdeiht0DHs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfTWMvQ==</latexit>

2

<latexit sha1_base64="KABtTuE2bHd1XLi8DfYY+6Pgzgs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYJRo9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9IvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyVy1fNaql2m0WRx7O4BwuwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AH65jL4=</latexit>

3

<latexit sha1_base64="DdtsWfuzZvbL9/tABw5b9KuAZUM=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYVo0eiF4+QyCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3cxvPaHSPJYPZpygH9GB5CFn1FipftkrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa88SdcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+qldK1dssjjycwCmcgwfXUIV7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AIA9jL8=</latexit>

sin(2!x)

<latexit sha1_base64="5XlCybhiE19ddqKFioCW4XVlDaU=">AAACBnicbVDLSgNBEJz1GeNr1aMIo0HQS9gNET0GvXiMYFTIrmF20psMzs4uM71iCDl58Ve8eFDEq9/gzb9x8jj4Kmgoqrrp7ooyKQx63qczNT0zOzdfWCguLi2vrLpr6xcmzTWHBk9lqq8iZkAKBQ0UKOEq08CSSMJldHMy9C9vQRuRqnPsZRAmrKNELDhDK7XcrcAIFWwHEmLcq1wHaQIdRu8CLTpd3G+5Ja/sjUD/En9CSmSCesv9CNopzxNQyCUzpul7GYZ9plFwCYNikBvIGL9hHWhaqlgCJuyP3hjQXau0aZxqWwrpSP0+0WeJMb0ksp0Jw6757Q3F/7xmjvFR2BcqyxEUHy+Kc0kxpcNMaFto4Ch7ljCuhb2V8i7TjKNNrmhD8H+//JdcVMp+tXxwVi3VjidxFMgm2SF7xCeHpEZOSZ00CCf35JE8kxfnwXlyXp23ceuUM5nZID/gvH8BOa+YVw==</latexit>

!

<latexit sha1_base64="amRWnBX673DWeoMIa72Gd54pRsI=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBrXq5X2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPksmPIw==</latexit>

Standard input Fourier feature input

4

<latexit sha1_base64="Ryty953uOy2UrItprN86hcgSdyo=">AAAB5HicbVBNS8NAEJ3Urxq/qlcvi0XwVBKp6LHoxWMF+wFtKJvtpF272YTdjVBCf4EXD4pXf5M3/43bNgdtfTDweG+GmXlhKrg2nvftlDY2t7Z3yrvu3v7B4VHFPW7rJFMMWywRieqGVKPgEluGG4HdVCGNQ4GdcHI39zvPqDRP5KOZphjEdCR5xBk1VnqoDypVr+YtQNaJX5AqFGgOKl/9YcKyGKVhgmrd873UBDlVhjOBM7efaUwpm9AR9iyVNEYd5ItDZ+TcKkMSJcqWNGSh/p7Iaaz1NA5tZ0zNWK96c/E/r5eZ6CbIuUwzg5ItF0WZICYh86/JkCtkRkwtoUxxeythY6ooMzYb14bgr768TtqXNb9eu6o2boswynAKZ3ABPlxDA+6hCS1ggPACb/DuPDmvzseyseQUEyfwB87nDxdLi5Y=</latexit>



Standard MLP MLP with Fourier features
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Performance depends on max encoding frequency

Network output Performance vs. scale value



Mapping Code

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

x = input_coordinate 
B = SCALE * np.random.normal(shape=(input_dims, NUM_FEATURES)) 
rff_input = np.concatenate([np.sin((2*np.pi*x) @ B), np.cos((2*np.pi*x) @ B)], axis=-1) 
x = nn.Dense(rff_input, features=256) 

...

...

