
<latexit sha1_base64="9RH/dQ8q3LUhemGQuCtyCn9Aq98=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0Wom5KIr2XRjcsK9gFNCJPppB06eTBzI9ZQ/BU3LhRx63+482+ctFlo64GBwzn3cs8cPxFcgWV9GwuLS8srq6W18vrG5ta2ubPbUnEqKWvSWMSy4xPFBI9YEzgI1kkkI6EvWNsfXud++55JxePoDkYJc0PSj3jAKQEteeZ+4DkwYECqTkhg4AfZw/jYMytWzZoAzxO7IBVUoOGZX04vpmnIIqCCKNW1rQTcjEjgVLBx2UkVSwgdkj7rahqRkCk3m6Qf4yOt9HAQS/0iwBP190ZGQqVGoa8n84hq1svF/7xuCsGlm/EoSYFFdHooSAWGGOdV4B6XjIIYaUKo5DorpgMiCQVdWFmXYM9+eZ60Tmr2ee3s9rRSvyrqKKEDdIiqyEYXqI5uUAM1EUWP6Bm9ojfjyXgx3o2P6eiCUezsoT8wPn8AfPeVQw==</latexit>

f✓(x)
<latexit sha1_base64="WhDBrc9jD0EhhIFkdKuQB94MAws=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1l047KCfcB0KJk004ZmkiG5I5ahn+HGhSJu/Rp3/o2ZdhbaeiBwOOdecu4JE8ENuO63U1pZXVvfKG9WtrZ3dveq+wdto1JNWYsqoXQ3JIYJLlkLOAjWTTQjcShYJxzf5n7nkWnDlXyAScKCmAwljzglYCW/FxMYhVH2NK30qzW37s6Al4lXkBoq0OxXv3oDRdOYSaCCGON7bgJBRjRwKti00ksNSwgdkyHzLZUkZibIZpGn+MQqAxwpbZ8EPFN/b2QkNmYSh3Yyj2gWvVz8z/NTiK6DjMskBSbp/KMoFRgUzu/HA64ZBTGxhFDNbVZMR0QTCralvARv8eRl0j6re5f1i/vzWuOmqKOMjtAxOkUeukINdIeaqIUoUugZvaI3B5wX5935mI+WnGLnEP2B8/kDOOSROg==</latexit>x

<latexit sha1_base64="NDPkfu+WvQlUiMxpgGXDlM+XvRw=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsK9oFtKZk004ZmMkNyRyhD/8KNC0Xc+jfu/Bsz7Sy09UDgcM695Nzjx1IYdN1vp7Cyura+UdwsbW3v7O6V9w+aJko04w0WyUi3fWq4FIo3UKDk7VhzGvqSt/zxbea3nrg2IlIPOIl5L6RDJQLBKFrpsRtSHPlBqqb9csWtujOQZeLlpAI56v3yV3cQsSTkCpmkxnQ8N8ZeSjUKJvm01E0Mjykb0yHvWKpoyE0vnSWekhOrDEgQafsUkpn6eyOloTGT0LeTWUKz6GXif14nweC6lwoVJ8gVm38UJJJgRLLzyUBozlBOLKFMC5uVsBHVlKEtqWRL8BZPXibNs6p3Wb24P6/UbvI6inAEx3AKHlxBDe6gDg1goOAZXuHNMc6L8+58zEcLTr5zCH/gfP4A8UeRHA==</latexit>n

First Intersection

Surface Normal

Geometry Network

<latexit sha1_base64="/23tWWxXPXRnCuiZj/yXw4eOQek=">AAAB+nicbVDLSsNAFL2pr1pfqS7dBIvgqiTia1l047JKX9CEMJlO2qGTSZiZKCX2U9y4UMStX+LOv3HSZqGtBwYO59zLPXOChFGpbPvbKK2srq1vlDcrW9s7u3tmdb8j41Rg0sYxi0UvQJIwyklbUcVILxEERQEj3WB8k/vdByIkjXlLTRLiRWjIaUgxUlryzaobITUKwux+6rutEVHIN2t23Z7BWiZOQWpQoOmbX+4gxmlEuMIMSdl37ER5GRKKYkamFTeVJEF4jIakrylHEZFeNos+tY61MrDCWOjHlTVTf29kKJJyEgV6Mg8qF71c/M/rpyq88jLKk1QRjueHwpRZKrbyHqwBFQQrNtEEYUF1VguPkEBY6bYqugRn8cvLpHNady7q53dntcZ1UUcZDuEITsCBS2jALTShDRge4Rle4c14Ml6Md+NjPloyip0D+APj8wd6pJQo</latexit>

R⇥

Ray Bending Network

<latexit sha1_base64="9RH/dQ8q3LUhemGQuCtyCn9Aq98=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0Wom5KIr2XRjcsK9gFNCJPppB06eTBzI9ZQ/BU3LhRx63+482+ctFlo64GBwzn3cs8cPxFcgWV9GwuLS8srq6W18vrG5ta2ubPbUnEqKWvSWMSy4xPFBI9YEzgI1kkkI6EvWNsfXud++55JxePoDkYJc0PSj3jAKQEteeZ+4DkwYECqTkhg4AfZw/jYMytWzZoAzxO7IBVUoOGZX04vpmnIIqCCKNW1rQTcjEjgVLBx2UkVSwgdkj7rahqRkCk3m6Qf4yOt9HAQS/0iwBP190ZGQqVGoa8n84hq1svF/7xuCsGlm/EoSYFFdHooSAWGGOdV4B6XjIIYaUKo5DorpgMiCQVdWFmXYM9+eZ60Tmr2ee3s9rRSvyrqKKEDdIiqyEYXqI5uUAM1EUWP6Bm9ojfjyXgx3o2P6eiCUezsoT8wPn8AfPeVQw==</latexit>

f✓(x)

