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Inverse rendering
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Inverse rendering
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Use differentiable rendering to estimate         to do gradient descent
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Prior work: Differentiable rendering
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Prior work: Handling discontinuities
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[Xu et al. 2023]
[Zhang et al. 2020]

…
[Li et al. 2018]



Prior work: Reducing complexity
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[Vicini et al. 2021]

Path Replay Backpropagation (PRB):


• Differentiable rendering algorithm with 
constant memory, linear time complexity



Prior work: Path sampling methods
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[Zeltner et al. 2021]

• Formulations for forward and differentiable 
rendering are similar, but not the same




Prior work: Path sampling methods
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• Formulations for forward and differentiable 
rendering are similar, but not the same


• Sampling methods tailored for differentiable 
rendering can greatly reduce variance

[Zeltner et al. 2021]



Prior work: Differential BRDF sampling methods
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[Zeltner et al. 2021]

[Belhe et al. 2024]
[Zhang et al. 2021]



Prior work: Differential BRDF sampling methods
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      Requires branching for global illumination


(quadratic time complexity)

[Zeltner et al. 2021]

[Belhe et al. 2024]
[Zhang et al. 2021]



Prior work: Differentiable volume rendering
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[Nimier-David et al. 2022]

• Sampling methods tailored for 
differentiable rendering of volumes


• Works with PRB (linear time complexity)



Prior work: Differentiable volume rendering
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[Nimier-David et al. 2022]

• Sampling methods tailored for 
differentiable rendering of volumes


• Works with PRB (linear time complexity)
      Only for inverse volume rendering



Our contributions

Differential path space integral

16

New theoretical formulation

x0

x1
x2

x3

x0

x1
x2

x3

x0

x1
x2

x3

x0

x1
x2

x3



Our contributions

Differential path space integral


Differential sampling method
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Importance sample paths using the new formulation  (linear time complexity)

New theoretical formulation
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Our contributions

Differential path space integral


Differential sampling method


Adaptive pixel sampling method
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Importance sample paths using the new formulation  (linear time complexity)

Importance sample pixels during inverse rendering optimization

New theoretical formulation
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Our contributions

Differential path space integral


Differential sampling method


Adaptive pixel sampling method
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Importance sample paths using the new formulation  (linear time complexity)

Importance sample pixels during inverse rendering optimization

New theoretical formulation

Lower gradient variance + improved inverse rendering performance
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Differential path space integral
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Path integral
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Estimating the path integral
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Estimating the path integral
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Forward rendering: Use BRDF sampling at every vertex

Differentiable rendering: Need a better strategy



Derivative of path integral
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Derivative of path integral
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Derivative of path integral
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@✓I =

Z

P

NX

n=0

gn(x) dx



Differential path space
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Path space
<latexit sha1_base64="LSRysDB7+XcMYxCZM6PyuYrV2AI=">AAAB8nicdVDLSgMxFL1TX7W+qi7dBIvgakjf48qCG91VsA+YDiWTpm1o5kGSEcrQz3DjQhG3foy4829MWwUVPRA4nHMvOff4seBKY/xuZVZW19Y3spu5re2d3b38/kFbRYmkrEUjEcmuTxQTPGQtzbVg3VgyEviCdfzJxdzv3DKpeBTe6GnMvICMQj7klGgjub2A6DElIm3O+vkCtitVxylVELaxUypXy4ac1XDdqaCijRconL/CAs1+/q03iGgSsFBTQZRyizjWXkqk5lSwWa6XKBYTOiEj5hoakoApL11EnqETowzQMJLmhRot1O8bKQmUmga+mZxHVL+9ufiX5yZ66HgpD+NEs5AuPxomAukIze9HAy4Z1WJqCKGSm6yIjokkVJuWcqaEr0vR/6Rdsos1u3aNC42rZRuQhSM4hlMoQh0acAlNaAGFCO7gAR4tbd1bT9bzcjRjfe4cwg9YLx93m5LZ</latexit>

P

x0

x1
x2

x3



x0

x1
x2

x3

x0

x1
x2

x3

x0

x1
x2

x3

x0

x1
x2

x3

Differential path space
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Differential path space
<latexit sha1_base64="4vY/mAVUhJS0Ugc2TRYCUIJvG78=">AAAB/XicdVBLSwMxGMzWV62v9XHzEiyCpyXb1rq9FbzorYJthe5Ssmm2Dc0+SLJCXYp/xYsHRbz6P7z5b8y2FVR0IDDMfF8yGT/hTCqEPozC0vLK6lpxvbSxubW9Y+7udWScCkLbJOaxuPGxpJxFtK2Y4vQmERSHPqddf3ye+91bKiSLo2s1SagX4mHEAkaw0lLfPHATLBTDHLohViOCedaa9s0yshpOHdUciCyEnGq1qskpshuVGrS1kqMMFmj1zXd3EJM0pJEiHEvZs1GivCy/mXA6LbmppAkmYzykPU0jHFLpZbP0U3islQEMYqFPpOBM/b6R4VDKSejryTyi/O3l4l9eL1WB42UsSlJFIzJ/KEg5VDHMq4ADJihRfKIJJoLprJCMsMBE6cJKuoSvn8L/Sadi2XWrflUrNy8XdRTBITgCJ8AGZ6AJLkALtAEBd+ABPIFn4954NF6M1/lowVjs7IMfMN4+ARwAlbU=</latexit>

@P

x0

x1
x2

x3

Path space
<latexit sha1_base64="LSRysDB7+XcMYxCZM6PyuYrV2AI=">AAAB8nicdVDLSgMxFL1TX7W+qi7dBIvgakjf48qCG91VsA+YDiWTpm1o5kGSEcrQz3DjQhG3foy4829MWwUVPRA4nHMvOff4seBKY/xuZVZW19Y3spu5re2d3b38/kFbRYmkrEUjEcmuTxQTPGQtzbVg3VgyEviCdfzJxdzv3DKpeBTe6GnMvICMQj7klGgjub2A6DElIm3O+vkCtitVxylVELaxUypXy4ac1XDdqaCijRconL/CAs1+/q03iGgSsFBTQZRyizjWXkqk5lSwWa6XKBYTOiEj5hoakoApL11EnqETowzQMJLmhRot1O8bKQmUmga+mZxHVL+9ufiX5yZ66HgpD+NEs5AuPxomAukIze9HAy4Z1WJqCKGSm6yIjokkVJuWcqaEr0vR/6Rdsos1u3aNC42rZRuQhSM4hlMoQh0acAlNaAGFCO7gAR4tbd1bT9bzcjRjfe4cwg9YLx93m5LZ</latexit>

P



Differential path space integral
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<latexit sha1_base64="iHCr44yBVZ/FyPBE80bhz2Nk9Ng="></latexit>

(x has di↵erential vertex at xn)

<latexit sha1_base64="nfw9Z2puCwifFzGzJufb5j7EQn8="></latexit>

@✓I =

Z

P

NX

n=0

gn(x) dx =

Z

@P
gn(x)dx



Differential path space integral
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<latexit sha1_base64="iHCr44yBVZ/FyPBE80bhz2Nk9Ng="></latexit>

(x has di↵erential vertex at xn)

<latexit sha1_base64="nfw9Z2puCwifFzGzJufb5j7EQn8="></latexit>

@✓I =

Z

P

NX

n=0

gn(x) dx =

Z

@P
gn(x)dx

Our formulation



Differential path space integral
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Path space integral Differential path 
space integral

<latexit sha1_base64="iHCr44yBVZ/FyPBE80bhz2Nk9Ng="></latexit>

(x has di↵erential vertex at xn)

