
Visual Computing Systems 
Stanford CS348K, Spring 2022

Lecture 13:

The NeRF Explosion + 
Review of Traditional Graphics Pipeline
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Volumetric representations

�(p)

<latexit sha1_base64="pxcJWXi5tbrsuRnU3gqSlICpwzk=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSLUTUmkosuiG5cV7AOaUCbTSTt0JgkzE7GE/oobF4q49Ufc+TdO2iy09cDA4Zx7uWdOkHCmtON8W2vrG5tb26Wd8u7e/sGhfVTpqDiVhLZJzGPZC7CinEW0rZnmtJdIikXAaTeY3OZ+95FKxeLoQU8T6gs8iljICNZGGtgVT7GRwDVPYD2WIktm5wO76tSdOdAqcQtShQKtgf3lDWOSChppwrFSfddJtJ9hqRnhdFb2UkUTTCZ4RPuGRlhQ5Wfz7DN0ZpQhCmNpXqTRXP29kWGh1FQEZjKPqJa9XPzP66c6vPYzFiWpphFZHApTjnSM8iLQkElKNJ8agolkJisiYywx0aausinBXf7yKulc1N1G/fK+UW3eFHWU4AROoQYuXEET7qAFbSDwBM/wCm/WzHqx3q2PxeiaVewcwx9Ynz8IZJRy</latexit>

Volume density and color at all points in space.

c(p,!) = c(x, y, z,�, ✓)

<latexit sha1_base64="j/5vIbUDxLPXyWQTYj4RaG/FI0g=">AAACE3icbVA9SwNBEN2LXzF+RS1tFoMQ5Qh3EtFGCNpYKhgVciHsbSbJkt27Y3dOjEf+g41/xcZCEVsbO/+Nm5jCrwcDj/dmmJkXJlIY9LwPJzc1PTM7l58vLCwuLa8UV9cuTJxqDnUey1hfhcyAFBHUUaCEq0QDU6GEy7B/PPIvr0EbEUfnOEigqVg3Eh3BGVqpVdzh5UAx7GmVJUM3iBV02fYhL9+4A/fWDZKecGmAPUC23SqWvIo3Bv1L/AkpkQlOW8X3oB3zVEGEXDJjGr6XYDNjGgWXMCwEqYGE8T7rQsPSiCkwzWz805BuWaVNO7G2FSEdq98nMqaMGajQdo7uN7+9kfif10ixc9DMRJSkCBH/WtRJJcWYjgKibaGBoxxYwrgW9lbKe0wzjjbGgg3B//3yX3KxW/Grlb2zaql2NIkjTzbIJikTn+yTGjkhp6ROOLkjD+SJPDv3zqPz4rx+teacycw6+QHn7RNGRZ0k</latexit>
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Regular 3D grid?

Credit: Voxel Ville NFT (voxelville.io) 

Storage requirements: 
5123 cells

Ignore directional dependency: rgbσ 4 bytes/cell 
536 GB

Now directional dependency on (�, ✓)

<latexit sha1_base64="FANx3/kS5T1KQQSpkjHNFSSCIO0=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBahgpREKnosevFYwX5AE8tmu2mWbjZhd6KU0P/hxYMiXv0v3vw3btsctPXBwOO9GWbm+YngGmz72yqsrK6tbxQ3S1vbO7t75f2Dto5TRVmLxiJWXZ9oJrhkLeAgWDdRjES+YB1/dDP1O49MaR7LexgnzIvIUPKAUwJGeqi6ScjPsAshA3LaL1fsmj0DXiZOTiooR7Nf/nIHMU0jJoEKonXPsRPwMqKAU8EmJTfVLCF0RIasZ6gkEdNeNrt6gk+MMsBBrExJwDP190RGIq3HkW86IwKhXvSm4n9eL4Xgysu4TFJgks4XBanAEONpBHjAFaMgxoYQqri5FdOQKELBBFUyITiLLy+T9nnNqdcu7uqVxnUeRxEdoWNURQ66RA10i5qohShS6Bm9ojfryXqx3q2PeWvBymcO0R9Ynz9GBZG6</latexit>

… much worse

Typical challenge: 
limited resolution
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Rendering volumes

�(p)

<latexit sha1_base64="pxcJWXi5tbrsuRnU3gqSlICpwzk=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSLUTUmkosuiG5cV7AOaUCbTSTt0JgkzE7GE/oobF4q49Ufc+TdO2iy09cDA4Zx7uWdOkHCmtON8W2vrG5tb26Wd8u7e/sGhfVTpqDiVhLZJzGPZC7CinEW0rZnmtJdIikXAaTeY3OZ+95FKxeLoQU8T6gs8iljICNZGGtgVT7GRwDVPYD2WIktm5wO76tSdOdAqcQtShQKtgf3lDWOSChppwrFSfddJtJ9hqRnhdFb2UkUTTCZ4RPuGRlhQ5Wfz7DN0ZpQhCmNpXqTRXP29kWGh1FQEZjKPqJa9XPzP66c6vPYzFiWpphFZHApTjnSM8iLQkElKNJ8agolkJisiYywx0aausinBXf7yKulc1N1G/fK+UW3eFHWU4AROoQYuXEET7qAFbSDwBM/wCm/WzHqx3q2PxeiaVewcwx9Ynz8IZJRy</latexit>

Volume density and color at all points in space.c(p,!) = c(x, y, z,�, ✓)

<latexit sha1_base64="j/5vIbUDxLPXyWQTYj4RaG/FI0g=">AAACE3icbVA9SwNBEN2LXzF+RS1tFoMQ5Qh3EtFGCNpYKhgVciHsbSbJkt27Y3dOjEf+g41/xcZCEVsbO/+Nm5jCrwcDj/dmmJkXJlIY9LwPJzc1PTM7l58vLCwuLa8UV9cuTJxqDnUey1hfhcyAFBHUUaCEq0QDU6GEy7B/PPIvr0EbEUfnOEigqVg3Eh3BGVqpVdzh5UAx7GmVJUM3iBV02fYhL9+4A/fWDZKecGmAPUC23SqWvIo3Bv1L/AkpkQlOW8X3oB3zVEGEXDJjGr6XYDNjGgWXMCwEqYGE8T7rQsPSiCkwzWz805BuWaVNO7G2FSEdq98nMqaMGajQdo7uN7+9kfif10ixc9DMRJSkCBH/WtRJJcWYjgKibaGBoxxYwrgW9lbKe0wzjjbGgg3B//3yX3KxW/Grlb2zaql2NIkjTzbIJikTn+yTGjkhp6ROOLkjD+SJPDv3zqPz4rx+teacycw6+QHn7RNGRZ0k</latexit>

r(t) = o+ t!