<latexit sha1_base64="WhDBrc9jD0EhhIFkdKuQB94MAws=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1l047KCfcB0KJk004ZmkiG5I5ahn+HGhSJu/Rp3/o2ZdhbaeiBwOOdecu4JE8ENuO63U1pZXVvfKG9WtrZ3dveq+wdto1JNWYsqoXQ3JIYJLlkLOAjWTTQjcShYJxzf5n7nkWnDlXyAScKCmAwljzglYCW/FxMYhVH2NK30qzW37s6Al4lXkBoq0OxXv3oDRdOYSaCCGON7bgJBRjRwKti00ksNSwgdkyHzLZUkZibIZpGn+MQqAxwpbZ8EPFN/b2QkNmYSh3Yyj2gWvVz8z/NTiK6DjMskBSbp/KMoFRgUzu/HA64ZBTGxhFDNbVZMR0QTCralvARv8eRl0j6re5f1i/vzWuOmqKOMjtAxOkUeukINdIeaqIUoUugZvaI3B5wX5935mI+WnGLnEP2B8/kDOOSROg==</latexit>x

<latexit sha1_base64="NDPkfu+WvQlUiMxpgGXDlM+XvRw=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsK9oFtKZk004ZmMkNyRyhD/8KNC0Xc+jfu/Bsz7Sy09UDgcM695Nzjx1IYdN1vp7Cyura+UdwsbW3v7O6V9w+aJko04w0WyUi3fWq4FIo3UKDk7VhzGvqSt/zxbea3nrg2IlIPOIl5L6RDJQLBKFrpsRtSHPlBqqb9csWtujOQZeLlpAI56v3yV3cQsSTkCpmkxnQ8N8ZeSjUKJvm01E0Mjykb0yHvWKpoyE0vnSWekhOrDEgQafsUkpn6eyOloTGT0LeTWUKz6GXif14nweC6lwoVJ8gVm38UJJJgRLLzyUBozlBOLKFMC5uVsBHVlKEtqWRL8BZPXibNs6p3Wb24P6/UbvI6inAEx3AKHlxBDe6gDg1goOAZXuHNMc6L8+58zEcLTr5zCH/gfP4A8UeRHA==</latexit>n

<latexit sha1_base64="2Fnf6pQoRxD1B6VtjauBn2UJefg=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiTia1l047KCfUATwmQ6aYdOZsLMRCghOzf+ihsXirj1F9z5N07aLLT1wjCHc+7lnnvChFGlHefbqiwtr6yuVddrG5tb2zv27l5HiVRi0saCCdkLkSKMctLWVDPSSyRBcchINxzfFHr3gUhFBb/Xk4T4MRpyGlGMtKEC+9ALBRuoSWy+zBMxGaI88GKkR2GU6Tyw607DmRZcBG4J6qCsVmB/eQOB05hwjRlSqu86ifYzJDXFjOQ1L1UkQXiMhqRvIEcxUX42vSOHx4YZwEhI87iGU/b3RIZiVVg1nYVDNa8V5H9aP9XRlZ9RnqSacDxbFKUMagGLUOCASoI1mxiAsKTGK8QjJBHWJrqaCcGdP3kRdE4b7kXj/O6s3rwu46iCA3AEToALLkET3IIWaAMMHsEzeAVv1pP1Yr1bH7PWilXO7IM/ZX3+AJMlmmo=</latexit>!t

<latexit sha1_base64="wabfcL/LhLUkYduSaaslyqg3Jjc=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUoQr7GChbFI9CE1UeQ4TmvVsSPbQaqiLiz8CgsDCLHyD2z8DU6bAVquZPnonHt1zz1hyqjSjvNtVZaWV1bXquu1jc2t7R17d6+jRCYxaWPBhOyFSBFGOWlrqhnppZKgJGSkG45uCr37QKSigt/rcUr8BA04jSlG2lCBfeiFgkVqnJjPEwkZoMBLkB6GcU4ngV13Gs604CJwS1AHZbUC+8uLBM4SwjVmSKm+66Taz5HUFDMyqXmZIinCIzQgfQM5Sojy8+kVE3hsmAjGQprHNZyyvydylKjCqOksHKp5rSD/0/qZjq/8nPI004Tj2aI4Y1ALWEQCIyoJ1mxsAMKSGq8QD5FEWJvgaiYEd/7kRdA5bbgXjfO7s3rzuoyjCg7AETgBLrgETXALWqANMHgEz+AVvFlP1ov1bn3MWitWObMP/pT1+QOmbJlT</latexit> ! i

<latexit sha1_base64="1BVly+8c9f1hNJyZS3lksBZsQMM=">AAACJ3icbVDLSgMxFM34tr6qLt0Ei6AgZUZ8rUR047JKq0KnDJn0ThuaSYYkI5Zh/saNv+JGUBFd+idmasXngZDDuedy7z1hwpk2rvvqjIyOjU9MTk2XZmbn5hfKi0vnWqaKQoNKLtVlSDRwJqBhmOFwmSggccjhIuwdF/WLK1CaSVE3/QRaMekIFjFKjJWC8oEfE9MNo+wsD/x6FwxZ90PJ27of28+XMXRIwDbxp+06/+Ii3wjKFbfqDoD/Em9IKmiIWlB+8NuSpjEIQznRuum5iWllRBlGOeQlP9WQENojHWhaKkgMupUN7szxmlXaOJLKPmHwQP3ekZFYF4tbZ7Gi/l0rxP9qzdRE+62MiSQ1IOjHoCjl2EhchIbbTAE1vG8JoYrZXTHtEkWosdGWbAje75P/kvOtqrdb3TndrhweDeOYQitoFa0jD+2hQ3SCaqiBKLpBd+gRPTm3zr3z7Lx8WEecYc8y+gHn7R2ix6cF</latexit>