<latexit sha1_base64="nfw9Z2puCwifFzGzJufb5j7EQn8="></latexit>

@✓I =

Z

P

NX

n=0

gn(x) dx =

Z

@P
gn(x)dx

Our formulation



<latexit sha1_base64="9/UgsOqnHG2hI+IkU8e3ulYGpeQ="></latexit>

@✓I =

Z

@P
gn(x)dx

<latexit sha1_base64="Os9FORcp78n8AhCt4gOQpZqtoIg="></latexit>

I =

Z

P
f(x)dx

Our method

41

Forward rendering Differentiable rendering

Sample paths from 

proportionally to 

<latexit sha1_base64="fsA1YUByWsr3OeS77OaPHKrmQek=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLgRncV7APaUCbTSTt0MhNmboQS+hluXCji1q9x5984abPQ6oGBwzn3MueeMBHcoOd9OaW19Y3NrfJ2ZWd3b/+genjUMSrVlLWpEkr3QmKY4JK1kaNgvUQzEoeCdcPpTe53H5k2XMkHnCUsiMlY8ohTglbqD2KCE0pE1poPqzWv7i3g/iV+QWpQoDWsfg5GiqYxk0gFMabvewkGGdHIqWDzyiA1LCF0Ssasb6kkMTNBtog8d8+sMnIjpe2T6C7UnxsZiY2ZxaGdzCOaVS8X//P6KUbXQcZlkiKTdPlRlAoXlZvf7464ZhTFzBJCNbdZXTohmlC0LVVsCf7qyX9J56LuN+qN+8ta866oowwncArn4MMVNOEWWtAGCgqe4AVeHXSenTfnfTlacoqdY/gF5+MbjMaReA==</latexit>

P
<latexit sha1_base64="a3Ird1g4rtKnEDBQrJkorzUrrmM=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9VjworcW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx7cxvP6HSPJYPZpKgH9Gh5CFn1FipEfZLZbfizkFWiZeTMuSo90tfvUHM0gilYYJq3fXcxPgZVYYzgdNiL9WYUDamQ+xaKmmE2s/mh07JuVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNkUbgrf88ippXVa8aqXauCrX7vM4CnAKZ3ABHlxDDe6gDk1ggPAMr/DmPDovzrvzsWhdc/KZE/gD5/MH0J6M/A==</latexit>

f
Sample paths from 

proportionally to 

<latexit sha1_base64="LJVu+a2f4emM+mv1x9o5fECsemk=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCqzIjUl0W3Oiugn1AZyh30kwbmskMSUaoQ/FX3LhQxK3/4c6/MdPOQlsPBA7n3JucnCDhTGnH+bZKK6tr6xvlzcrW9s7unr1/0FZxKgltkZjHshuAopwJ2tJMc9pNJIUo4LQTjK9zv/NApWKxuNeThPoRDAULGQFtpL595CUgNQOOvQj0iADPmtO+XXVqzgx4mbgFqaICzb795Q1ikkZUaMJBqZ7rJNrP8psJp9OKlyqaABnDkPYMFRBR5Wez9FN8apQBDmNpjtB4pv7eyCBSahIFZjKPqBa9XPzP66U6vPIzJpJUU0HmD4UpxzrGeRV4wCQlmk8MASKZyYrJCCQQbQqrmBLcxS8vk/Z5za3X6ncX1cZtUUcZHaMTdIZcdIka6AY1UQsR9Iie0St6s56sF+vd+piPlqxi5xD9gfX5A7HPlWw=</latexit>

@P
<latexit sha1_base64="9OevWX5WWylIrowL3C5vxCcV43o=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9VjworcW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx7cxvP6HSPJYPZpKgH9Gh5CFn1FipMeyXym7FnYOsEi8nZchR75e+eoOYpRFKwwTVuuu5ifEzqgxnAqfFXqoxoWxMh9i1VNIItZ/ND52Sc6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbIo2BG/55VXSuqx41Uq1cVWu3edxFOAUzuACPLiGGtxBHZrAAOEZXuHNeXRenHfnY9G65uQzJ/AHzucP0iKM/Q==</latexit>g



Sampling paths from
<latexit sha1_base64="rCvf7raOdKWYIcDbYeu2Fg6XFFc=">AAAB/XicbVDLSgMxFL1TX7W+xsfOTbAIrsqMSHVZcOOyBdsKnaHcSdM2NPMgyQh1KPopblwo4tb/cOffmGm70NYDgcM5NzcnJ0gEV9pxvq3Cyura+kZxs7S1vbO7Z+8ftFScSsqaNBaxvAtQMcEj1tRcC3aXSIZhIFg7GF3nfvueScXj6FaPE+aHOIh4n1PURuraR16CUnMUxAtRDymKrD7p2mWn4kxBlok7J2WYo961v7xeTNOQRZoKVKrjOon2s3wzFWxS8lLFEqQjHLCOoRGGTPnZNP2EnBqlR/qxNCfSZKr+vpFhqNQ4DMxkHlEtern4n9dJdf/Kz3iUpJpFdPZQPxVExySvgvS4ZFSLsSFIJTdZCR2iRKpNYSVTgrv45WXSOq+41Uq1cVGuNZ5mdRThGE7gDFy4hBrcQB2aQOEBnuEV3qxH68V6tz5mowVrXuEh/IH1+QPaN5X0</latexit>

@P



pf

pfp∂f

Sampling paths from
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<latexit sha1_base64="rCvf7raOdKWYIcDbYeu2Fg6XFFc=">AAAB/XicbVDLSgMxFL1TX7W+xsfOTbAIrsqMSHVZcOOyBdsKnaHcSdM2NPMgyQh1KPopblwo4tb/cOffmGm70NYDgcM5NzcnJ0gEV9pxvq3Cyura+kZxs7S1vbO7Z+8ftFScSsqaNBaxvAtQMcEj1tRcC3aXSIZhIFg7GF3nfvueScXj6FaPE+aHOIh4n1PURuraR16CUnMUxAtRDymKrD7p2mWn4kxBlok7J2WYo961v7xeTNOQRZoKVKrjOon2s3wzFWxS8lLFEqQjHLCOoRGGTPnZNP2EnBqlR/qxNCfSZKr+vpFhqNQ4DMxkHlEtern4n9dJdf/Kz3iUpJpFdPZQPxVExySvgvS4ZFSLsSFIJTdZCR2iRKpNYSVTgrv45WXSOq+41Uq1cVGuNZ5mdRThGE7gDFy4hBrcQB2aQOEBnuEV3qxH68V6tz5mowVrXuEh/IH1+QPaN5X0</latexit>

@P

Need a path with one differential vertex



pf

pfp∂f

Sampling paths from
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<latexit sha1_base64="rCvf7raOdKWYIcDbYeu2Fg6XFFc=">AAAB/XicbVDLSgMxFL1TX7W+xsfOTbAIrsqMSHVZcOOyBdsKnaHcSdM2NPMgyQh1KPopblwo4tb/cOffmGm70NYDgcM5NzcnJ0gEV9pxvq3Cyura+kZxs7S1vbO7Z+8ftFScSsqaNBaxvAtQMcEj1tRcC3aXSIZhIFg7GF3nfvueScXj6FaPE+aHOIh4n1PURuraR16CUnMUxAtRDymKrD7p2mWn4kxBlok7J2WYo961v7xeTNOQRZoKVKrjOon2s3wzFWxS8lLFEqQjHLCOoRGGTPnZNP2EnBqlR/qxNCfSZKr+vpFhqNQ4DMxkHlEtern4n9dJdf/Kz3iUpJpFdPZQPxVExySvgvS4ZFSLsSFIJTdZCR2iRKpNYSVTgrv45WXSOq+41Uq1cVGuNZ5mdRThGE7gDFy4hBrcQB2aQOEBnuEV3qxH68V6tz5mowVrXuEh/IH1+QPaN5X0</latexit>