<latexit sha1_base64="cMwn0bqImWG/ylQ/hlEPaBXI3M8=">AAACFnicbVDLSgMxFM3UV62vqks3wSJUxDIjFd0IRTcuK9gHtKVk0kwbmpkMyR2hDPMVbvwVNy4UcSvu/BszfYC2Hgice8695N7jhoJrsO1vK7O0vLK6ll3PbWxube/kd/fqWkaKshqVQqqmSzQTPGA14CBYM1SM+K5gDXd4k/qNB6Y0l8E9jELW8Uk/4B6nBIzUzZ+2fQID14tVUoRjfIVntUzwCYZZ1ZY+65Okmy/YJXsMvEicKSmgKard/Fe7J2nkswCoIFq3HDuETkwUcCpYkmtHmoWEDkmftQwNiM90Jx6fleAjo/SwJ5V5AeCx+nsiJr7WI981nemaet5Lxf+8VgTeZSfmQRgBC+jkIy8SGCROM8I9rhgFMTKEUMXNrpgOiCIUTJI5E4Izf/IiqZ+VnHLp/K5cqFxP48iiA3SIishBF6iCblEV1RBFj+gZvaI368l6sd6tj0lrxprO7KM/sD5/AM+bny4=</latexit>

Given “camera ray” from point o in direction w….

And volume with density and directional radiance.

Step through the volume to compute radiance along 
the ray. (Easily di"erentiable computation)
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Learning (compressed) representations
Why not just learn an approximation to the continuous function that matches 
observations from di"erent viewpoints?

�(p)

<latexit sha1_base64="pxcJWXi5tbrsuRnU3gqSlICpwzk=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSLUTUmkosuiG5cV7AOaUCbTSTt0JgkzE7GE/oobF4q49Ufc+TdO2iy09cDA4Zx7uWdOkHCmtON8W2vrG5tb26Wd8u7e/sGhfVTpqDiVhLZJzGPZC7CinEW0rZnmtJdIikXAaTeY3OZ+95FKxeLoQU8T6gs8iljICNZGGtgVT7GRwDVPYD2WIktm5wO76tSdOdAqcQtShQKtgf3lDWOSChppwrFSfddJtJ9hqRnhdFb2UkUTTCZ4RPuGRlhQ5Wfz7DN0ZpQhCmNpXqTRXP29kWGh1FQEZjKPqJa9XPzP66c6vPYzFiWpphFZHApTjnSM8iLQkElKNJ8agolkJisiYywx0aausinBXf7yKulc1N1G/fK+UW3eFHWU4AROoQYuXEET7qAFbSDwBM/wCm/WzHqx3q2PxeiaVewcwx9Ynz8IZJRy</latexit>

(p,!)

<latexit sha1_base64="FHD1wH/DYnTTGuRh2LCP/DUtF8o=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkWoICWRii6LblxWsA9oQplMJ+3QeYSZiRBC/RU3LhRx64e482+ctFlo64GBwzn3cs+cMKZEadf9tkpr6xubW+Xtys7u3v6BfXjUVSKRCHeQoEL2Q6gwJRx3NNEU92OJIQsp7oXT29zvPWKpiOAPOo1xwOCYk4ggqI00tKt1n0E9kSyLZ+e+YHgMz4Z2zW24czirxCtIDRRoD+0vfyRQwjDXiEKlBp4b6yCDUhNE8aziJwrHEE3hGA8M5ZBhFWTz8DPn1CgjJxLSPK6dufp7I4NMqZSFZjJPqpa9XPzPGyQ6ug4ywuNEY44Wh6KEOlo4eRPOiEiMNE0NgUgSk9VBEygh0qaviinBW/7yKuleNLxm4/K+WWvdFHWUwTE4AXXggSvQAnegDToAgRQ8g1fwZj1ZL9a79bEYLVnFThX8gfX5A2m7lKA=</latexit>

F✓(p,!)

<latexit sha1_base64="wqM3KqgCR4whFeusuMYoe79JBhM=">AAACBHicbVDLSgNBEJyNrxhfqx5zWQxCBAm7EtFjUBCPEcwDsiHMTjrJkJndZaZXCEsOXvwVLx4U8epHePNvnDwOmljQUFR1090VxIJrdN1vK7Oyura+kd3MbW3v7O7Z+wd1HSWKQY1FIlLNgGoQPIQachTQjBVQGQhoBMPrid94AKV5FN7jKIa2pP2Q9zijaKSOnb/p+DgApEVfUhwomcbjUz+S0KcnHbvgltwpnGXizUmBzFHt2F9+N2KJhBCZoFq3PDfGdkoVciZgnPMTDTFlQ9qHlqEhlaDb6fSJsXNslK7Ti5SpEJ2p+nsipVLrkQxM5+RSvehNxP+8VoK9y3bKwzhBCNlsUS8RDkbOJBGnyxUwFCNDKFPc3OqwAVWUocktZ0LwFl9eJvWzklcund+VC5WreRxZkidHpEg8ckEq5JZUSY0w8kieySt5s56sF+vd+pi1Zqz5zCH5A+vzB4dMmAc=</latexit>

c(p,!) = c(x, y, z,�, ✓)

<latexit sha1_base64="j/5vIbUDxLPXyWQTYj4RaG/FI0g=">AAACE3icbVA9SwNBEN2LXzF+RS1tFoMQ5Qh3EtFGCNpYKhgVciHsbSbJkt27Y3dOjEf+g41/xcZCEVsbO/+Nm5jCrwcDj/dmmJkXJlIY9LwPJzc1PTM7l58vLCwuLa8UV9cuTJxqDnUey1hfhcyAFBHUUaCEq0QDU6GEy7B/PPIvr0EbEUfnOEigqVg3Eh3BGVqpVdzh5UAx7GmVJUM3iBV02fYhL9+4A/fWDZKecGmAPUC23SqWvIo3Bv1L/AkpkQlOW8X3oB3zVEGEXDJjGr6XYDNjGgWXMCwEqYGE8T7rQsPSiCkwzWz805BuWaVNO7G2FSEdq98nMqaMGajQdo7uN7+9kfif10ixc9DMRJSkCBH/WtRJJcWYjgKibaGBoxxYwrgW9lbKe0wzjjbGgg3B//3yX3KxW/Grlb2zaql2NIkjTzbIJikTn+yTGjkhp6ROOLkjD+SJPDv3zqPz4rx+teacycw6+QHn7RNGRZ0k</latexit>
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Learning neural radiance #elds (NeRF)



Continuous coordinate-based representation vs regular grid: MLP “learns” to use weights to 
produce high-resolution output where needed given input data 

Compact representation: trades-o" space for expensive rendering 
- Good: a few MBs = e"ectively very high dense grid 
- Bad: must evaluate MLP every step 
- Bad: must step densely (don’t know where the surface is) 

Compact representation: optimization can learns to interpolate views despite complexity of 
volume density and radiance function 
- Only structural bias is the separation into positional       and directional rgb 
- Training time: hours to a day to learn a good NeRF

Stanford CS348K, Spring 2022

What just happened?