R⇥(!i,x,n)

Sphere Tracing

Neural SDF

<latexit sha1_base64="WhDBrc9jD0EhhIFkdKuQB94MAws=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1l047KCfcB0KJk004ZmkiG5I5ahn+HGhSJu/Rp3/o2ZdhbaeiBwOOdecu4JE8ENuO63U1pZXVvfKG9WtrZ3dveq+wdto1JNWYsqoXQ3JIYJLlkLOAjWTTQjcShYJxzf5n7nkWnDlXyAScKCmAwljzglYCW/FxMYhVH2NK30qzW37s6Al4lXkBoq0OxXv3oDRdOYSaCCGON7bgJBRjRwKti00ksNSwgdkyHzLZUkZibIZpGn+MQqAxwpbZ8EPFN/b2QkNmYSh3Yyj2gWvVz8z/NTiK6DjMskBSbp/KMoFRgUzu/HA64ZBTGxhFDNbVZMR0QTCralvARv8eRl0j6re5f1i/vzWuOmqKOMjtAxOkUeukINdIeaqIUoUugZvaI3B5wX5935mI+WnGLnEP2B8/kDOOSROg==</latexit>x

<latexit sha1_base64="NDPkfu+WvQlUiMxpgGXDlM+XvRw=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsK9oFtKZk004ZmMkNyRyhD/8KNC0Xc+jfu/Bsz7Sy09UDgcM695Nzjx1IYdN1vp7Cyura+UdwsbW3v7O6V9w+aJko04w0WyUi3fWq4FIo3UKDk7VhzGvqSt/zxbea3nrg2IlIPOIl5L6RDJQLBKFrpsRtSHPlBqqb9csWtujOQZeLlpAI56v3yV3cQsSTkCpmkxnQ8N8ZeSjUKJvm01E0Mjykb0yHvWKpoyE0vnSWekhOrDEgQafsUkpn6eyOloTGT0LeTWUKz6GXif14nweC6lwoVJ8gVm38UJJJgRLLzyUBozlBOLKFMC5uVsBHVlKEtqWRL8BZPXibNs6p3Wb24P6/UbvI6inAEx3AKHlxBDe6gDg1goOAZXuHNMc6L8+58zEcLTr5zCH/gfP4A8UeRHA==</latexit>n

<latexit sha1_base64="2Fnf6pQoRxD1B6VtjauBn2UJefg=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiTia1l047KCfUATwmQ6aYdOZsLMRCghOzf+ihsXirj1F9z5N07aLLT1wjCHc+7lnnvChFGlHefbqiwtr6yuVddrG5tb2zv27l5HiVRi0saCCdkLkSKMctLWVDPSSyRBcchINxzfFHr3gUhFBb/Xk4T4MRpyGlGMtKEC+9ALBRuoSWy+zBMxGaI88GKkR2GU6Tyw607DmRZcBG4J6qCsVmB/eQOB05hwjRlSqu86ifYzJDXFjOQ1L1UkQXiMhqRvIEcxUX42vSOHx4YZwEhI87iGU/b3RIZiVVg1nYVDNa8V5H9aP9XRlZ9RnqSacDxbFKUMagGLUOCASoI1mxiAsKTGK8QjJBHWJrqaCcGdP3kRdE4b7kXj/O6s3rwu46iCA3AEToALLkET3IIWaAMMHsEzeAVv1pP1Yr1bH7PWilXO7IM/ZX3+AJMlmmo=</latexit>!t

<latexit sha1_base64="vdOtEPwUnRzQUk2InlemWNWdXyE=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwVRLxtSy6cVnBPqAJYTKdtEMnkzBzI9TQL3HjQhG3foo7/8ZJm4W2Hhg4nHMv98wJU8E1OM63tbK6tr6xWdmqbu/s7tXs/YOOTjJFWZsmIlG9kGgmuGRt4CBYL1WMxKFg3XB8W/jdR6Y0T+QDTFLmx2QoecQpASMFds1jQAIvJjAKoxymgV13Gs4MeJm4JamjEq3A/vIGCc1iJoEKonXfdVLwc6KAU8GmVS/TLCV0TIasb6gkMdN+Pgs+xSdGGeAoUeZJwDP190ZOYq0ncWgmi4R60SvE/7x+BtG1n3OZZsAknR+KMoEhwUULeMAVoyAmhhCquMmK6YgoQsF0VTUluItfXiads4Z72bi4P683b8o6KugIHaNT5KIr1ER3qIXaiKIMPaNX9GY9WS/Wu/UxH12xyp1D9AfW5w86FZN6</latexit>⌘t

Refracted 
Direction

“Refractive
Index”