@P

= standard pdf

= differential pdf

<latexit sha1_base64="HFZ9RWfUKlhC9HDx/BK/dDRSYyw=">AAAB6nicdVDLSgMxFM34rPVVdekmWARXQyLOtN0V3Oiuon1AO5RMmmlDM5khyQhl6Ce4caGIW7/InX9j+hBU9MCFwzn3cu89YSq4Ngh9OCura+sbm4Wt4vbO7t5+6eCwpZNMUdakiUhUJySaCS5Z03AjWCdVjMShYO1wfDnz2/dMaZ7IOzNJWRCToeQRp8RY6TbtR/1SGbkewjW/ApGLEPY835JarephDLFVZiiDJRr90ntvkNAsZtJQQbTuYpSaICfKcCrYtNjLNEsJHZMh61oqScx0kM9PncJTqwxglChb0sC5+n0iJ7HWkzi0nTExI/3bm4l/ed3MRNUg5zLNDJN0sSjKBDQJnP0NB1wxasTEEkIVt7dCOiKKUGPTKdoQvj6F/5PWuYt917+5KNevl3EUwDE4AWcAgwqogyvQAE1AwRA8gCfw7Ajn0XlxXhetK85y5gj8gPP2CcYuji0=</latexit>pf
<latexit sha1_base64="/m/ULc1eowUJfHNb9bKkwaqulr4=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4GjLiTNtdwY3uKtgHtGPJpJk2NDMTkoxShv6HGxeKuPVf3Pk3ZtoKKnrgwuGce5N7TyA4UxqhD6uwsrq2vlHcLG1t7+zulfcP2ipJJaEtkvBEdgOsKGcxbWmmOe0KSXEUcNoJJhe537mjUrEkvtFTQf0Ij2IWMoK1kW7FIOsLLDXDHIazQbmCbBc5da8KkY2Q47qeIfV6zXUc6BglRwUs0RyU3/vDhKQRjTXhWKmeg4T2s/xBwums1E8VFZhM8Ij2DI1xRJWfzbeewROjDGGYSFOxhnP1+0SGI6WmUWA6I6zH6reXi395vVSHNT9jsUg1jcniozDlUCcwjwAOmaRE86khmEhmdoVkjCUm2gRVMiF8XQr/J+0z2/Fs7/q80rhaxlEER+AYnAIHVEEDXIImaAECJHgAT+DZurcerRfrddFasJYzh+AHrLdPJC6S/A==</latexit>p@f



Sampling paths from
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<latexit sha1_base64="rCvf7raOdKWYIcDbYeu2Fg6XFFc=">AAAB/XicbVDLSgMxFL1TX7W+xsfOTbAIrsqMSHVZcOOyBdsKnaHcSdM2NPMgyQh1KPopblwo4tb/cOffmGm70NYDgcM5NzcnJ0gEV9pxvq3Cyura+kZxs7S1vbO7Z+8ftFScSsqaNBaxvAtQMcEj1tRcC3aXSIZhIFg7GF3nfvueScXj6FaPE+aHOIh4n1PURuraR16CUnMUxAtRDymKrD7p2mWn4kxBlok7J2WYo961v7xeTNOQRZoKVKrjOon2s3wzFWxS8lLFEqQjHLCOoRGGTPnZNP2EnBqlR/qxNCfSZKr+vpFhqNQ4DMxkHlEtern4n9dJdf/Kz3iUpJpFdPZQPxVExySvgvS4ZFSLsSFIJTdZCR2iRKpNYSVTgrv45WXSOq+41Uq1cVGuNZ5mdRThGE7gDFy4hBrcQB2aQOEBnuEV3qxH68V6tz5mowVrXuEh/IH1+QPaN5X0</latexit>

@P

= standard pdf, proportional to the BRDF

= differential pdf, proportional to the BRDF’s derivative

<latexit sha1_base64="HFZ9RWfUKlhC9HDx/BK/dDRSYyw=">AAAB6nicdVDLSgMxFM34rPVVdekmWARXQyLOtN0V3Oiuon1AO5RMmmlDM5khyQhl6Ce4caGIW7/InX9j+hBU9MCFwzn3cu89YSq4Ngh9OCura+sbm4Wt4vbO7t5+6eCwpZNMUdakiUhUJySaCS5Z03AjWCdVjMShYO1wfDnz2/dMaZ7IOzNJWRCToeQRp8RY6TbtR/1SGbkewjW/ApGLEPY835JarephDLFVZiiDJRr90ntvkNAsZtJQQbTuYpSaICfKcCrYtNjLNEsJHZMh61oqScx0kM9PncJTqwxglChb0sC5+n0iJ7HWkzi0nTExI/3bm4l/ed3MRNUg5zLNDJN0sSjKBDQJnP0NB1wxasTEEkIVt7dCOiKKUGPTKdoQvj6F/5PWuYt917+5KNevl3EUwDE4AWcAgwqogyvQAE1AwRA8gCfw7Ajn0XlxXhetK85y5gj8gPP2CcYuji0=</latexit>pf
<latexit sha1_base64="/m/ULc1eowUJfHNb9bKkwaqulr4=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4GjLiTNtdwY3uKtgHtGPJpJk2NDMTkoxShv6HGxeKuPVf3Pk3ZtoKKnrgwuGce5N7TyA4UxqhD6uwsrq2vlHcLG1t7+zulfcP2ipJJaEtkvBEdgOsKGcxbWmmOe0KSXEUcNoJJhe537mjUrEkvtFTQf0Ij2IWMoK1kW7FIOsLLDXDHIazQbmCbBc5da8KkY2Q47qeIfV6zXUc6BglRwUs0RyU3/vDhKQRjTXhWKmeg4T2s/xBwums1E8VFZhM8Ij2DI1xRJWfzbeewROjDGGYSFOxhnP1+0SGI6WmUWA6I6zH6reXi395vVSHNT9jsUg1jcniozDlUCcwjwAOmaRE86khmEhmdoVkjCUm2gRVMiF8XQr/J+0z2/Fs7/q80rhaxlEER+AYnAIHVEEDXIImaAECJHgAT+DZurcerRfrddFasJYzh+AHrLdPJC6S/A==</latexit>p@f

pf

pfp∂f



Choosing the differential vertex
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Should this vertex 
be differential?



Choosing the differential vertex
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Should this vertex 
be differential?

Terminate path at 
this vertex?

Russian roulette



Choosing the differential vertex
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<latexit sha1_base64="iIhY2u5BbHdwgKHb5PYoIQXCEoA=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAruLEkItVlQRcuK9gHtKFMppN26GQSZ27EEOrGX3HjQhG3/oU7/8bpY6HVAxcO59zLvff4seAaHOfLyi0sLi2v5FcLa+sbm1v29k5DR4mirE4jEamWTzQTXLI6cBCsFStGQl+wpj+8GPvNO6Y0j+QNpDHzQtKXPOCUgJG69l4H2D1ksYp84nPBIcUl9/i2NOraRafsTID/EndGimiGWtf+7PQimoRMAhVE67brxOBlRAGngo0KnUSzmNAh6bO2oZKETHvZ5IMRPjRKDweRMiUBT9SfExkJtU5D33SGBAZ63huL/3ntBIJzL+MyToBJOl0UJAJDhMdx4B5XjIJIDSFUcXMrpgOiCAUTWsGE4M6//Jc0TspupVy5Pi1WL2dx5NE+OkBHyEVnqIquUA3VEUUP6Am9oFfr0Xq23qz3aWvOms3sol+wPr4B/kOWmQ==</latexit>