�

<latexit sha1_base64="HRIQLMFYOCGIGwB9UAGNEgDm9D0=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYNBe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDWvXyvlap3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPnvePKw==</latexit>
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Improving NeRF training
Improve training speed AND reduce number of images needed using meta-learning
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Improving rendering performance
Main idea: move to a di"erent point in the compression-compute trade-o" space 

Two main ideas: 
- Avoid stepping densely through space (evaluating the MLP to #nd density = 0) 
- Avoid evaluating the MLP when you can
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Quad-tree / octree
Quad-tree: nodes have 4 children (partitions 2D space) 
Octree: nodes have 8 children (partitions 3D space)

Like uniform grid: easy to build (don’t have to choose 
partition planes) 

Has greater ability to adapt to location of scene geometry 
than uniform grid.
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Simple two-level sparse quad tree
Quad-tree: nodes have 4 children (partitions 2D space) 
Octree: nodes have 8 children (partitions 3D space)

0 1

2 3

0 1 2 3
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Spherical harmonics
Useful basis for representing directional information 
Analogy: cosine basis on the sphere

Represent                           compactly by 
projecting into basis of SH. 

c(p,!) = c(x, y, z,�, ✓)

<latexit sha1_base64="j/5vIbUDxLPXyWQTYj4RaG/FI0g=">AAACE3icbVA9SwNBEN2LXzF+RS1tFoMQ5Qh3EtFGCNpYKhgVciHsbSbJkt27Y3dOjEf+g41/xcZCEVsbO/+Nm5jCrwcDj/dmmJkXJlIY9LwPJzc1PTM7l58vLCwuLa8UV9cuTJxqDnUey1hfhcyAFBHUUaCEq0QDU6GEy7B/PPIvr0EbEUfnOEigqVg3Eh3BGVqpVdzh5UAx7GmVJUM3iBV02fYhL9+4A/fWDZKecGmAPUC23SqWvIo3Bv1L/AkpkQlOW8X3oB3zVEGEXDJjGr6XYDNjGgWXMCwEqYGE8T7rQsPSiCkwzWz805BuWaVNO7G2FSEdq98nMqaMGajQdo7uN7+9kfif10ixc9DMRJSkCBH/WtRJJcWYjgKibaGBoxxYwrgW9lbKe0wzjjbGgg3B//3yX3KxW/Grlb2zaql2NIkjTzbIJikTn+yTGjkhp6ROOLkjD+SJPDv3zqPz4rx+teacycw6+QHn7RNGRZ0k</latexit>

Ym
l (!) = Ym

l (✓,�)

<latexit sha1_base64="VHAc7TBcDQOxOotPHcY7mXUAD3E=">AAACJnicbVDLSgNBEJyNrxhfUY9eBoOQgIRdUfQiBL14VDA+yMYwO+kkQ2Z2l5leISz7NV78FS8eFBFvfoqTmIMmKWgoqrrp7gpiKQy67peTm5tfWFzKLxdWVtfWN4qbWzcmSjSHOo9kpO8CZkCKEOooUMJdrIGpQMJt0D8f+rePoI2IwmscxNBUrBuKjuAMrdQqnvqKYU+r9D57SFXWSmVW9iMFXVahp3SWiT1Atk/9uCcqrWLJrboj0GnijUmJjHHZKr757YgnCkLkkhnT8NwYmynTKLiErOAnBmLG+6wLDUtDpsA009GbGd2zSpt2Im0rRDpS/06kTBkzUIHtHN5tJr2hOMtrJNg5aaYijBOEkP8u6iSSYkSHmdG20MBRDixhXAt7K+U9phlHm2zBhuBNvjxNbg6q3mH16OqwVDsbx5EnO2SXlIlHjkmNXJBLUiecPJEX8kbenWfn1flwPn9bc854Zpv8g/P9A5aMpmw=</latexit>
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Okay… so let’s have          just predict SH coe$cients

�(p)

<latexit sha1_base64="pxcJWXi5tbrsuRnU3gqSlICpwzk=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSLUTUmkosuiG5cV7AOaUCbTSTt0JgkzE7GE/oobF4q49Ufc+TdO2iy09cDA4Zx7uWdOkHCmtON8W2vrG5tb26Wd8u7e/sGhfVTpqDiVhLZJzGPZC7CinEW0rZnmtJdIikXAaTeY3OZ+95FKxeLoQU8T6gs8iljICNZGGtgVT7GRwDVPYD2WIktm5wO76tSdOdAqcQtShQKtgf3lDWOSChppwrFSfddJtJ9hqRnhdFb2UkUTTCZ4RPuGRlhQ5Wfz7DN0ZpQhCmNpXqTRXP29kWGh1FQEZjKPqJa9XPzP66c6vPYzFiWpphFZHApTjnSM8iLQkElKNJ8agolkJisiYywx0aausinBXf7yKulc1N1G/fK+UW3eFHWU4AROoQYuXEET7qAFbSDwBM/wCm/WzHqx3q2PxeiaVewcwx9Ynz8IZJRy</latexit>

F✓(p)

<latexit sha1_base64="7zMNvoRpI4+ntvURPjzNiaeyBIQ=">AAAB/3icbVDLSsNAFJ34rPUVFdy4CRahbkoiFV0WBXFZwT6gCWUynbRDZ5IwcyOUmIW/4saFIm79DXf+jZM2C209MHA4517umePHnCmw7W9jaXlldW29tFHe3Nre2TX39tsqSiShLRLxSHZ9rChnIW0BA067saRY+Jx2/PF17nceqFQsCu9hElNP4GHIAkYwaKlvHt70UxdGFHBWdQWGkRRpnJ32zYpds6ewFolTkAoq0OybX+4gIomgIRCOleo5dgxeiiUwwmlWdhNFY0zGeEh7moZYUOWl0/yZdaKVgRVEUr8QrKn6eyPFQqmJ8PVkHlHNe7n4n9dLILj0UhbGCdCQzA4FCbcgsvIyrAGTlACfaIKJZDqrRUZYYgK6srIuwZn/8iJpn9Wceu38rl5pXBV1lNAROkZV5KAL1EC3qIlaiKBH9Ixe0ZvxZLwY78bHbHTJKHYO0B8Ynz81kpY8</latexit>

K(p)

<latexit sha1_base64="9f8WK9EAv+NmlTJI+MFr7SvZAHg=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBItQN2VGKrosuhHcVLAPaIeSSdM2NMmMSaZQhn6HGxeKuPVj3Pk3ZtpZaOuBwOGce7knJ4g408Z1v53c2vrG5lZ+u7Czu7d/UDw8auowVoQ2SMhD1Q6wppxJ2jDMcNqOFMUi4LQVjG9TvzWhSrNQPpppRH2Bh5INGMHGSv59uSuwGSmRRLPzXrHkVtw50CrxMlKCDPVe8avbD0ksqDSEY607nhsZP8HKMMLprNCNNY0wGeMh7VgqsaDaT+ahZ+jMKn00CJV90qC5+nsjwULrqQjsZBpRL3up+J/Xic3g2k+YjGJDJVkcGsQcmRClDaA+U5QYPrUEE8VsVkRGWGFibE8FW4K3/OVV0ryoeNXK5UO1VLvJ6sjDCZxCGTy4ghrcQR0aQOAJnuEV3pyJ8+K8Ox+L0ZyT7RzDHzifP3vZke0=</latexit>

(Vector of SH coe$cients)

F✓(p)