Rendered 
RGB

<latexit sha1_base64="wabfcL/LhLUkYduSaaslyqg3Jjc=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUoQr7GChbFI9CE1UeQ4TmvVsSPbQaqiLiz8CgsDCLHyD2z8DU6bAVquZPnonHt1zz1hyqjSjvNtVZaWV1bXquu1jc2t7R17d6+jRCYxaWPBhOyFSBFGOWlrqhnppZKgJGSkG45uCr37QKSigt/rcUr8BA04jSlG2lCBfeiFgkVqnJjPEwkZoMBLkB6GcU4ngV13Gs604CJwS1AHZbUC+8uLBM4SwjVmSKm+66Taz5HUFDMyqXmZIinCIzQgfQM5Sojy8+kVE3hsmAjGQprHNZyyvydylKjCqOksHKp5rSD/0/qZjq/8nPI004Tj2aI4Y1ALWEQCIyoJ1mxsAMKSGq8QD5FEWJvgaiYEd/7kRdA5bbgXjfO7s3rzuoyjCg7AETgBLrgETXALWqANMHgEz+AVvFlP1ov1bn3MWitWObMP/pT1+QOmbJlT</latexit>!i
<latexit sha1_base64="vdOtEPwUnRzQUk2InlemWNWdXyE=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwVRLxtSy6cVnBPqAJYTKdtEMnkzBzI9TQL3HjQhG3foo7/8ZJm4W2Hhg4nHMv98wJU8E1OM63tbK6tr6xWdmqbu/s7tXs/YOOTjJFWZsmIlG9kGgmuGRt4CBYL1WMxKFg3XB8W/jdR6Y0T+QDTFLmx2QoecQpASMFds1jQAIvJjAKoxymgV13Gs4MeJm4JamjEq3A/vIGCc1iJoEKonXfdVLwc6KAU8GmVS/TLCV0TIasb6gkMdN+Pgs+xSdGGeAoUeZJwDP190ZOYq0ncWgmi4R60SvE/7x+BtG1n3OZZsAknR+KMoEhwUULeMAVoyAmhhCquMmK6YgoQsF0VTUluItfXiads4Z72bi4P683b8o6KugIHaNT5KIr1ER3qIXaiKIMPaNX9GY9WS/Wu/UxH12xyp1D9AfW5w86FZN6</latexit>⌘t

<latexit sha1_base64="2Fnf6pQoRxD1B6VtjauBn2UJefg=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiTia1l047KCfUATwmQ6aYdOZsLMRCghOzf+ihsXirj1F9z5N07aLLT1wjCHc+7lnnvChFGlHefbqiwtr6yuVddrG5tb2zv27l5HiVRi0saCCdkLkSKMctLWVDPSSyRBcchINxzfFHr3gUhFBb/Xk4T4MRpyGlGMtKEC+9ALBRuoSWy+zBMxGaI88GKkR2GU6Tyw607DmRZcBG4J6qCsVmB/eQOB05hwjRlSqu86ifYzJDXFjOQ1L1UkQXiMhqRvIEcxUX42vSOHx4YZwEhI87iGU/b3RIZiVVg1nYVDNa8V5H9aP9XRlZ9RnqSacDxbFKUMagGLUOCASoI1mxiAsKTGK8QjJBHWJrqaCcGdP3kRdE4b7kXj/O6s3rwu46iCA3AEToALLkET3IIWaAMMHsEzeAVv1pP1Yr1bH7PWilXO7IM/ZX3+AJMlmmo=</latexit>!t

<latexit sha1_base64="vdOtEPwUnRzQUk2InlemWNWdXyE=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwVRLxtSy6cVnBPqAJYTKdtEMnkzBzI9TQL3HjQhG3foo7/8ZJm4W2Hhg4nHMv98wJU8E1OM63tbK6tr6xWdmqbu/s7tXs/YOOTjJFWZsmIlG9kGgmuGRt4CBYL1WMxKFg3XB8W/jdR6Y0T+QDTFLmx2QoecQpASMFds1jQAIvJjAKoxymgV13Gs4MeJm4JamjEq3A/vIGCc1iJoEKonXfdVLwc6KAU8GmVS/TLCV0TIasb6gkMdN+Pgs+xSdGGeAoUeZJwDP190ZOYq0ncWgmi4R60SvE/7x+BtG1n3OZZsAknR+KMoEhwUULeMAVoyAmhhCquMmK6YgoQsF0VTUluItfXiads4Z72bi4P683b8o6KugIHaNT5KIr1ER3qIXaiKIMPaNX9GY9WS/Wu/UxH12xyp1D9AfW5w86FZN6</latexit>⌘t

<latexit sha1_base64="A6+difMFqV503tLBZka3EP6m5S8=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiTia1l047KCfUATwmQ6aYdOZsLMRCghOzf+ihsXirj1F9z5N07aLLT1wjCHc+7lnnvChFGlHefbqiwtr6yuVddrG5tb2zv27l5HiVRi0saCCdkLkSKMctLWVDPSSyRBcchINxzfFHr3gUhFBb/Xk4T4MRpyGlGMtKEC+9ALBRuoSWy+zBMxGaI88GKkR2GUyTyw607DmRZcBG4J6qCsVmB/eQOB05hwjRlSqu86ifYzJDXFjOQ1L1UkQXiMhqRvIEcxUX42vSOHx4YZwEhI87iGU/b3RIZiVVg1nYVDNa8V5H9aP9XRlZ9RnqSacDxbFKUMagGLUOCASoI1mxiAsKTGK8QjJBHWJrqaCcGdP3kRdE4b7kXj/O6s3rwu46iCA3AEToALLkET3IIWaAMMHsEzeAVv1pP1Yr1bH7PWilXO7IM/ZX3+AJAbmmg=</latexit>!r