probability 1� q

<latexit sha1_base64="bHaNwEZjLucMcL9N01b8PEi0n04=">AAAB/3icdVDJSgNBEO1xjXEbFbx4aUwET6EniTG5BfTgMYJZIAmhp9NJmvQsdteIYczBX/HiQRGv/oY3/8bOIqjog4LHe1VU1XNDKTQQ8mEtLC4tr6wm1pLrG5tb2/bObk0HkWK8ygIZqIZLNZfC51UQIHkjVJx6ruR1d3g28es3XGkR+FcwCnnbo31f9ASjYKSOvd8CfgtxqAKXukIKGOH0dXrcsVMkUyoWSL6ISYaQYi6XM+SEOKVsHjtGmSCF5qh07PdWN2CRx31gkmrddEgI7ZgqEEzycbIVaR5SNqR93jTUpx7X7Xh6/xgfGaWLe4Ey5QOeqt8nYuppPfJc0+lRGOjf3kT8y2tG0Cu2Y+GHEXCfzRb1IokhwJMwcFcozkCODKFMCXMrZgOqKAMTWdKE8PUp/p/UshmnkClc5lPl83kcCXSADtExctApKqMLVEFVxNAdekBP6Nm6tx6tF+t11rpgzWf20A9Yb59/RJZw</latexit>

probability q



Choosing the differential vertex
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<latexit sha1_base64="iIhY2u5BbHdwgKHb5PYoIQXCEoA=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAruLEkItVlQRcuK9gHtKFMppN26GQSZ27EEOrGX3HjQhG3/oU7/8bpY6HVAxcO59zLvff4seAaHOfLyi0sLi2v5FcLa+sbm1v29k5DR4mirE4jEamWTzQTXLI6cBCsFStGQl+wpj+8GPvNO6Y0j+QNpDHzQtKXPOCUgJG69l4H2D1ksYp84nPBIcUl9/i2NOraRafsTID/EndGimiGWtf+7PQimoRMAhVE67brxOBlRAGngo0KnUSzmNAh6bO2oZKETHvZ5IMRPjRKDweRMiUBT9SfExkJtU5D33SGBAZ63huL/3ntBIJzL+MyToBJOl0UJAJDhMdx4B5XjIJIDSFUcXMrpgOiCAUTWsGE4M6//Jc0TspupVy5Pi1WL2dx5NE+OkBHyEVnqIquUA3VEUUP6Am9oFfr0Xq23qz3aWvOms3sol+wPr4B/kOWmQ==</latexit>

probability 1� q

<latexit sha1_base64="bHaNwEZjLucMcL9N01b8PEi0n04=">AAAB/3icdVDJSgNBEO1xjXEbFbx4aUwET6EniTG5BfTgMYJZIAmhp9NJmvQsdteIYczBX/HiQRGv/oY3/8bOIqjog4LHe1VU1XNDKTQQ8mEtLC4tr6wm1pLrG5tb2/bObk0HkWK8ygIZqIZLNZfC51UQIHkjVJx6ruR1d3g28es3XGkR+FcwCnnbo31f9ASjYKSOvd8CfgtxqAKXukIKGOH0dXrcsVMkUyoWSL6ISYaQYi6XM+SEOKVsHjtGmSCF5qh07PdWN2CRx31gkmrddEgI7ZgqEEzycbIVaR5SNqR93jTUpx7X7Xh6/xgfGaWLe4Ey5QOeqt8nYuppPfJc0+lRGOjf3kT8y2tG0Cu2Y+GHEXCfzRb1IokhwJMwcFcozkCODKFMCXMrZgOqKAMTWdKE8PUp/p/UshmnkClc5lPl83kcCXSADtExctApKqMLVEFVxNAdekBP6Nm6tx6tF+t11rpgzWf20A9Yb59/RJZw</latexit>

probability q

normal vertex

sample     ,  weight<latexit sha1_base64="NIR4aGqv3c5Ob+k2s+cu2k+ZVKs=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKJB4DgniMaB6QLGF2MpsMmZ1dZnqFsAT8AS8eFPHqF3nzb5w8DppY0FBUddPdFSRSGHTdbye3tr6xuZXfLuzs7u0fFA+PmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0fXUbz1ybUSsHnCccD+iAyVCwSha6T7phb1iyS27M5BV4i1ICRao94pf3X7M0ogrZJIa0/HcBP2MahRM8kmhmxqeUDaiA96xVNGIGz+bnTohZ1bpkzDWthSSmfp7IqORMeMosJ0RxaFZ9qbif14nxfDKz4RKUuSKzReFqSQYk+nfpC80ZyjHllCmhb2VsCHVlKFNp2BD8JZfXiXNi7JXKVfuLku1m6d5HHk4gVM4Bw+qUINbqEMDGAzgGV7hzZHOi/PufMxbc84iwmP4A+fzB3qajlw=</latexit>pf

<latexit sha1_base64="rH4YetzjPxZbhdmpzCny/nRpBQc=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEumhJXNRulIIL3VnBPqAJYTKZtEMnD2cmYgnBjb/ixoUibv0J3fk3Th8LbT1w4XDOvdx7jxszKqRhfGu5hcWl5ZX8amFtfWNzS9/eaYko4Zg0ccQi3nGRIIyGpCmpZKQTc4ICl5G2Ozgf+e07wgWNwhs5jIkdoF5IfYqRVJKj71k+Rzg1szR2fGhhL5KwZJZvjzJHLxoVYww4T8wpKdZPrz7vy7WLhqN/WV6Ek4CEEjMkRNc0YmmniEuKGckKViJIjPAA9UhX0RAFRNjp+IUMHirFg37EVYUSjtXfEykKhBgGruoMkOyLWW8k/ud1E+nX7JSGcSJJiCeL/IRBGcFRHtCjnGDJhoogzKm6FeI+UplIlVpBhWDOvjxPWscVs1qpXqs0zsAEebAPDkAJmOAE1MElaIAmwOABPIEX8Ko9as/am/Y+ac1p05ld8Afaxw95IJkd</latexit>

1

pf · (1� q)



Choosing the differential vertex
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<latexit sha1_base64="iIhY2u5BbHdwgKHb5PYoIQXCEoA=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAruLEkItVlQRcuK9gHtKFMppN26GQSZ27EEOrGX3HjQhG3/oU7/8bpY6HVAxcO59zLvff4seAaHOfLyi0sLi2v5FcLa+sbm1v29k5DR4mirE4jEamWTzQTXLI6cBCsFStGQl+wpj+8GPvNO6Y0j+QNpDHzQtKXPOCUgJG69l4H2D1ksYp84nPBIcUl9/i2NOraRafsTID/EndGimiGWtf+7PQimoRMAhVE67brxOBlRAGngo0KnUSzmNAh6bO2oZKETHvZ5IMRPjRKDweRMiUBT9SfExkJtU5D33SGBAZ63huL/3ntBIJzL+MyToBJOl0UJAJDhMdx4B5XjIJIDSFUcXMrpgOiCAUTWsGE4M6//Jc0TspupVy5Pi1WL2dx5NE+OkBHyEVnqIquUA3VEUUP6Am9oFfr0Xq23qz3aWvOms3sol+wPr4B/kOWmQ==</latexit>

probability 1� q

<latexit sha1_base64="bHaNwEZjLucMcL9N01b8PEi0n04=">AAAB/3icdVDJSgNBEO1xjXEbFbx4aUwET6EniTG5BfTgMYJZIAmhp9NJmvQsdteIYczBX/HiQRGv/oY3/8bOIqjog4LHe1VU1XNDKTQQ8mEtLC4tr6wm1pLrG5tb2/bObk0HkWK8ygIZqIZLNZfC51UQIHkjVJx6ruR1d3g28es3XGkR+FcwCnnbo31f9ASjYKSOvd8CfgtxqAKXukIKGOH0dXrcsVMkUyoWSL6ISYaQYi6XM+SEOKVsHjtGmSCF5qh07PdWN2CRx31gkmrddEgI7ZgqEEzycbIVaR5SNqR93jTUpx7X7Xh6/xgfGaWLe4Ey5QOeqt8nYuppPfJc0+lRGOjf3kT8y2tG0Cu2Y+GHEXCfzRb1IokhwJMwcFcozkCODKFMCXMrZgOqKAMTWdKE8PUp/p/UshmnkClc5lPl83kcCXSADtExctApKqMLVEFVxNAdekBP6Nm6tx6tF+t11rpgzWf20A9Yb59/RJZw</latexit>