<latexit sha1_base64="7zMNvoRpI4+ntvURPjzNiaeyBIQ=">AAAB/3icbVDLSsNAFJ34rPUVFdy4CRahbkoiFV0WBXFZwT6gCWUynbRDZ5IwcyOUmIW/4saFIm79DXf+jZM2C209MHA4517umePHnCmw7W9jaXlldW29tFHe3Nre2TX39tsqSiShLRLxSHZ9rChnIW0BA067saRY+Jx2/PF17nceqFQsCu9hElNP4GHIAkYwaKlvHt70UxdGFHBWdQWGkRRpnJ32zYpds6ewFolTkAoq0OybX+4gIomgIRCOleo5dgxeiiUwwmlWdhNFY0zGeEh7moZYUOWl0/yZdaKVgRVEUr8QrKn6eyPFQqmJ8PVkHlHNe7n4n9dLILj0UhbGCdCQzA4FCbcgsvIyrAGTlACfaIKJZDqrRUZYYgK6srIuwZn/8iJpn9Wceu38rl5pXBV1lNAROkZV5KAL1EC3qIlaiKBH9Ixe0ZvxZLwY78bHbHTJKHYO0B8Ynz81kpY8</latexit>

(We can compute                        from the coe$cients as needed)c(p,!) = c(x, y, z,�, ✓)

<latexit sha1_base64="j/5vIbUDxLPXyWQTYj4RaG/FI0g=">AAACE3icbVA9SwNBEN2LXzF+RS1tFoMQ5Qh3EtFGCNpYKhgVciHsbSbJkt27Y3dOjEf+g41/xcZCEVsbO/+Nm5jCrwcDj/dmmJkXJlIY9LwPJzc1PTM7l58vLCwuLa8UV9cuTJxqDnUey1hfhcyAFBHUUaCEq0QDU6GEy7B/PPIvr0EbEUfnOEigqVg3Eh3BGVqpVdzh5UAx7GmVJUM3iBV02fYhL9+4A/fWDZKecGmAPUC23SqWvIo3Bv1L/AkpkQlOW8X3oB3zVEGEXDJjGr6XYDNjGgWXMCwEqYGE8T7rQsPSiCkwzWz805BuWaVNO7G2FSEdq98nMqaMGajQdo7uN7+9kfif10ixc9DMRJSkCBH/WtRJJcWYjgKibaGBoxxYwrgW9lbKe0wzjjbGgg3B//3yX3KxW/Grlb2zaql2NIkjTzbIJikTn+yTGjkhp6ROOLkjD+SJPDv3zqPz4rx+teacycw6+QHn7RNGRZ0k</latexit>

Note, now the MLP is just a 
function of 3D coordinates p.
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Okay… just lets train for a bit…

Use MLP to densely sample volume 
(Find the empty space)

Note: 
implementation uses 2-level octreee

Until we know where the empty space clearly is. 

Then move to an octree representation that’s more e$cient to render from… 
With the octree structure #xed, we can continue to optimize SH coe$cients and density at leaves 
with SGD
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What just happened?
We performed initial training a la original NeRF 
Once we get a sense of the empty space, we add a traditional acceleration structure 
That structure speeds up rendering (a lot), and can even be a better structure to “#ne tune” training on, 
since MLP need not be trained to convergence

Cost? octree structure now 100’s of MBs instead of a few MBs for MLP
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Another take (by other groups)
Same idea: densely sample MLP to “bake” into sparse octree representation 
Instead of SH , MLP outputs density, di"use color, and specular (directional) “features”

v(p)

<latexit sha1_base64="Lmz3LP2d7aNnL7nIMpGX7duRcpI=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbMSEWXRTcuK9gHtEPJpJk2NMkMSaZQxln4K25cKOLW33Dn35hpR9DWA4HDOfdyT44fMaq043xZhZXVtfWN4mZpa3tnd8/eP2ipMJaYNHHIQtnxkSKMCtLUVDPSiSRB3Gek7Y9vMr89IVLRUNzraUQ8joaCBhQjbaS+fdTjSI8kTyZp5YdG6VnfLjtVZwa4TNyclEGORt/+7A1CHHMiNGZIqa7rRNpLkNQUM5KWerEiEcJjNCRdQwXiRHnJLH8KT40ygEEozRMaztTfGwniSk25byaziGrRy8T/vG6sgysvoSKKNRF4fiiIGdQhzMqAAyoJ1mxqCMKSmqwQj5BEWJvKSqYEd/HLy6R1XnVr1Yu7Wrl+nddRBMfgBFSACy5BHdyCBmgCDB7AE3gBr9aj9Wy9We/z0YKV7xyCP7A+vgGhCZaA</latexit>

�(p)

<latexit sha1_base64="pxcJWXi5tbrsuRnU3gqSlICpwzk=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSLUTUmkosuiG5cV7AOaUCbTSTt0JgkzE7GE/oobF4q49Ufc+TdO2iy09cDA4Zx7uWdOkHCmtON8W2vrG5tb26Wd8u7e/sGhfVTpqDiVhLZJzGPZC7CinEW0rZnmtJdIikXAaTeY3OZ+95FKxeLoQU8T6gs8iljICNZGGtgVT7GRwDVPYD2WIktm5wO76tSdOdAqcQtShQKtgf3lDWOSChppwrFSfddJtJ9hqRnhdFb2UkUTTCZ4RPuGRlhQ5Wfz7DN0ZpQhCmNpXqTRXP29kWGh1FQEZjKPqJa9XPzP66c6vPYzFiWpphFZHApTjnSM8iLQkElKNJ8agolkJisiYywx0aausinBXf7yKulc1N1G/fK+UW3eFHWU4AROoQYuXEET7qAFbSDwBM/wCm/WzHqx3q2PxeiaVewcwx9Ynz8IZJRy</latexit>

F✓(p)

<latexit sha1_base64="7zMNvoRpI4+ntvURPjzNiaeyBIQ=">AAAB/3icbVDLSsNAFJ34rPUVFdy4CRahbkoiFV0WBXFZwT6gCWUynbRDZ5IwcyOUmIW/4saFIm79DXf+jZM2C209MHA4517umePHnCmw7W9jaXlldW29tFHe3Nre2TX39tsqSiShLRLxSHZ9rChnIW0BA067saRY+Jx2/PF17nceqFQsCu9hElNP4GHIAkYwaKlvHt70UxdGFHBWdQWGkRRpnJ32zYpds6ewFolTkAoq0OybX+4gIomgIRCOleo5dgxeiiUwwmlWdhNFY0zGeEh7moZYUOWl0/yZdaKVgRVEUr8QrKn6eyPFQqmJ8PVkHlHNe7n4n9dLILj0UhbGCdCQzA4FCbcgsvIyrAGTlACfaIKJZDqrRUZYYgK6srIuwZn/8iJpn9Wceu38rl5pXBV1lNAROkZV5KAL1EC3qIlaiKBH9Ixe0ZvxZLwY78bHbHTJKHYO0B8Ynz81kpY8</latexit>

c(p)