<latexit sha1_base64="GbhnTGB3NaoS0nHvURqiZrvcgZo="></latexit>

2(�!n · !i)
�!n � !i

<latexit sha1_base64="2Fnf6pQoRxD1B6VtjauBn2UJefg=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiTia1l047KCfUATwmQ6aYdOZsLMRCghOzf+ihsXirj1F9z5N07aLLT1wjCHc+7lnnvChFGlHefbqiwtr6yuVddrG5tb2zv27l5HiVRi0saCCdkLkSKMctLWVDPSSyRBcchINxzfFHr3gUhFBb/Xk4T4MRpyGlGMtKEC+9ALBRuoSWy+zBMxGaI88GKkR2GU6Tyw607DmRZcBG4J6qCsVmB/eQOB05hwjRlSqu86ifYzJDXFjOQ1L1UkQXiMhqRvIEcxUX42vSOHx4YZwEhI87iGU/b3RIZiVVg1nYVDNa8V5H9aP9XRlZ9RnqSacDxbFKUMagGLUOCASoI1mxiAsKTGK8QjJBHWJrqaCcGdP3kRdE4b7kXj/O6s3rwu46iCA3AEToALLkET3IIWaAMMHsEzeAVv1pP1Yr1bH7PWilXO7IM/ZX3+AJMlmmo=</latexit>!t

<latexit sha1_base64="A6+difMFqV503tLBZka3EP6m5S8=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiTia1l047KCfUATwmQ6aYdOZsLMRCghOzf+ihsXirj1F9z5N07aLLT1wjCHc+7lnnvChFGlHefbqiwtr6yuVddrG5tb2zv27l5HiVRi0saCCdkLkSKMctLWVDPSSyRBcchINxzfFHr3gUhFBb/Xk4T4MRpyGlGMtKEC+9ALBRuoSWy+zBMxGaI88GKkR2GUyTyw607DmRZcBG4J6qCsVmB/eQOB05hwjRlSqu86ifYzJDXFjOQ1L1UkQXiMhqRvIEcxUX42vSOHx4YZwEhI87iGU/b3RIZiVVg1nYVDNa8V5H9aP9XRlZ9RnqSacDxbFKUMagGLUOCASoI1mxiAsKTGK8QjJBHWJrqaCcGdP3kRdE4b7kXj/O6s3rwu46iCA3AEToALLkET3IIWaAMMHsEzeAVv1pP1Yr1bH7PWilXO7IM/ZX3+AJAbmmg=</latexit>!r

Viewing Direction <latexit sha1_base64="wabfcL/LhLUkYduSaaslyqg3Jjc=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUoQr7GChbFI9CE1UeQ4TmvVsSPbQaqiLiz8CgsDCLHyD2z8DU6bAVquZPnonHt1zz1hyqjSjvNtVZaWV1bXquu1jc2t7R17d6+jRCYxaWPBhOyFSBFGOWlrqhnppZKgJGSkG45uCr37QKSigt/rcUr8BA04jSlG2lCBfeiFgkVqnJjPEwkZoMBLkB6GcU4ngV13Gs604CJwS1AHZbUC+8uLBM4SwjVmSKm+66Taz5HUFDMyqXmZIinCIzQgfQM5Sojy8+kVE3hsmAjGQprHNZyyvydylKjCqOksHKp5rSD/0/qZjq/8nPI004Tj2aI4Y1ALWEQCIyoJ1mxsAMKSGq8QD5FEWJvgaiYEd/7kRdA5bbgXjfO7s3rzuoyjCg7AETgBLrgETXALWqANMHgEz+AVvFlP1ov1bn3MWitWObMP/pT1+QOmbJlT</latexit>!i

<latexit sha1_base64="A6+difMFqV503tLBZka3EP6m5S8=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiTia1l047KCfUATwmQ6aYdOZsLMRCghOzf+ihsXirj1F9z5N07aLLT1wjCHc+7lnnvChFGlHefbqiwtr6yuVddrG5tb2zv27l5HiVRi0saCCdkLkSKMctLWVDPSSyRBcchINxzfFHr3gUhFBb/Xk4T4MRpyGlGMtKEC+9ALBRuoSWy+zBMxGaI88GKkR2GUyTyw607DmRZcBG4J6qCsVmB/eQOB05hwjRlSqu86ifYzJDXFjOQ1L1UkQXiMhqRvIEcxUX42vSOHx4YZwEhI87iGU/b3RIZiVVg1nYVDNa8V5H9aP9XRlZ9RnqSacDxbFKUMagGLUOCASoI1mxiAsKTGK8QjJBHWJrqaCcGdP3kRdE4b7kXj/O6s3rwu46iCA3AEToALLkET3IIWaAMMHsEzeAVv1pP1Yr1bH7PWilXO7IM/ZX3+AJAbmmg=</latexit>!r

<latexit sha1_base64="rmmgxstdBgEV/uD8TbCarsoVsIo=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjQsXFewDOkPJpJk2NJMJSUYoQ3/DjQtF3Poz7vwbM+0stPVA4HDOvdyTE0rOtHHdb6e0srq2vlHerGxt7+zuVfcP2jpJFaEtkvBEdUOsKWeCtgwznHalojgOOe2E49vc7zxRpVkiHs1E0iDGQ8EiRrCxkn/f92NsRmGUqWm/WnPr7gxomXgFqUGBZr/65Q8SksZUGMKx1j3PlSbIsDKMcDqt+KmmEpMxHtKepQLHVAfZLPMUnVhlgKJE2ScMmqm/NzIcaz2JQzuZJ9SLXi7+5/VSE10HGRMyNVSQ+aEo5cgkKC8ADZiixPCJJZgoZrMiMsIKE2NrqtgSvMUvL5P2Wd27rF88nNcaN0UdZTiCYzgFD66gAXfQhBYQkPAMr/DmpM6L8+58zEdLTrFzCH/gfP4AS42R3w==</latexit>