probability q

normal vertex

sample     ,  weight<latexit sha1_base64="NIR4aGqv3c5Ob+k2s+cu2k+ZVKs=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKJB4DgniMaB6QLGF2MpsMmZ1dZnqFsAT8AS8eFPHqF3nzb5w8DppY0FBUddPdFSRSGHTdbye3tr6xuZXfLuzs7u0fFA+PmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0fXUbz1ybUSsHnCccD+iAyVCwSha6T7phb1iyS27M5BV4i1ICRao94pf3X7M0ogrZJIa0/HcBP2MahRM8kmhmxqeUDaiA96xVNGIGz+bnTohZ1bpkzDWthSSmfp7IqORMeMosJ0RxaFZ9qbif14nxfDKz4RKUuSKzReFqSQYk+nfpC80ZyjHllCmhb2VsCHVlKFNp2BD8JZfXiXNi7JXKVfuLku1m6d5HHk4gVM4Bw+qUINbqEMDGAzgGV7hzZHOi/PufMxbc84iwmP4A+fzB3qajlw=</latexit>pf

<latexit sha1_base64="rH4YetzjPxZbhdmpzCny/nRpBQc=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEumhJXNRulIIL3VnBPqAJYTKZtEMnD2cmYgnBjb/ixoUibv0J3fk3Th8LbT1w4XDOvdx7jxszKqRhfGu5hcWl5ZX8amFtfWNzS9/eaYko4Zg0ccQi3nGRIIyGpCmpZKQTc4ICl5G2Ozgf+e07wgWNwhs5jIkdoF5IfYqRVJKj71k+Rzg1szR2fGhhL5KwZJZvjzJHLxoVYww4T8wpKdZPrz7vy7WLhqN/WV6Ek4CEEjMkRNc0YmmniEuKGckKViJIjPAA9UhX0RAFRNjp+IUMHirFg37EVYUSjtXfEykKhBgGruoMkOyLWW8k/ud1E+nX7JSGcSJJiCeL/IRBGcFRHtCjnGDJhoogzKm6FeI+UplIlVpBhWDOvjxPWscVs1qpXqs0zsAEebAPDkAJmOAE1MElaIAmwOABPIEX8Ko9as/am/Y+ac1p05ld8Afaxw95IJkd</latexit>

1

pf · (1� q)

differential vertex

sample       ,  weight


set           for later vertices

<latexit sha1_base64="YlprWXQs2mkbCjYjo78e+7KVdss=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJcFQVxWsA9ox5JJM21oJhOSjFKGgp/hxoUibv0Xd/6NmWkX2nrgwuGce29uTiA508Z1v53Cyura+kZxs7S1vbO7V94/aOk4UYQ2Scxj1QmwppwJ2jTMcNqRiuIo4LQdjK8yv/1AlWaxuDMTSf0IDwULGcHGSveyn/YkVoZhjsJpv1xxq24OtEy8OanAHI1++as3iEkSUWEIx1p3PVcaP80WEk6npV6iqcRkjIe0a6nAEdV+ml89RSdWGaAwVraEQbn6eyLFkdaTKLCdETYjvehl4n9eNzHhpZ8yIRNDBZk9FCYcmRhlEaABU5QYPrEEE8XsrYiMsMLE2KBKNgRv8cvLpHVW9WrV2u15pX79NIujCEdwDKfgwQXU4QYa0AQCCp7hFd6cR+fFeXc+Zq0FZx7hIfyB8/kD2IuTKw==</latexit>p@f
<latexit sha1_base64="x/zc4TJiv8ofw3Svoe1R3WQXCOc=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJioUoYShdQJQbYKBJ9SE0UOa7TWnWcYDuIKsrKwq+wMIAQK18AG3+D03aAliNd6eice+17jx8zKpVlfRuFhcWl5ZXiamltfWNzy9zeackoEZg0ccQi0fGRJIxy0lRUMdKJBUGhz0jbH57nfvuOCEkjfqNGMXFD1Oc0oBgpLXkmdAKBcGpnaeylToyEoojBIIMO7kUK3maeWbYq1hhwnthTUq6fXn3eH9UuGp755fQinISEK8yQlF3bipWb5i9jRrKSk0gSIzxEfdLVlKOQSDcdX5LBA630YBAJXVzBsfp7IkWhlKPQ150hUgM56+Xif143UUHNTSmPE0U4nnwUJAyqCOaxwB4VBCs20gRhQfWuEA+Qjkbp8Eo6BHv25HnSOq7Y1Ur1WqdxBiYogj2wDw6BDU5AHVyCBmgCDB7AE3gBr8aj8Wy8Ge+T1oIxndkFf2B8/ABsA50V</latexit>

1

p@f · q
<latexit sha1_base64="IRS3CFZHGHQbu90/aw1x/qbKpfU=">AAAB7HicbVC7SgNBFL0bX3F9RS0tHAxCqrBrES0UAlpYRnCTQLKE2clsMmR2dp2ZFcKSD7CysVDE1g+y8xPs/QAnj0ITD1w4nHMv994TJJwp7TifVm5peWV1Lb9ub2xube8UdvfqKk4loR6JeSybAVaUM0E9zTSnzURSHAWcNoLB5dhv3FOpWCxu9TChfoR7goWMYG0k7w5dIKdTKDplZwK0SNwZKVYPv84fvu1SrVP4aHdjkkZUaMKxUi3XSbSfYakZ4XRkt1NFE0wGuEdbhgocUeVnk2NH6NgoXRTG0pTQaKL+nshwpNQwCkxnhHVfzXtj8T+vlerwzM+YSFJNBZkuClOOdIzGn6Muk5RoPjQEE8nMrYj0scREm3xsE4I7//IiqZ+U3Uq5cmPSuIIp8nAAR1ACF06hCtdQAw8IMHiEZ3ixhPVkvVpv09acNZvZhz+w3n8AyeSRBg==</latexit>

q = 0



Sampling probability for a full path
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x0

x1



Sampling probability for a full path
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x0

x1 x2

pf · (1− q)



x0

x1 x2

pf · (1− q)

p∂f · q
x3

Sampling probability for a full path
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Sampling probability for a full path

54

x0

x1 x2

pf · (1− q)

p∂f · q
x3

x4

pf



x0

x1 x2

pf · (1− q)

p∂f · q
x3

x4

pf

Sampling probability for a full path
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weight path contribution by
<latexit sha1_base64="yt4vGFObrFb790gi0TwwBPNc288=">AAACAnicbVDLSsNAFJ3UV62vqCtxEyyCq5K4qIKbQl24rGAf0IQymU7aoZNJmLkRSwhuXOl3uHGhiFs3+gnu/Bunj4W2HrhwOOde7r3HjzlTYNvfRm5hcWl5Jb9aWFvf2Nwyt3caKkokoXUS8Ui2fKwoZ4LWgQGnrVhSHPqcNv1BdeQ3r6lULBJXMIypF+KeYAEjGLTUMffcQGKSOlkad1IX6A2kMYZ+lmUds2iX7DGseeJMSbFSvX/4YJ9ntY755XYjkoRUAOFYqbZjx+ClWAIjnGYFN1E0xmSAe7StqcAhVV46fiGzDrXStYJI6hJgjdXfEykOlRqGvu4M9X1q1huJ/3ntBIJTL2UiToAKMlkUJNyCyBrlYXWZpAT4UBNMJNO3WqSPdSagUyvoEJzZl+dJ47jklEvlS53GOZogj/bRATpCDjpBFXSBaqiOCLpFj+gZvRh3xpPxarxNWnPGdGYX/YHx/gPNiJwT</latexit>