<latexit sha1_base64="uCAmF8nSN7bSu4UkPCfxsrqrJu8=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1iEuimJVHRZdOOygn1AG8pkOmmHTiZhZiKU2IW/4saFIm79DXf+jZM2grYeGDiccy/3zPFjzpR2nC9raXlldW29sFHc3Nre2bX39psqSiShDRLxSLZ9rChngjY005y2Y0lx6HPa8kfXmd+6p1KxSNzpcUy9EA8ECxjB2kg9+7AbYj2UYUom5R8aT057dsmpOFOgReLmpAQ56j37s9uPSBJSoQnHSnVcJ9ZeiqVmhNNJsZsoGmMywgPaMVTgkCovneafoBOj9FEQSfOERlP190aKQ6XGoW8ms4hq3svE/7xOooNLL2UiTjQVZHYoSDjSEcrKQH0mKdF8bAgmkpmsiAyxxESbyoqmBHf+y4ukeVZxq5Xz22qpdpXXUYAjOIYyuHABNbiBOjSAwAM8wQu8Wo/Ws/Vmvc9Gl6x85wD+wPr4BoNGlm0=</latexit>

“Volume render” both the di"use colors and the features, and use one MLP eval at the end 
to turn the di"use color and features into a #nal color 
- Note: now 1 MLP eval per ray, instead of per step
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Finally…back to where we began.
Start with a dense 3D grid of SH coe$cients, learn that at low resolution 
Now move to a sparse higher resolution representation 
Directly optimize for opacities and SH coe$cients using di"erentiable volume rendering 

No neural networks. Just optimizing the octree representation of baked SH lighting
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Light probe locations in a game
Here: SH probes sampled on a uniform grid
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Finally…back to where we began.
Start with a dense 3D grid of SH coe$cients, learn that at low 
resolution 
Now move to a sparse higher resolution representation 
Directly optimize for opacities and SH coe$cients using 
di"erentiable volume rendering 
No neural networks. Just optimizing the octree representation of 
baked SH lighting 

Takeaway: conventional computer graphics representations are 
*much* more e$cient representations to learn on.  



Stanford CS348K, Spring 2022

What have we learned?
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Let’s talk a little “traditional” 3D graphics…
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Reminder: what is an “architecture”?

(not distinguishing between software or hardware architecture)
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A system architecture is an abstraction
Entities (state) 
- Registers, bu"ers, vectors, triangles, lights, pixels, images 

Operations (that manipulate state) 
- Add two registers, copy bu"ers, multiply vectors, blur images, draw triangles 

Mechanisms for creating/destroying entities, expressing operations 
- Execute machine instruction, make API call, express logic in a programming language

Notice the di"erent levels of granularity/abstraction in my examples 
Key course theme: choosing the right level of abstraction for system’s needs 

Decision impacts system’s expressiveness/scope and potential for e$cient implementation
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Example: x86 architecture?
State: 
- Maintained by execution context (registers, PC, VM mappings, etc.) 
- Contents of memory 

Operations: 
- x86 instructions (privileged and non-privileged)
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The 3D rendering task

Image credit: Henrik Wann Jensen

Input: description of a scene 
3D surface geometry (e.g., triangle meshes) 

surface materials 
lights 

camera 

Output: image 

Problem statement: Determine how each geometric element contributes to the appearance of each output 
pixel in the image, given a description of a scene’s surface properties and lighting conditions?
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Goal: render high complexity 3D scenes, in real-time
- 100’s of thousands to millions of triangles in a scene 
- Complex material, lighting, and animation computations 
- High-resolution screen outputs (2-4 Mpixel + supersampling)  
- 30-60 fps
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Graphics pipeline implementation: GPUs
Specialized processors for executing graphics pipeline computations

Discrete GPU card 
(NVIDIA GeForce Titan X) 

Integrated GPU: part of modern Intel CPU die 
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The real-time graphics pipeline architecture

(GPU-accelerated OpenGL/D3D graphics pipeline, from a systems perspective)

The graphics pipeline is an architecture for driving modern GPU execution 

(Note to CUDA programmers: graphics pipeline was the original interface to GPU hardware. Compute 
mode execution came later…)
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Real-time graphics pipeline entities

Vertices Primitives 
(triangles, points, lines)

Fragments Pixels

1

2

3

4
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Real-time graphics pipeline operations

Primitive Generation

Vertex Generation

Vertex Processing

Fragment Generation 
(Rasterization)

Fragment Processing

Pixel Operations

Primitive Processing

Vertex stream

Vertex stream

Primitive stream

Primitive stream

Fragment stream

Fragment stream

Vertices

Primitives

Fragments

Pixels

Triangles positioned on screen

Fragments (one per pixel covered by triangle *)

Shaded fragments

Output image (pixels)

Vertices in positioned on screen

Vertices in 3D space1

2

3
4

* Imprecise de#nition: will give precise de#nition in later lecture  
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Real-time graphics pipeline state

Primitive Generation

Vertex Generation

Fragment Generation 
(Rasterization)

Pixel Operations

Output image bu"er

Vertex stream

Vertex stream

Primitive stream

Primitive stream

Fragment stream

Fragment stream

Vertices

Primitives

Fragments

Pixels

Vertex data bu"ers1

2

3
4

Memory Bu"ers (system state)

Bu"ers, textures

Bu"ers, textures

Bu"ers, textures

Vertex Processing

Fragment Processing

Primitive Processing
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Issues to keep in mind during this overview*
Level of abstraction 

Orthogonality of abstractions 

How is the pipeline designed for performance/scalability? 

What the pipeline does and DOES NOT do

* These are great questions to ask yourself about any system you study
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The graphics pipeline

Primitive Generation

Vertex Generation

Vertex Processing

Rasterization 
(Fragment Generation)

Fragment Processing

Frame-Bu"er Ops

Primitive Processing

Vertices

Primitives

Fragments

Pixels

Output image bu"er

Memory
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Surface geometry representation: triangles

(-1, -1, -1) (1, -1, -1)

(1, -1, 1)(-1, -1, 1)

(1, 1, -1)

(1, 1, 1)

(-1, 1, -1)

(-1, 1, 1)
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Texture mapping adds detail to surface

Pattern on ball Wood grain on %oor
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Describe surface material properties

Multiple layers of texture maps for color, logos, scratches, etc.
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Layered material 
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Texture mapping adds detail
Sample texture map at speci#ed location in texture coordinate space to 

determine the surface’s color at the corresponding point on surface.

u

v
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Representing surface detail: texture

myTex(u,v) is a function 
de#ned on the [0,1]2 domain 
(represented by 2048x2048 image)

“Texture coordinates” de#ne a mapping from surface coordinates (points on triangle) to points in texture domain.

(We’ll assume surface-to-texture space mapping is provided as per vertex values)

(0.0, 0.0) (1.0, 0.0)

(1.0, 1.0)(0.0, 1.0)

Two triangles (one face of cube) with surface 
parameterization provided as per-vertex 
texture coordinates.

Final rendered result (entire cube 
shown). 

Location of triangle after projection 
onto screen shown in red. 