Original

With Positional Encoding



NeRF Extensions



Point Samples of a Con0nuous Func0on

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>

Multilayer 
Perceptron

(x, y, z)

<latexit sha1_base64="0zSxUUXFhooX+VPbbraBAKX+yBY=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBahQimJVPRY9OKxgv2QNpTNdtMu3WzC7kaMob/CiwdFvPpzvPlv3LY5aOuDgcd7M8zM8yLOlLbtbyu3srq2vpHfLGxt7+zuFfcPWiqMJaFNEvJQdjysKGeCNjXTnHYiSXHgcdr2xtdTv/1ApWKhuNNJRN0ADwXzGcHaSPflxwpKKujptF8s2VV7BrRMnIyUIEOjX/zqDUISB1RowrFSXceOtJtiqRnhdFLoxYpGmIzxkHYNFTigyk1nB0/QiVEGyA+lKaHRTP09keJAqSTwTGeA9UgtelPxP68ba//STZmIYk0FmS/yY450iKbfowGTlGieGIKJZOZWREZYYqJNRgUTgrP48jJpnVWdWvX8tlaqX2Vx5OEIjqEMDlxAHW6gAU0gEMAzvMKbJa0X6936mLfmrGzmEP7A+vwB6yePMA==</latexit>

(r, g, b, ⌧)

<latexit sha1_base64="OpcQ4CkdtKwr8+Ww0seP+uVWoUI=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AIFUrZlYoei148VrC10C4lm2bb0Gx2SSZCLf0lXjwo4tWf4s1/Y9ruQVsfDDzem2FmXpgKrsHzvp3c2vrG5lZ+u7Czu7dfdA8OWzoxirImTUSi2iHRTHDJmsBBsHaqGIlDwR7C0c3Mf3hkSvNE3sM4ZUFMBpJHnBKwUs8tllUFDyo4rOAuEHPWc0te1ZsDrxI/IyWUodFzv7r9hJqYSaCCaN3xvRSCCVHAqWDTQtdolhI6IgPWsVSSmOlgMj98ik+t0sdRomxJwHP198SExFqP49B2xgSGetmbif95HQPRVTDhMjXAJF0siozAkOBZCrjPFaMgxpYQqri9FdMhUYSCzapgQ/CXX14lrfOqX6te3NVK9essjjw6RieojHx0ieroFjVQE1Fk0DN6RW/Ok/PivDsfi9ack80coT9wPn8A+/mRXw==</latexit>



Solution: Prefiltering with a mipmap

Pyramidal Parametrics, Lance Williams, SIGGRAPH 1983



mipmaps reduce image aliasing 

mip-NeRF reduces NeRF aliasing

How can we prefilter a neural network?

mip = “multum in parvo”, Latin for “much in little” Barron et al. (2021) 



NeRF



�(x)

<latexit sha1_base64="E6+RKCJdkZVDGxBT2dxYi3Qy1D8=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBHqpiRS0WXRjcsK9gFtKDfTSTt0JgkzE7XEfoobF4q49Uvc+TdO2iy09cDA4Zx7uWeOH3OmtON8Wyura+sbm4Wt4vbO7t6+XTpoqSiRhDZJxCPZ8UFRzkLa1Exz2oklBeFz2vbH15nfvqdSsSi805OYegKGIQsYAW2kvl3qDUEIqPQE6JEf4MfTvl12qs4MeJm4OSmjHI2+/dUbRCQRNNSEg1Jd14m1l4LUjHA6LfYSRWMgYxjSrqEhCKq8dBZ9ik+MMsBBJM0LNZ6pvzdSEEpNhG8ms4Rq0cvE/7xuooNLL2VhnGgakvmhIOFYRzjrAQ+YpETziSFAJDNZMRmBBKJNW0VTgrv45WXSOqu6ter5ba1cv8rrKKAjdIwqyEUXqI5uUAM1EUEP6Bm9ojfryXqx3q2P+eiKle8coj+wPn8AZxSTcw==</latexit>

NeRF

Positional Encoding



mip-NeRF



mip-NeRF



Ex⇠N [�(x)]