1

ppath

<latexit sha1_base64="X34BujJTWWCOASQ4s+5elN01V4s="></latexit>

ppath = pf (x1) · (1� q) · p@f (x2) · q · pf (x3)



Multiple importance sampling (MIS)
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p∂f · q pf · (1− q)
pf p∂f · q

pf · (1− q)
pf · (1− q)

Differential vertex at <latexit sha1_base64="Ey6DAR+yZeu3ebXOjL3nqvZSVEM=">AAAB83icbVDLSgNBEOz1GeMrxovgZUkQPIVdD9FjwBw8RjAPyIYwO5lNhszOLjO9krDkN7x4UES8+Qn+gSdv/o2Tx0ETCxqKqm66u/xYcI2O822trW9sbm1ndrK7e/sHh7mjfENHiaKsTiMRqZZPNBNcsjpyFKwVK0ZCX7CmP7ye+s17pjSP5B2OY9YJSV/ygFOCRvI8ZCP0g3Q06brdXNEpOTPYq8RdkGLl5PMjX30r1Lq5L68X0SRkEqkgWrddJ8ZOShRyKtgk6yWaxYQOSZ+1DZUkZLqTzm6e2GdG6dlBpExJtGfq74mUhFqPQ990hgQHetmbiv957QSDq07KZZwgk3S+KEiEjZE9DcDuccUoirEhhCpubrXpgChC0cSUNSG4yy+vksZFyS2XyrcmjSrMkYFTKMA5uHAJFbiBGtSBQgwP8ATPVmI9Wi/W67x1zVrMHMMfWO8/X6GU4w==</latexit>x1
<latexit sha1_base64="bYneEYGW+fJ+qVwUZcF3n052Aag=">AAAB83icbVBNS8NAEN3Ur1q/qh69BIvgqSRFqseCF71VsB/QhLLZTtqlm03YnUhL6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzgkRwjY7zbRU2Nre2d4q7pb39g8Oj8vFJW8epYtBisYhVN6AaBJfQQo4CuokCGgUCOsH4du53nkBpHstHnCbgR3QoecgZRSN5HsIEgzCbzPq1frniVJ0F7HXi5qRCcjT75S9vELM0AolMUK17rpOgn1GFnAmYlbxUQ0LZmA6hZ6ikEWg/W9w8sy+MMrDDWJmSaC/U3xMZjbSeRoHpjCiO9Ko3F//zeimGN37GZZIiSLZcFKbCxtieB2APuAKGYmoIZYqbW202oooyNDGVTAju6svrpF2ruvVq/eGq0rjP4yiSM3JOLolLrkmD3JEmaRFGEvJMXsmblVov1rv1sWwtWPnMKfkD6/MHW1uR7g==</latexit>x2Differential vertex at No differential vertex

Multiple importance sampling (MIS)
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Multiple importance sampling (MIS)
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<latexit sha1_base64="dkONCYPw6pDssiVxqMcYg7/JCTY="></latexit>

ppath = pf (x1) · (1� q) · p@f (x2) · q
<latexit sha1_base64="8DM0Nw7Mj3UfdSr+6CVbvsxi8v8="></latexit>

ppath = p@f (x1) · q · pf (x2)
<latexit sha1_base64="Fkl4soX0v1twFl01koJ3PJ+IaiU="></latexit>

ppath = pf (x1) · (1� q) · pf (x2) · (1� q)

p∂f · q pf · (1− q)
pf p∂f · q

pf · (1− q)
pf · (1− q)

Differential vertex at <latexit sha1_base64="Ey6DAR+yZeu3ebXOjL3nqvZSVEM=">AAAB83icbVDLSgNBEOz1GeMrxovgZUkQPIVdD9FjwBw8RjAPyIYwO5lNhszOLjO9krDkN7x4UES8+Qn+gSdv/o2Tx0ETCxqKqm66u/xYcI2O822trW9sbm1ndrK7e/sHh7mjfENHiaKsTiMRqZZPNBNcsjpyFKwVK0ZCX7CmP7ye+s17pjSP5B2OY9YJSV/ygFOCRvI8ZCP0g3Q06brdXNEpOTPYq8RdkGLl5PMjX30r1Lq5L68X0SRkEqkgWrddJ8ZOShRyKtgk6yWaxYQOSZ+1DZUkZLqTzm6e2GdG6dlBpExJtGfq74mUhFqPQ990hgQHetmbiv957QSDq07KZZwgk3S+KEiEjZE9DcDuccUoirEhhCpubrXpgChC0cSUNSG4yy+vksZFyS2XyrcmjSrMkYFTKMA5uHAJFbiBGtSBQgwP8ATPVmI9Wi/W67x1zVrMHMMfWO8/X6GU4w==</latexit>x1 No differential vertex<latexit sha1_base64="bYneEYGW+fJ+qVwUZcF3n052Aag=">AAAB83icbVBNS8NAEN3Ur1q/qh69BIvgqSRFqseCF71VsB/QhLLZTtqlm03YnUhL6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzgkRwjY7zbRU2Nre2d4q7pb39g8Oj8vFJW8epYtBisYhVN6AaBJfQQo4CuokCGgUCOsH4du53nkBpHstHnCbgR3QoecgZRSN5HsIEgzCbzPq1frniVJ0F7HXi5qRCcjT75S9vELM0AolMUK17rpOgn1GFnAmYlbxUQ0LZmA6hZ6ikEWg/W9w8sy+MMrDDWJmSaC/U3xMZjbSeRoHpjCiO9Ko3F//zeimGN37GZZIiSLZcFKbCxtieB2APuAKGYmoIZYqbW202oooyNDGVTAju6svrpF2ruvVq/eGq0rjP4yiSM3JOLolLrkmD3JEmaRFGEvJMXsmblVov1rv1sWwtWPnMKfkD6/MHW1uR7g==</latexit>x2Differential vertex at



p∂f · q pf · (1− q)
pf p∂f · q

pf · (1− q)
pf · (1− q)

Multiple importance sampling (MIS)
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Differential vertex at <latexit sha1_base64="Ey6DAR+yZeu3ebXOjL3nqvZSVEM=">AAAB83icbVDLSgNBEOz1GeMrxovgZUkQPIVdD9FjwBw8RjAPyIYwO5lNhszOLjO9krDkN7x4UES8+Qn+gSdv/o2Tx0ETCxqKqm66u/xYcI2O822trW9sbm1ndrK7e/sHh7mjfENHiaKsTiMRqZZPNBNcsjpyFKwVK0ZCX7CmP7ye+s17pjSP5B2OY9YJSV/ygFOCRvI8ZCP0g3Q06brdXNEpOTPYq8RdkGLl5PMjX30r1Lq5L68X0SRkEqkgWrddJ8ZOShRyKtgk6yWaxYQOSZ+1DZUkZLqTzm6e2GdG6dlBpExJtGfq74mUhFqPQ990hgQHetmbiv957QSDq07KZZwgk3S+KEiEjZE9DcDuccUoirEhhCpubrXpgChC0cSUNSG4yy+vksZFyS2XyrcmjSrMkYFTKMA5uHAJFbiBGtSBQgwP8ATPVmI9Wi/W67x1zVrMHMMfWO8/X6GU4w==</latexit>x1 No differential vertex