Location of highlighted triangle 
in texture space shown in red.
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Texture coordinate visualization 
De#nes mapping from point on surface to point (uv) in texture domain

Red channel = u, Green channel = v  
So uv=(0,0) is black, uv=(1,1) is yellow

(0,0)

(1,1)

Texture map



Stanford CS348K, Spring 2022

Rendered result

(0,0)

(1,1)

Texture map
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Command: draw these triangles!

list_of_positions = { 

    v0x, v0y, v0z,  
    v1x, v1y, v1x, 
    v2x, v2y, v2z, 
    v3x, v3y, v3x, 
    v4x, v4y, v4z, 
    v5x, v5y, v5x   }; 

list_of_texcoords = { 

    v0u, v0v,  
    v1u, v1v, 
    v2u, v2v, 
    v3u, v3v, 
    v4u, v4v, 
    v5u, v5v   }; Texture map

Size of output image  (W, H)

Object-to-camera-space transform:

Lecture 5 Math

d

w
(x, y) = Ax+By + C

⇥
p0x p0y

⇤T
, d0

⇥
p1x p1y

⇤T
, d1

⇥
p2x p2y

⇤T
, d2

Not premultiplied:
C = ↵BB + (1� ↵B)↵AA

C =
1

↵C
(↵BB + (1� ↵B)↵AA)

↵C = ↵B + (1� ↵B)↵A

A =
⇥
Ar Ag Ab

⇤T

B =
⇥
Br Bg Bb

⇤T

Premultiplied:
C 0 = B + (1� ↵B)A

A0 =
⇥
↵AAr ↵AAg ↵AAb ↵A

⇤T

B0 =
⇥
↵BBr ↵BBg ↵BBb ↵B

⇤T

C =
⇥
0.75 0 0

⇤T

↵C = 0.75

T = P

Perspective projection transform

Lecture 5 Math

d

w
(x, y) = Ax+By + C

⇥
p0x p0y

⇤T
, d0

⇥
p1x p1y

⇤T
, d1

⇥
p2x p2y

⇤T
, d2

Not premultiplied:
C = ↵BB + (1� ↵B)↵AA

C =
1

↵C
(↵BB + (1� ↵B)↵AA)

↵C = ↵B + (1� ↵B)↵A

A =
⇥
Ar Ag Ab

⇤T

B =
⇥
Br Bg Bb

⇤T

Premultiplied:
C 0 = B + (1� ↵B)A

A0 =
⇥
↵AAr ↵AAg ↵AAb ↵A

⇤T

B0 =
⇥
↵BBr ↵BBg ↵BBb ↵B

⇤T

C =
⇥
0.75 0 0

⇤T

↵C = 0.75

T = P

Use depth test /update depth bu"er: YES!

Inputs:
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Constructing (“assembling”) vertices

Vertex Generation

Vertex Processing

V0 V1 VN-1

glBindBuffer(GL_ARRAY_BUFFER, my_vtx_buffer); 
glDrawArrays(GL_TRIANGLES, 0, N); 

glBindBuffer(GL_ARRAY_BUFFER, my_vtx_buffer); 
glDrawElements(GL_TRIANGLES, 6, GL_UNSIGNED_INT,                      
               my_vtx_indices); 

V0 V1 VN-1

1 3 2 1 5 6

Indexed access version (“gather”)

Contiguous version data version

my_vtx_bu"er

my_vtx_indices

my_vtx_bu"er

Vertex records
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Constructing (“assembling”) vertices

Vertex Generation

Vertex Processing

XYZ0 XYZ1 XYZN-1

Contiguous vertex bu"er

UV0 UV1 UVN-1

N0 N1 NN-1

Output of vertex generation is a collection of vertex records.

Vertex records
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What the vertex processing stage does
Objects and the camera in 3D world coordinates

z
x

y
z
x

y

Position of objects is now 
relative to location of camera 

Project objects onto 
normalized 2D screen 

coordinates

(-1, -1)

(1, 1)

Transform triangle vertices from their original coordinates into camera space coordinates
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Vertex processing: inputs

Vertex Generation

Vertex Processing

Memory

Uniform 
data

Uniform data: constant read-only data provided as 
input to every instance of the vertex shader 
e.g., object-to-clip-space vertex transform matrix

Vertex processing operates on a stream of 
vertex records + read-only “uniform” inputs.

Vertex records
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Vertex processing: inputs and outputs

Vertex Processing

Memory

Uniform 
data

struct input_vertex { 
   float3 pos;  // object space  
}; 

struct output_vertex { 
   float3 pos; // NDC space 
}; 

uniform mat4 my_transform;   // P * T 

output_vertex my_vertex_program(input_vertex in) { 
    output_vertex out; 
    out.pos = my_transform * in.pos; // matrix-vector mult 
    return out; 
}

(* Note: this is pseudocode, not valid GLSL syntax)

Vertex Shader Program *

1 input vertex              1 output vertex 
independent processing of each vertex
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Another per-vertex computation: lighting

Input per-vertex data: surface normal, surface color

Input uniform data: light direction, light color

Per-vertex lighting computation Per-vertex normal computation, per pixel lighting
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Another per-vertex computation: skeletal animation via “skinning”

Image credit: http://www.okino.com/conv/skinning.htm

Input per-vertex data: base vertex position (Vbase) + blend coe$cients (wb) 

Input: uniform data: “bone” matrices (Mb) for current animation frame
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Primitive generation: group vertices into primitives

Primitive Generation

Vertex Generation

Vertex Processing

Rasterization 
(Fragment Generation)

Fragment Processing

Frame-Bu"er Ops

Primitive Processing

Vertices

Primitives

Fragments

Pixels

Output image bu"er

Memory

Uniform 
data

1 in / 1 out

3 in / 1 out 
(for tris)
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Programmable primitive processing *

Primitive Generation

Vertex Generation

Vertex Processing

Primitive Processing

Memory

Uniform 
data

Uniform 
data

input vertices for 1 prim               output vertices for N prims ** 
independent processing of each INPUT primitive

** Pipeline caps output at 1024 %oats of output

* “Geometry shader” in OpenGL/Direct3D terminology
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Primitive processing: clipping
Discard triangles that lie complete outside the unit cube (culling) 
- They are o" screen, don’t bother processing them further 
Clip triangles that extend beyond the unit cube to the cube 
- Note: clipping may create more triangles 

z

x

y

(-1,-1,-1)

(1, 1, 1)

x2D =
⇥
xx/�xz xy/�xz

⇤T

tan(✓/2)

aspect⇥ tan(✓/2)

x1 � x2 � x3 � x4 � x5 � x6 � x7 � x8

tan(✓/2)

aspect

2

x2D =
⇥
xx/�xz xy/�xz

⇤T

tan(✓/2)

aspect⇥ tan(✓/2)

x1 � x2 � x3 � x4 � x5 � x6 � x7 � x8

tan(✓/2)

aspect

2

x2D =
⇥
xx/�xz xy/�xz

⇤T

tan(✓/2)

aspect⇥ tan(✓/2)

x1 � x2 � x3 � x4 � x5 � x6 � x7 � x8

tan(✓/2)

aspect

2

x2D =
⇥
xx/�xz xy/�xz

⇤T

tan(✓/2)

aspect⇥ tan(✓/2)

x1 � x2 � x3 � x4 � x5 � x6 � x7 � x8

tan(✓/2)

aspect

2

x2D =
⇥
xx/�xz xy/�xz

⇤T

tan(✓/2)

aspect⇥ tan(✓/2)

x1 � x2 � x3 � x4 � x5 � x6 � x7 � x8

tan(✓/2)

aspect

2

x2D =
⇥
xx/�xz xy/�xz

⇤T

tan(✓/2)

aspect⇥ tan(✓/2)

x1 � x2 � x3 � x4 � x5 � x6 � x7 � x8

tan(✓/2)

aspect

2

x2D =
⇥
xx/�xz xy/�xz

⇤T

tan(✓/2)

aspect⇥ tan(✓/2)

x1 � x2 � x3 � x4 � x5 � x6 � x7 � x8

tan(✓/2)

aspect

2

z

x

y

(-1,-1,-1)