Lr

<latexit sha1_base64="1riCowfpn10su2d6pecOGqJ1D1Q=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRLxtSy6ceGign1AE8pkOmmHTiZh5kYoob/hxoUibv0Zd/6NkzYLbT0wcDjnXu6ZEySCa3Scb6u0srq2vlHerGxt7+zuVfcP2jpOFWUtGotYdQOimeCStZCjYN1EMRIFgnWC8W3ud56Y0jyWjzhJmB+RoeQhpwSN5N33vYjgKAgznParNafuzGAvE7cgNSjQ7Fe/vEFM04hJpIJo3XOdBP2MKORUsGnFSzVLCB2TIesZKknEtJ/NMk/tE6MM7DBW5km0Z+rvjYxEWk+iwEzmCfWil4v/eb0Uw2s/4zJJkUk6PxSmwsbYzguwB1wximJiCKGKm6w2HRFFKJqaKqYEd/HLy6R9Vncv6xcP57XGTVFHGY7gGE7BhStowB00oQUUEniGV3izUuvFerc+5qMlq9g5hD+wPn8ATpeR4Q==</latexit>

Lt=

= Env. M
ap

Viewing Ray

(a) (b) (c)

<latexit sha1_base64="wabfcL/LhLUkYduSaaslyqg3Jjc=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUoQr7GChbFI9CE1UeQ4TmvVsSPbQaqiLiz8CgsDCLHyD2z8DU6bAVquZPnonHt1zz1hyqjSjvNtVZaWV1bXquu1jc2t7R17d6+jRCYxaWPBhOyFSBFGOWlrqhnppZKgJGSkG45uCr37QKSigt/rcUr8BA04jSlG2lCBfeiFgkVqnJjPEwkZoMBLkB6GcU4ngV13Gs604CJwS1AHZbUC+8uLBM4SwjVmSKm+66Taz5HUFDMyqXmZIinCIzQgfQM5Sojy8+kVE3hsmAjGQprHNZyyvydylKjCqOksHKp5rSD/0/qZjq/8nPI004Tj2aI4Y1ALWEQCIyoJ1mxsAMKSGq8QD5FEWJvgaiYEd/7kRdA5bbgXjfO7s3rzuoyjCg7AETgBLrgETXALWqANMHgEz+AVvFlP1ov1bn3MWitWObMP/pT1+QOmbJlT</latexit> ! i

Forward Rendering

<latexit sha1_base64="ZqoKZNopQtfjWgIQFG10BW9KKTA=">AAAB+nicbVDLSgMxFM34rPU11aWbYBHqpsyIr2VREJcV7AM6Q8lkMm1oJhmSjFLGfoobF4q49Uvc+Tdm2llo64HA4Zx7uScnSBhV2nG+raXlldW19dJGeXNre2fXruy1lUglJi0smJDdACnCKCctTTUj3UQSFAeMdILRde53HohUVPB7PU6IH6MBpxHFSBupb1e8GOlhEGU3k5qHQ6GP+3bVqTtTwEXiFqQKCjT79pcXCpzGhGvMkFI910m0nyGpKWZkUvZSRRKER2hAeoZyFBPlZ9PoE3hklBBGQprHNZyqvzcyFCs1jgMzmQdV814u/uf1Uh1d+hnlSaoJx7NDUcqgFjDvAYZUEqzZ2BCEJTVZIR4iibA2bZVNCe78lxdJ+6TuntfP7k6rjauijhI4AIegBlxwARrgFjRBC2DwCJ7BK3iznqwX6936mI0uWcXOPvgD6/MH3peTwg==</latexit>

F(·)

=

Photometric 
Loss

<latexit sha1_base64="9Mdg7pZys8mYg4W9XtctB4PJ1U4=">AAACGnicbVDLSsNAFJ34tr6qLt0MFkEXhkR8LcVuXFawD2hKmUxv6uDkwcyNWEK+w42/4saFIu7EjX/jpK2g1gMDh3POZe49fiKFRsf5tKamZ2bn5hcWS0vLK6tr5fWNho5TxaHOYxmrls80SBFBHQVKaCUKWOhLaPo31cJv3oLSIo6ucJBAJ2T9SASCMzRSt+x6sgEKqRcyvPaDrJrvflOV79F96iHcYda30c49VUS75YpjO0PQSeKOSYWMUeuW371ezNMQIuSSad12nQQ7GVMouIS85KUaEsZvWB/ahkYsBN3JhqfldMcoPRrEyrwI6VD9OZGxUOtB6Jtksbb+6xXif147xeC0k4koSREiPvooSCXFmBY90Z5QwFEODGFcCbMr5ddMMY6mzZIpwf178iRpHNjusX10eVg5Ox/XsUC2yDbZJS45IWfkgtRInXByTx7JM3mxHqwn69V6G0WnrPHMJvkF6+MLDyKg5g==</latexit>