<latexit sha1_base64="CQyTOLjrMbw6dmQtX4oPojcg/5k="></latexit>

pmixture = p@f (x1) · q · pf (x2) + pf (x1) · (1� q) · p@f (x2) · q + pf (x1) · (1� q) · pf (x2) · (1� q)

weight path contribution by
<latexit sha1_base64="NzNxzU68r+chlaTpvwV8HUV+7YE=">AAACBXicbVA9SwNBEN2LXzF+nVpqcRgEq3AnEi0DWlhGMB+QHGFvM5cs2ftgd04Sjmts/Cs2ForY+h/s/Ddukis08cHA470ZZuZ5seAKbfvbKKysrq1vFDdLW9s7u3vm/kFTRYlk0GCRiGTbowoED6GBHAW0Ywk08AS0vNH11G89gFQ8Cu9xEoMb0EHIfc4oaqlnHnd9SVnqZGncS7sIY0wDPsZEQpZlPbNsV+wZrGXi5KRMctR75le3H7EkgBCZoEp1HDtGN6USOROQlbqJgpiyER1AR9OQBqDcdPZFZp1qpW/5kdQVojVTf0+kNFBqEni6M6A4VIveVPzP6yToX7kpD+MEIWTzRX4iLIysaSRWn0tgKCaaUCa5vtViQ6pjQR1cSYfgLL68TJrnFadaqd5dlGs3eRxFckROyBlxyCWpkVtSJw3CyCN5Jq/kzXgyXox342PeWjDymUPyB8bnD20xmdc=</latexit>

1

pmixture

<latexit sha1_base64="bYneEYGW+fJ+qVwUZcF3n052Aag=">AAAB83icbVBNS8NAEN3Ur1q/qh69BIvgqSRFqseCF71VsB/QhLLZTtqlm03YnUhL6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzgkRwjY7zbRU2Nre2d4q7pb39g8Oj8vFJW8epYtBisYhVN6AaBJfQQo4CuokCGgUCOsH4du53nkBpHstHnCbgR3QoecgZRSN5HsIEgzCbzPq1frniVJ0F7HXi5qRCcjT75S9vELM0AolMUK17rpOgn1GFnAmYlbxUQ0LZmA6hZ6ikEWg/W9w8sy+MMrDDWJmSaC/U3xMZjbSeRoHpjCiO9Ko3F//zeimGN37GZZIiSLZcFKbCxtieB2APuAKGYmoIZYqbW202oooyNDGVTAju6svrpF2ruvVq/eGq0rjP4yiSM3JOLolLrkmD3JEmaRFGEvJMXsmblVov1rv1sWwtWPnMKfkD6/MHW1uR7g==</latexit>x2Differential vertex at



Multiple importance sampling (MIS)
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Bidirectional path tracing

p∂f · q pf · (1− q)
pf p∂f · q

pf · (1− q)
pf · (1− q)

Differential vertex at <latexit sha1_base64="Ey6DAR+yZeu3ebXOjL3nqvZSVEM=">AAAB83icbVDLSgNBEOz1GeMrxovgZUkQPIVdD9FjwBw8RjAPyIYwO5lNhszOLjO9krDkN7x4UES8+Qn+gSdv/o2Tx0ETCxqKqm66u/xYcI2O822trW9sbm1ndrK7e/sHh7mjfENHiaKsTiMRqZZPNBNcsjpyFKwVK0ZCX7CmP7ye+s17pjSP5B2OY9YJSV/ygFOCRvI8ZCP0g3Q06brdXNEpOTPYq8RdkGLl5PMjX30r1Lq5L68X0SRkEqkgWrddJ8ZOShRyKtgk6yWaxYQOSZ+1DZUkZLqTzm6e2GdG6dlBpExJtGfq74mUhFqPQ990hgQHetmbiv957QSDq07KZZwgk3S+KEiEjZE9DcDuccUoirEhhCpubrXpgChC0cSUNSG4yy+vksZFyS2XyrcmjSrMkYFTKMA5uHAJFbiBGtSBQgwP8ATPVmI9Wi/W67x1zVrMHMMfWO8/X6GU4w==</latexit>x1 No differential vertex<latexit sha1_base64="bYneEYGW+fJ+qVwUZcF3n052Aag=">AAAB83icbVBNS8NAEN3Ur1q/qh69BIvgqSRFqseCF71VsB/QhLLZTtqlm03YnUhL6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzgkRwjY7zbRU2Nre2d4q7pb39g8Oj8vFJW8epYtBisYhVN6AaBJfQQo4CuokCGgUCOsH4du53nkBpHstHnCbgR3QoecgZRSN5HsIEgzCbzPq1frniVJ0F7HXi5qRCcjT75S9vELM0AolMUK17rpOgn1GFnAmYlbxUQ0LZmA6hZ6ikEWg/W9w8sy+MMrDDWJmSaC/U3xMZjbSeRoHpjCiO9Ko3F//zeimGN37GZZIiSLZcFKbCxtieB2APuAKGYmoIZYqbW202oooyNDGVTAju6svrpF2ruvVq/eGq0rjP4yiSM3JOLolLrkmD3JEmaRFGEvJMXsmblVov1rv1sWwtWPnMKfkD6/MHW1uR7g==</latexit>x2Differential vertex at
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Next event estimation (NEE)

p∂f · q

pe

pf · (1− q)or

= emitter pdf<latexit sha1_base64="xGXwyFt+gPx6RCvgaGmisbntytA=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjJ1Wqe7giAuK9oHtEPJpJk2NJMZkoxQhoI/4MaFIm79Inf+jelDUNEDFw7n3Mu99wQJZ0oj9GHlVlbX1jfym4Wt7Z3dveL+QUvFqSS0SWIey06AFeVM0KZmmtNOIimOAk7bwfhi5rfvqFQsFrd6klA/wkPBQkawNtJN0qf9YgnZtRpyXQ8iu4LKZbdiCDore54DHRvNUQJLNPrF994gJmlEhSYcK9V1UKL9DEvNCKfTQi9VNMFkjIe0a6jAEVV+Nj91Ck+MMoBhLE0JDefq94kMR0pNosB0RliP1G9vJv7ldVMden7GRJJqKshiUZhyqGM4+xsOmKRE84khmEhmboVkhCUm2qRTMCF8fQr/J62y7VTt6rVbql/eL+LIgyNwDE6BA85BHVyBBmgCAobgATyBZ4tbj9aL9bpozVnLCA/BD1hvn+SQjqU=</latexit>pe

NEE connection



p∂f · q

p∂f · q

pf

pf · (1− q)

pf · (1− q)
pf · (1− q)
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Other possible sampling methods

NEE connection

Next event estimation (NEE)

p∂f · q

pe

pf · (1− q)or

= emitter pdf<latexit sha1_base64="xGXwyFt+gPx6RCvgaGmisbntytA=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjJ1Wqe7giAuK9oHtEPJpJk2NJMZkoxQhoI/4MaFIm79Inf+jelDUNEDFw7n3Mu99wQJZ0oj9GHlVlbX1jfym4Wt7Z3dveL+QUvFqSS0SWIey06AFeVM0KZmmtNOIimOAk7bwfhi5rfvqFQsFrd6klA/wkPBQkawNtJN0qf9YgnZtRpyXQ8iu4LKZbdiCDore54DHRvNUQJLNPrF994gJmlEhSYcK9V1UKL9DEvNCKfTQi9VNMFkjIe0a6jAEVV+Nj91Ck+MMoBhLE0JDefq94kMR0pNosB0RliP1G9vJv7ldVMden7GRJJqKshiUZhyqGM4+xsOmKRE84khmEhmboVkhCUm2qRTMCF8fQr/J62y7VTt6rVbql/eL+LIgyNwDE6BA85BHVyBBmgCAobgATyBZ4tbj9aL9bpozVnLCA/BD1hvn+SQjqU=</latexit>pe

Details are in the paper



Computing path contributions
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<latexit sha1_base64="nfw9Z2puCwifFzGzJufb5j7EQn8="></latexit>

@✓I =

Z

P

NX

n=0

gn(x) dx =

Z

@P
gn(x)dx

Sample paths from here

Path space integral Differential path 
space integral



Computing path contributions
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<latexit sha1_base64="nfw9Z2puCwifFzGzJufb5j7EQn8="></latexit>