<latexit sha1_base64="QM0c1tdOuQyDgYurXfRIPswNSXc=">AAACJHicbVDLSsNAFJ34rPVVdelmsAh1UxKpKLgRRXAlFWwVmlBuppN2cCYJMxOxhHyMG3/FjQsfuHDjtzhNs9DWAwNnzrmXe+/xY86Utu0va2Z2bn5hsbRUXl5ZXVuvbGy2VZRIQlsk4pG89UFRzkLa0kxzehtLCsLn9Ma/Oxv5N/dUKhaF13oYU09AP2QBI6CN1K0cuwL0QIr0POumOfeD9CHDrmIC538CPL3Mso7bByGgVtTghz2vW6nadTsHniZOQaqoQLNbeXd7EUkEDTXhoFTHsWPtpSA1I5xmZTdRNAZyB33aMTQEQZWX5kdmeNcoPRxE0rxQ41z93ZGCUGoofFM5WlFNeiPxP6+T6ODIS1kYJ5qGZDwoSDjWER4lhntMUqL50BAgkpldMRmABKJNrmUTgjN58jRp79edRv3gqlE9OS3iKKFttINqyEGH6ARdoCZqIYIe0TN6RW/Wk/VifVif49IZq+jZQn9gff8AfBGl5w==</latexit>

mip-NeRF

Integrated Positional Encoding



52%

<latexit sha1_base64="ys2+PSq2nMLwHZ4PGzJuksBhhDM=">AAAB63icbVBNSwMxEJ2tX7V+VT16CZaCp7JbWvRY9OKxgv2AdinZNNuGJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmBTFn2rjut1PY2t7Z3Svulw4Oj45PyqdnXR0litAOiXik+gHWlDNJO4YZTvuxolgEnPaC2V3m956o0iySj2YeU1/giWQhI9hkUrM+rI7KFbfmLoE2iZeTCuRoj8pfw3FEEkGlIRxrPfDc2PgpVoYRThelYaJpjMkMT+jAUokF1X66vHWBqlYZozBStqRBS/X3RIqF1nMR2E6BzVSve5n4nzdITHjjp0zGiaGSrBaFCUcmQtnjaMwUJYbPLcFEMXsrIlOsMDE2npINwVt/eZN06zWvUWs+NCqt2zyOIlzAJVyBB9fQgntoQwcITOEZXuHNEc6L8+58rFoLTj5zDn/gfP4AAsCNkg==</latexit>

{ 7% faster training

50% smaller model
22⇥

<latexit sha1_base64="ErzywisVhiiwaS0fvry8YxKzerE=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4Kkmp6LHoxWMF+wFtKJvtpl262cTdiVBC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuLaiFg94CThfkSHSoSCUbRSp1rtoYi46ZfKbsWdg6wSLydlyNHol756g5ilEVfIJDWm67kJ+hnVKJjk02IvNTyhbEyHvGuponaJn83vnZJzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7HkyEJozlBNLKNPC3krYiGrK0EZUtCF4yy+vkla14tUql/e1cv0mj6MAp3AGF+DBFdThDhrQBAYSnuEV3pxH58V5dz4WrWtOPnMCf+B8/gCcyo+0</latexit>

Be@
er



Improved NeRF Mip-NeRF



NeRF in the Wild

NeRF in the Wild: Neural Radiance Fields for Unconstrained Photo Collections, Martin-Brualla et al. CVPR 2021

“In the wild” photographs



Modifications to NeRF

View Direction

Density

Color

Spatial Location



Modifications to NeRF

View Direction

Appearance Embedding

Density

Color

Spatial Location

Learnable higher dimensional input that is unique for each input value.





Block-NeRF: Scalable Large Scene Neural View Synthesis

Matthew Tancik1

Pratul P. Srinivasan3Ben Mildenhall3
Sabeek Pradhan2Xinchen Yan2Vincent Casser2

Jonathan T. Barron3 Henrik Kretzschmar2
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Safety Testing