kC(r)� g.t.k

<latexit sha1_base64="i2fz9BmWwVa/VgPde78Hdy4dzbA=">AAACLHicbVDLSsNAFJ3UV62vqEs3g0WoCCURXxuh2I1LBVuFppTJdNIOnWTCzI1QQj7Ijb8iiAtF3PodTtoKtfXCMIdzz+Wee/xYcA2O82EVFhaXlleKq6W19Y3NLXt7p6lloihrUCmkevCJZoJHrAEcBHuIFSOhL9i9P6jn/ftHpjSX0R0MY9YOSS/iAacEDNWx654vRVcPQ/N5qi8rcIgvsRcS6PtBKjN8hAFPa2TIeqST/ip4lpU6dtmpOqPC88CdgDKa1E3HfvW6kiYhi4AKonXLdWJop0QBp4JlJS/RLCZ0QHqsZWBEQqbb6ejYDB8YposDqcyLAI/Y6YmUhDr3apS5Rz3by8n/eq0Egot2yqM4ARbR8aIgERgkzpPDXa4YBTE0gFDFjVdM+0QRCibfPAR39uR50DyuumfV09uTcu1qEkcR7aF9VEEuOkc1dI1uUANR9IRe0Dv6sJ6tN+vT+hpLC9ZkZhf9Kev7B7MTqIk=</latexit>

⇢(t) = o+ t!i

<latexit sha1_base64="i2fz9BmWwVa/VgPde78Hdy4dzbA=">AAACLHicbVDLSsNAFJ3UV62vqEs3g0WoCCURXxuh2I1LBVuFppTJdNIOnWTCzI1QQj7Ijb8iiAtF3PodTtoKtfXCMIdzz+Wee/xYcA2O82EVFhaXlleKq6W19Y3NLXt7p6lloihrUCmkevCJZoJHrAEcBHuIFSOhL9i9P6jn/ftHpjSX0R0MY9YOSS/iAacEDNWx654vRVcPQ/N5qi8rcIgvsRcS6PtBKjN8hAFPa2TIeqST/ip4lpU6dtmpOqPC88CdgDKa1E3HfvW6kiYhi4AKonXLdWJop0QBp4JlJS/RLCZ0QHqsZWBEQqbb6ejYDB8YposDqcyLAI/Y6YmUhDr3apS5Rz3by8n/eq0Egot2yqM4ARbR8aIgERgkzpPDXa4YBTE0gFDFjVdM+0QRCibfPAR39uR50DyuumfV09uTcu1qEkcR7aF9VEEuOkc1dI1uUANR9IRe0Dv6sJ6tN+vT+hpLC9ZkZhf9Kev7B7MTqIk=</latexit>

⇢(t
) =

o+
t! i

<latexit sha1_base64="KPdsmGLBp9dLXS8BcvJPoFpDdOw=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJDKUiWI11jRhbFI9CE1UeU4TmvVsSPbQaqiDiz8CgsDCLHyEWz8DU6bAVquZPnonHt1zz1BwqjSjvNtrayurW9slrbK2zu7e/v2wWFHiVRi0saCCdkLkCKMctLWVDPSSyRBccBINxg3c737QKSigt/rSUL8GA05jShG2lADu+LFSI+CKGtOa14gWKgmsfk8ORKnA7vq1J1ZwWXgFqAKimoN7C8vFDiNCdeYIaX6rpNoP0NSU8zItOyliiQIj9GQ9A3kKCbKz2ZHTOGJYUIYCWke13DG/p7IUKxyc6Yzt6wWtZz8T+unOrr2M8qTVBOO54uilEEtYJ4IDKkkWLOJAQhLarxCPEISYW1yK5sQ3MWTl0HnrO5e1i/uzquNmyKOEqiAY1ADLrgCDXALWqANMHgEz+AVvFlP1ov1bn3MW1esYuYI/Cnr8wf/TphV</latexit>

C(⇢)

<latexit sha1_base64="KPdsmGLBp9dLXS8BcvJPoFpDdOw=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJDKUiWI11jRhbFI9CE1UeU4TmvVsSPbQaqiDiz8CgsDCLHyEWz8DU6bAVquZPnonHt1zz1BwqjSjvNtrayurW9slrbK2zu7e/v2wWFHiVRi0saCCdkLkCKMctLWVDPSSyRBccBINxg3c737QKSigt/rSUL8GA05jShG2lADu+LFSI+CKGtOa14gWKgmsfk8ORKnA7vq1J1ZwWXgFqAKimoN7C8vFDiNCdeYIaX6rpNoP0NSU8zItOyliiQIj9GQ9A3kKCbKz2ZHTOGJYUIYCWke13DG/p7IUKxyc6Yzt6wWtZz8T+unOrr2M8qTVBOO54uilEEtYJ4IDKkkWLOJAQhLarxCPEISYW1yK5sQ3MWTl0HnrO5e1i/uzquNmyKOEqiAY1ADLrgCDXALWqANMHgEz+AVvFlP1ov1bn3MW1esYuYI/Cnr8wf/TphV</latexit>

C(⇢)
The entangled geometry and illumination-dependent appearance of   
transparent objects make it hard to create their 3D representations 
through 2D images.

NEMTO synthesizes high-quality novel view and relighting by 
disentangling the geometry and illumination-dependent appearance 
of  a transparent object. 

Dongqing Wang, Tong Zhang and Sabine SüsstrunkNEMTO: Neural Environment Matting for 
Novel View and Relighting Synthesis of Transparent Objects

Problem 

Novel View Comparison to Baseline Methods
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• NEMTO is the first end-to-end method for novel view synthesis and 
scene relighting for transparent objects. 

• A physically-guided Ray Bending Network (RBN) for predicting ray 
paths through the transparent object with better error tolerance for 
the estimated geometry than analytically calculated refraction.