(1, 1, 1)

x2D =
⇥
xx/�xz xy/�xz

⇤T

tan(✓/2)

aspect⇥ tan(✓/2)

x1 � x2 � x3 � x4 � x5 � x6 � x7 � x8

tan(✓/2)

aspect

2

x2D =
⇥
xx/�xz xy/�xz

⇤T

tan(✓/2)

aspect⇥ tan(✓/2)

x1 � x2 � x3 � x4 � x5 � x6 � x7 � x8

tan(✓/2)

aspect

2

x2D =
⇥
xx/�xz xy/�xz

⇤T

tan(✓/2)

aspect⇥ tan(✓/2)

x1 � x2 � x3 � x4 � x5 � x6 � x7 � x8

tan(✓/2)

aspect

2

x2D =
⇥
xx/�xz xy/�xz

⇤T

tan(✓/2)

aspect⇥ tan(✓/2)

x1 � x2 � x3 � x4 � x5 � x6 � x7 � x8

tan(✓/2)

aspect

2

x2D =
⇥
xx/�xz xy/�xz

⇤T

tan(✓/2)

aspect⇥ tan(✓/2)

x1 � x2 � x3 � x4 � x5 � x6 � x7 � x8

tan(✓/2)

aspect

2

x2D =
⇥
xx/�xz xy/�xz

⇤T

tan(✓/2)

aspect⇥ tan(✓/2)

x1 � x2 � x3 � x4 � x5 � x6 � x7 � x8

tan(✓/2)

aspect

2

x2D =
⇥
xx/�xz xy/�xz

⇤T

tan(✓/2)

aspect⇥ tan(✓/2)

x1 � x2 � x3 � x4 � x5 � x6 � x7 � x8

tan(✓/2)

aspect

2

Triangles before clipping Triangles after clipping
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Transform to screen coordinates
Transform vertex xy positions from normalized coordinates into screen coordinates 
(based on screen w,h)

(0, 0)

(w, h)
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The graphics pipeline

Primitive Generation

Vertex Generation

Vertex Processing

Rasterization 
(Fragment Generation)

Fragment Processing

Frame-Bu"er Ops

Primitive Processing

Vertices

Primitives

Fragments

Pixels

Memory

Uniform 
data

1 in / 1 out

3 in / 1 out 
(for tris)

Uniform 
data1 in / small N out

Output image bu"er
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Rasterization (fragment generation)

Primitive Generation

Vertex Generation

Vertex Processing

Rasterization 
(Fragment Generation)

Primitive Processing

1 input prim            N output fragments 

N is unbounded 
(size of triangles varies greatly)

struct fragment      // note similarity to output_vertex from before 
{ 
   float  x,y;       // screen pixel coordinates (sample point location) 
   float  z;         // depth of triangle at sample point 

   float3 normal;    // interpolated application-defined attribs          
   float2 texcoord;  // (e.g., texture coordinates, surface normal) 
}; 
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Rasterization (fragment generation)

Primitive Generation

Vertex Generation

Vertex Processing

Rasterization 
(Fragment Generation)

Primitive Processing

Compute covered pixels 
Sample vertex attributes once per covered pixel

struct fragment      // note similarity to output_vertex from before 
{ 
   float  x,y;       // screen pixel coordinates (sample point location) 
   float  z;         // depth of triangle at sample point 

   float3 normal;    // interpolated application-defined attribs          
   float2 texcoord;  // (e.g., texture coordinates, surface normal) 

} 
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Drawing a triangle by 2D sampling
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Sample coverage at pixel centers



Stanford CS348K, Spring 2022

Sample coverage at pixel centers
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The graphics pipeline

Primitive Generation

Vertex Generation

Vertex Processing

Rasterization 
(Fragment Generation)

Fragment Processing

Frame-Bu"er Ops

Primitive Processing

Vertices

Primitives

Fragments

Pixels

screen space

Object/world/camera space

Output image bu"er
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The graphics pipeline

Primitive Generation

Vertex Generation

Vertex Processing

Rasterization 
(Fragment Generation)

Fragment Processing

Frame-Bu"er Ops

Primitive Processing

Vertices

Primitives

Fragments

Pixels

Memory

Uniform 
data

1 in / 1 out

3 in / 1 out 
(for tris)

Uniform 
data1 in / small N out

1 in / N out

Output image bu"er
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Fragment processing

Fragment Processing

Memory

Uniform 
data

struct input_fragment 
{ 
   float  x,y;   
   float  z;     
   float3 normal;              
   float2 texcoord;  
};

struct output_fragment 
{ 
   int    x,y; // pixel   
   float  z;     
   float4 color;               
}; 

Texture Bu"er 0

Texture Bu"er N

. . . 

texture my_texture; 

output_fragment my_fragment_program(input_fragment in) 
{ 
    output_fragment out; 
    float4 material_color = sample(my_texture, in.texcoord); 

    for (each light L in scene) 
    { 
        out.color += shade(L) // compute reflectance towards camera due to L 
    } 
    return out; 
}
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Example per-fragment operation: computing fragment color
e.g., sample texture map

u

vu(x,y), v(x,y)
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Many di"erent materials in the world

Images from Matusik et al. SIGGRAPH 2003 

Tabulated BRDFs
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Materials

[Image credit: Jakob et al. 2014]
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More complex materials

[Images from Lafortune et al. 97]

Fresnel re%ection: re%ectance is a function of viewing angle (notice higher re%ectance near grazing angles) 

[Images from Westin et al. 92] 

Anisotropic re%ection: re%ectance depends on azimuthal angle 
(e.g., oriented microfacets in brushed steel) 

Isotropic Anisotropic
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The graphics pipeline

Primitive Generation

Vertex Generation

Vertex Processing

Rasterization 
(Fragment Generation)

Fragment Processing

Frame-Bu"er Ops

Primitive Processing

Vertices

Primitives

Fragments

Pixels

Memory

1 in / 1 out

3 in / 1 out 
(for tris)

1 in / small N out

1 in / N out

** 1 in / 1 out Uniform 
data

Texture 
bu"ers

Uniform 
data

Texture 
bu"ers

Uniform 
data

Texture 
bu"ers

** can be 0 out

Output image bu"er
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Frame-bu"er operations

Key responsibilities: 
- Accumulate/blend fragment color into frame bu"er based on “depth test” 

Pixel Operations

Frame Bu"er

Memorystruct output_fragment 
{ 
   int    x,y;   
   float  z;     
   float4 color;               
}; 



Stanford CS348K, Spring 2022

Occlusion: which triangle is visible at each covered 
sample point? 