Simulation is Essential for Scale



Lidar Simulation



Camera Simulation using Models



Access to lots of data

+ 360 degree view 
+ Camera poses

… but highly variable



Modifications to NeRF

View Direction

Spatial Location

Color
Appearance Embedding

Exposure

Optimized Cameras

Density



Modifications to NeRF

View Direction

Spatial Location
Density

Color
Appearance Embedding

Exposure

Visibility
Spatial Location
View Direction



Scaling to Large Scenes

Block-NeRF



Merging Block-NeRFs

Block-NeRF Centroids



Merging Block-NeRFs

Block-NeRF Centroids



Merging Block-NeRFs

Block-NeRF Centroids
Visibility RGB



Merging Block-NeRFs

Block-NeRF Centroids
Visibility RGB



Merging Block-NeRFs

Block-NeRF Centroids
Visibility RGB



Large Scene Reconstruction

Alamo Square Neighborhood, San Francisco

‣ 2.8 Million Images 

‣ Captured over 3 months 

‣ 1330 Data collection runs 

‣ 13.4 Hours of driving 

‣ 35 Block-NeRFs





Modifications to NeRF

View Direction

Spatial Location
Density

Color
Appearance Embedding

Exposure

Visibility

Optimized Cameras



Appearance Modulation



Easy to locally update scene

During Construction After Construction









Instant NGP (train NeRF in seconds)

Instant Neural Graphics Primitives with a Multiresolution Hash Encoding, Müller et al. arXiv 2022



Instant NGP (train NeRF in seconds)

@smallfly



PlenOctrees

PlenOctrees: For Real-time Rendering of Neural Radiance Fields, Yu et al. arXiv 2021

Render a NeRF in your browser - alexyu.net/plenoctrees/

Conversion to a PlenOctree Real-time Rendering



NeRFies

Deformable Neural Radiance Fields, Park et al. arXiv 2020



Modifications to NeRF

View Direction

Spatial Location Density

Color



Modifications to NeRF

View Direction

Spatial Location 
x,y,z Density

Color

x’,y’,z’
Deformation  
Embedding



Deformable Neural Radiance Fields, Park et al. arXiv 2020



Video NeRF

Neural Scene Flow Fields for Space-Time View Synthesis of Dynamic Scenes, Li et al. CVPR 2021



Video NeRF

Neural Scene Flow Fields for Space-Time View Synthesis of Dynamic Scenes, Li et al. CVPR 2021



3D GANs

Efficient Geometry-aware 3D Generative Adversarial Networks, Chan et al. arXiv 2021



Dream Fields

Zero-Shot Text-Guided Object Generation with Dream Fields, Jain et al. arXiv 2021

An armchair in the shape of a ___. 
An armchair imitating a ___.



HumanNeRF

HumanNeRF: Free-viewpoint Rendering of Moving People from Monocular Video, Weng et al. arXiv 2022



NeRF in the Dark

NeRF in the Dark: High Dynamic Range View Synthesis from Noisy Raw Images, Mildenhall et al. arXiv 2021



Decompose Lighting and Materials

NeRV: Neural Reflectance and Visibility Fields for Relighting and View Synthesis, Srinivasan et al. CVPR 2021



Decompose Lighting and Materials

NeRV: Neural Reflectance and Visibility Fields for Relighting and View Synthesis, Srinivasan et al. CVPR 2021

Edit Lighting

Edit Lighting and 
Materials



iMap (NeRF SLAM)

iMAP: Implicit Mapping and Positioning in Real-Time, Sucar et al. arXiv 2021



ObjectNeRF

Learning Object-Compositional Neural Radiance Field for Editable Scene Rendering, Yang et al. ICCV 2022



Neural Scene Graphs for Dynamic Scenes

Neural Scene Graphs for Dynamic Scenes, Ost et al. CVPR 2021



Neural Scene Graphs for Dynamic Scenes

Neural Scene Graphs for Dynamic Scenes, Ost et al. CVPR 2021



GANcraft

Minecraft GANcraft

GANcraft: Unsupervised 3D Neural Rendering of Minecraft Worlds, Hao et al. arXiv 2021



GANcraft

GANcraft: Unsupervised 3D Neural Rendering of Minecraft Worlds, Hao et al. arXiv 2021



GANcraft: Unsupervised 3D Neural Rendering of Minecraft Worlds, Hao et al. arXiv 2021