• Can model real-world transparent objects by hand-captured image. 

Contributions

Overview of NEMTO Framework
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Synthesis on Real-World Captured Dataset

Relighting
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Novel View

Despite the inaccuracy in real-world camera poses and captured environment 
maps, NEMTO synthesizes visually-plausible novel views and relighting results, 

For ray refraction estimation, we use two losses: 

guides the refraction direction exiting the object 
toward the analytical solution.

encourages locally smooth refraction directions.

<latexit sha1_base64="88DFc0QJVH3KgC4qVgdGk49gTcY=">AAACAnicbVDLSsNAFJ3UV62vqCtxEyyCq5KIr2XRjQsXFewDmhAm02k7dDIJMzdiCcGNv+LGhSJu/Qp3/o2TNgttPXDhcM693HtPEHOmwLa/jdLC4tLySnm1sra+sbllbu+0VJRIQpsk4pHsBFhRzgRtAgNOO7GkOAw4bQejq9xv31OpWCTuYBxTL8QDwfqMYNCSb+65IYYhwTy9yfzUBfoAMkzlIMt8s2rX7AmseeIUpIoKNHzzy+1FJAmpAMKxUl3HjsFLsQRGOM0qbqJojMkID2hXU4FDqrx08kJmHWqlZ/UjqUuANVF/T6Q4VGocBrozP1jNern4n9dNoH/hpUzECVBBpov6CbcgsvI8rB6TlAAfa4KJZPpWiwyxxAR0ahUdgjP78jxpHdecs9rp7Um1flnEUUb76AAdIQedozq6Rg3URAQ9omf0it6MJ+PFeDc+pq0lo5jZRX9gfP4AvlyYUQ==</latexit>

Lrg

<latexit sha1_base64="WKHQIWqrhEe5pG/RPDRX5ysIjpk=">AAACAnicbVDLSsNAFJ3UV62vqCtxEyyCq5KIr2XRjQsXFewDmhAm02k7dDIJMzdiCcGNv+LGhSJu/Qp3/o2TNgttPXDhcM693HtPEHOmwLa/jdLC4tLySnm1sra+sbllbu+0VJRIQpsk4pHsBFhRzgRtAgNOO7GkOAw4bQejq9xv31OpWCTuYBxTL8QDwfqMYNCSb+65IYYhwTy9yfzUBfoAMkylyjLfrNo1ewJrnjgFqaICDd/8cnsRSUIqgHCsVNexY/BSLIERTrOKmygaYzLCA9rVVOCQKi+dvJBZh1rpWf1I6hJgTdTfEykOlRqHge7MD1azXi7+53UT6F94KRNxAlSQ6aJ+wi2IrDwPq8ckJcDHmmAimb7VIkMsMQGdWkWH4My+PE9axzXnrHZ6e1KtXxZxlNE+OkBHyEHnqI6uUQM1EUGP6Bm9ojfjyXgx3o2PaWvJKGZ20R8Ynz/QpJhd</latexit>

Lrs

G.T. NEMTO w/o w/o
<latexit sha1_base64="88DFc0QJVH3KgC4qVgdGk49gTcY=">AAACAnicbVDLSsNAFJ3UV62vqCtxEyyCq5KIr2XRjQsXFewDmhAm02k7dDIJMzdiCcGNv+LGhSJu/Qp3/o2TNgttPXDhcM693HtPEHOmwLa/jdLC4tLySnm1sra+sbllbu+0VJRIQpsk4pHsBFhRzgRtAgNOO7GkOAw4bQejq9xv31OpWCTuYBxTL8QDwfqMYNCSb+65IYYhwTy9yfzUBfoAMkzlIMt8s2rX7AmseeIUpIoKNHzzy+1FJAmpAMKxUl3HjsFLsQRGOM0qbqJojMkID2hXU4FDqrx08kJmHWqlZ/UjqUuANVF/T6Q4VGocBrozP1jNern4n9dNoH/hpUzECVBBpov6CbcgsvI8rB6TlAAfa4KJZPpWiwyxxAR0ahUdgjP78jxpHdecs9rp7Um1flnEUUb76AAdIQedozq6Rg3URAQ9omf0it6MJ+PFeDc+pq0lo5jZRX9gfP4AvlyYUQ==</latexit>

Lrg
<latexit sha1_base64="WKHQIWqrhEe5pG/RPDRX5ysIjpk=">AAACAnicbVDLSsNAFJ3UV62vqCtxEyyCq5KIr2XRjQsXFewDmhAm02k7dDIJMzdiCcGNv+LGhSJu/Qp3/o2TNgttPXDhcM693HtPEHOmwLa/jdLC4tLySnm1sra+sbllbu+0VJRIQpsk4pHsBFhRzgRtAgNOO7GkOAw4bQejq9xv31OpWCTuYBxTL8QDwfqMYNCSb+65IYYhwTy9yfzUBfoAMkylyjLfrNo1ewJrnjgFqaICDd/8cnsRSUIqgHCsVNexY/BSLIERTrOKmygaYzLCA9rVVOCQKi+dvJBZh1rpWf1I6hJgTdTfEykOlRqHge7MD1azXi7+53UT6F94KRNxAlSQ6aJ+wi2IrDwPq8ckJcDHmmAimb7VIkMsMQGdWkWH4My+PE9axzXnrHZ6e1KtXxZxlNE+OkBHyEHnqI6uUQM1EUGP6Bm9ojfjyXgx3o2PaWvJKGZ20R8Ynz/QpJhd</latexit>
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