Opaque Triangles
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Depth bu"er (aka “Z bu"er”)

Depth bu"er: 
(stores depth per sample) 

Stores depth of closest surface drawn so far 
black = close depth 
white = far depth

Color bu"er: 
(stores color per sample… 
e.g., RGB)
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Depth bu"er (a better look)

Color bu"er
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Depth bu"er (a better look)

Corresponding depth bu"er (after rendering all triangles)
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Occlusion using the depth bu"er 
(opaque surfaces)
bool pass_depth_test(d1, d2) { 
   return d1 < d2;    
}  

depth_test(tri_d, tri_color, x, y) { 

  if (pass_depth_test(tri_d, depth_buffer[x][y]) { 

    // triangle is closest object seen so far at this 
    // sample point. Update depth and color buffers.   

    depth_buffer[x][y] = tri_d;   // update depth_buffer 
    color[x][y] = tri_color;      // update color buffer 
  } 
} 
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Summary: occlusion using a depth bu"er
Store one depth value per coverage sample (not per pixel!) 

Constant space per sample 
- Implication: constant space for depth bu"er 

Constant time occlusion test per covered sample 
- Read-modify write of depth bu"er if “pass” depth test 
- Just a read if “fail”  

Not speci#c to triangles: only requires that surface depth can be evaluated at a screen sample 
point
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Frame-bu"er operations (full view)

Stencil Bu"er

Memorystruct output_fragment 
{ 
   int    x,y;   
   float  z;     
   float4 color;               
}; 

Alpha Test

Stencil test

Depth test

Update target

Z Bu"er

Color Bu"er 0

Color Bu"er N

. . . 

if (fragment.z < zbuffer[fragment.x][fragment.y]) 
{ 
    zbuffer[fragment.x][fragment.y] = fragment.z; 
    color_buffer[fragment.x][fragment.y] = blend(color_buffer[fragment.x][fragment.y], fragment.color); 
} 

Depth test (hidden surface removal)
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The graphics pipeline

Primitive Generation

Vertex Generation

Vertex Processing

Rasterization 
(Fragment Generation)

Fragment Processing

Frame-Bu"er Ops

Primitive Processing

Vertices

Primitives

Fragments

Pixels

Memory

1 in / 1 out

3 in / 1 out 
(for tris)

1 in / small N out

1 in / N out

1 in / 1 out Uniform 
data

Texture 
bu"ers

Uniform 
data

Texture 
bu"ers

Uniform 
data

Texture 
bu"ers

1 in / 0 or 1 out Output image bu"er
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Programming the graphics pipeline
Issue draw commands                     output image contents change

Bind shaders, textures, uniforms
Draw using vertex bu"er for object 1
Bind new uniforms
Draw using vertex bu"er for object 2 
Bind new shader
Draw using vertex bu"er for object 3 

CommandCommand Type

State change

Change depth test function 
Bind new shader 
Draw using vertex bu"er for object 4 

Draw
State change
Draw
State change
Draw
State change
State change
Draw

Note: e$ciently managing stage changes is a major challenge in implementations
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A series of graphics pipeline commands

State change  (set “red” shader)

Draw

State change  (set “blue” shader)

State change (change blend mode)

State change (set “yellow” shader

Draw

Draw

Draw

Draw
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Feedback loop 1: use output image as input texture in later draw command

Bind contents of output image as texture 1
Draw using vertex bu"er for object 5
Draw using vertex bu"er for object 6 

CommandCommand Type

State change
Draw
Draw

. . . 

Rendering to textures for later use is key technique when implementing: 
- Shadows 
- Environment mapping 
- Post-processing e"ects

Draw using vertex bu"er for object 5Draw
Draw using vertex bu"er for object 6 Draw

Issue draw commands                     output image contents change
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Feedback loop 2: output intermediate geometry for use in later 
draw command

Primitive Generation

Vertex Generation

Vertex Processing

Primitive Processing

Vertices

Primitives

Memory

1 in / 1 out

3 in / 1 out 
(for tris)

1 in / small N out
Uniform 

data
Texture 
bu"ers

Uniform 
data

Texture 
bu"ers

Output vertex bu"er

Issue draw commands                     emit geometry bu"ers
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Analyzing the design of the graphics pipeline
Level of abstraction 

Orthogonality of abstractions 

How is pipeline designed for performance/scalability? 

What the pipeline does and DOES NOT do

* These are great questions to ask yourself about any system we discuss in this course
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Level of abstraction
Imperative abstraction, not declarative 
- Application code speci#es: “draw these triangles, using this fragment shader, with depth testing on”.  
- It does not specify: “draw a cow made of marble on a sunny day” 

Programmable stages provide application large amount of %exibility 
(e.g., to implement wide variety of materials and lighting techniques) 

Con#gurable (but not programmable) pipeline structure: application can turn stages on and o", create 
feedback loops 

Abstraction is low enough to allow application to implement many techniques, but high enough to abstract 
over radically di"erent GPU implementations (NVIDIA, AMD, Intel GPUs, mobile GPUs, etc.)
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Orthogonality of abstractions
All vertices treated the same regardless of primitive type 
- Result: vertex programs are oblivious to primitive types 
- The same vertex program works for triangles and lines 

All primitives are converted into fragments for per-pixel shading and frame-bu"er operations 
- Fragment programs are oblivious to source primitive type and the behavior of the vertex program * 

- Z-bu"er is a common representation used to perform occlusion for any primitive that can be converted into 
fragments

* Almost oblivious.  Vertex shader must make sure it passes along all inputs required by the fragment shader
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What the pipeline DOES NOT do (non-goals)
Modern graphics pipeline has no concept of lights, materials, geometric modeling 
transforms 
- Only streams of records processed by application de#ned kernels: vertices, primitives, fragments, pixels 
- And pipeline state (input/output bu"ers, “shaders”, and #xed-function con#guration parameters) 
- Applications implement lights, materials, etc. using these basic abstractions 

The graphics pipeline has no concept of a scene 

It is just a virtual machine that executes pipeline state change and primitive drawing 
commands
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Pipeline design facilitates performance/scalability
[Reasonably] low level: low abstraction distance to implementation 
Constraints on pipeline structure: 
- Constrained data %ow between stages 
- Fixed-function stages for common and di$cult to parallelize tasks 
- Shaders: independent processing of each data element (enables data parallelism) 

Provide frequencies of computation (per vertex, per primitive, per fragment) 
- Application can choose to perform work at the rate required 

Keep it simple: 
- Only a few common intermediate representations 

- Triangles, points, lines 
- Fragments, pixels 

- Z-bu"er algorithm computes visibility for any primitive type 
“Immediate-mode system”: pipeline processes primitives as it receives them 

(as opposed to bu"ering the entire scene) 
- Leave global optimization of how to render scene to the application
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Perspective from OpenGL designer Kurt Akeley
Does the system meet original design goals, and then do much more than was originally 
imagined? 

If so, the design is a good one! 
- Simple, orthogonal concepts often produce this ampli#er e"ect 