@✓I =

Z

P

NX

n=0

gn(x) dx =

Z

@P
gn(x)dx

Path space integral Differential path 
space integral



Computing path contributions
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<latexit sha1_base64="nfw9Z2puCwifFzGzJufb5j7EQn8="></latexit>

@✓I =

Z

P

NX

n=0

gn(x) dx =

Z

@P
gn(x)dx

Path space integral Differential path 
space integral



Computing path contributions
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<latexit sha1_base64="nfw9Z2puCwifFzGzJufb5j7EQn8="></latexit>

@✓I =

Z

P

NX

n=0

gn(x) dx =

Z

@P
gn(x)dx

Sample paths from here

Path space integral Differential path 
space integral



Computing path contributions
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<latexit sha1_base64="nfw9Z2puCwifFzGzJufb5j7EQn8="></latexit>

@✓I =

Z

P

NX

n=0

gn(x) dx =

Z

@P
gn(x)dx

Sample paths from here
Compute this integrand

Path space integral Differential path 
space integral



Computing path contributions
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Implement with simple modifications to Path Replay Backpropagation



Adaptive pixel sampling



Need to estimate         to do gradient descent
<latexit sha1_base64="1JmcPzU59okh6v/bsQw/K69IQL0=">AAACBHicbVA9SwNBEN3zM8avqGWaxSBYhTuRaBmwUbCIYD4gdxxzm02yZO+D3TkhHCls/Cs2ForY+iPs/DfuJSk08cHA470ZZuYFiRQabfvbWlldW9/YLGwVt3d29/ZLB4ctHaeK8SaLZaw6AWguRcSbKFDyTqI4hIHk7WB0lfvtB660iKN7HCfcC2EQib5ggEbyS2U3AYUCpO/ikCNQNwQcMpDZ7cQvVeyqPQVdJs6cVMgcDb/05fZiloY8QiZB665jJ+hl+QIm+aTopponwEYw4F1DIwi59rLpExN6YpQe7cfKVIR0qv6eyCDUehwGpjM/US96ufif102xf+llIkpS5BGbLeqnkmJM80RoTyjOUI4NAaaEuZWyIShgaHIrmhCcxZeXSeus6tSqtbvzSv1mHkeBlMkxOSUOuSB1ck0apEkYeSTP5JW8WU/Wi/VufcxaV6z5zBH5A+vzBzY5mH8=</latexit>

@✓L

Inverse rendering optimization

70

<latexit sha1_base64="D7VbV+6Gyrl0sllH4X4K0DJ86Bk="></latexit>

min
✓

L (I(✓), Ĩ)
scene parameter

loss 
function

rendered 
image

reference 
image



Loss gradient integral
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<latexit sha1_base64="HqQMEQT/ANOPrtkA7B0U7T9XIYw=">AAACSHicbVDLSsNAFJ3Ud3xVXboZLIqrkohUN4LgRkFEwarQlHAznbRDJw9mboQS+nluXLrzG9y4UMSdkxpQWy8MHM459zEnSKXQ6DjPVmVqemZ2bn7BXlxaXlmtrq3f6CRTjDdZIhN1F4DmUsS8iQIlv0sVhyiQ/DbonxT67T1XWiTxNQ5S3o6gG4tQMEBD+VXfS0GhAOl72OMI1IsAewxkfj60d47oj1zwQZifDX9bqMc6CdJ/h4zMfrXm1J1R0UnglqBGyrr0q09eJ2FZxGNkErRuuU6K7byYzyQf2l6meQqsD13eMjCGiOt2PgpiSLcN06FhosyLkY7Y3x05RFoPosA4iwv1uFaQ/2mtDMPDdi7iNEMes+9FYSYpJrRIlXaE4gzlwABgSphbKeuBAoYme9uE4I5/eRLc7NXdRr1xtV87vijjmCebZIvsEpcckGNySi5JkzDyQF7IG3m3Hq1X68P6/LZWrLJng/ypSuULxaSzmg==</latexit>

@✓L = @IL · @✓I



Loss gradient integral
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<latexit sha1_base64="Mz/lTrUNsg1C91DX2+RdzUHUjlA="></latexit>

@✓L = @IL · @✓I

= @IL ·
Z

@P
gn(x)dx



Loss gradient integral
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<latexit sha1_base64="ONxNSIfiCHgfF3rSSXiJKrNemc8="></latexit>

@✓L = @IL · @✓I

= @IL ·
Z

@P
gn(x)dx

=

Z

@P
@IL · gn(x)dx

adjoint radiance



Loss gradient integral
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<latexit sha1_base64="ONxNSIfiCHgfF3rSSXiJKrNemc8="></latexit>

@✓L = @IL · @✓I

= @IL ·
Z

@P
gn(x)dx

=

Z

@P
@IL · gn(x)dx

Separate rendering passes



Adaptive pixel sampling
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<latexit sha1_base64="caKbplXhyYeib2hHSxOjvlG2JHc="></latexit>

@✓L =

Z

@P
@IL · gn(x) dx

adjoint radiance

Forward rendering

<latexit sha1_base64="ithrYDMJc5mAcJES9LlUYnMntjE="></latexit>

I =

Z

P
We f(x) dx

sensor importance



Adaptive pixel sampling
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<latexit sha1_base64="caKbplXhyYeib2hHSxOjvlG2JHc="></latexit>

@✓L =

Z

@P
@IL · gn(x) dx

Use to importance sample 
pixels to start paths from

Our method:



<latexit sha1_base64="FgQdUeMn7TZUC0xP04ETTpV6yjw=">AAACCXicbZDLSsNAFIZPvNZ6i7p0M1gEVyURqS4LbhRcVLAXaEKYTCft0MmFmYlQQsCVG1/FjQtF3PoG7nwbJ2kX2npg4OP/z3DO+f2EM6ks69tYWl5ZXVuvbFQ3t7Z3ds29/Y6MU0Fom8Q8Fj0fS8pZRNuKKU57iaA49Dnt+uPLwu/eUyFZHN2pSULdEA8jFjCClZY8EzkJFoph7jkhViM/yK5zVCLBPLvJkWfWrLpVFloEewY1mFXLM7+cQUzSkEaKcCxl37YS5WbFFMJpXnVSSRNMxnhI+xojHFLpZuUlOTrWygAFsdAvUqhUf//IcCjlJPR1Z7GjnPcK8T+vn6rgws1YlKSKRmQ6KEg5UjEqYkEDJihRfKIBE8H0roiMsMBE6fCqOgR7/uRF6JzW7Ua9cXtWa3YepnFU4BCO4ARsOIcmXEEL2kDgEZ7hFd6MJ+PFeDc+pq1LxizCA/hTxucP9yma+w==</latexit>

@IL

Adaptive pixel sampling

77

<latexit sha1_base64="5q8axsHNAD2uq29Jq5l7NCMPLqE=">AAAB83icbVC7SgNBFL0bXzG+opY2g0GwCrsi0TJgY2ERwTwgu4TZyU0yZHZ2mZkVwhLwK2wsFLH1Z+z8G2eTFJp44MLhnHuZMydMBNfGdb+dwtr6xuZWcbu0s7u3f1A+PGrpOFUMmywWseqEVKPgEpuGG4GdRCGNQoHtcHyT++1HVJrH8sFMEgwiOpR8wBk1VvL9iJoRoyK7m5JeueJW3RnIKvEWpAILNHrlL78fszRCaZigWnc9NzFBRpXhTOC05KcaE8rGdIhdSyWNUAfZLPOUnFmlTwaxsiMNmam/LzIaaT2JQruZZ9TLXi7+53VTM7gOMi6T1KBk84cGqSAmJnkBpM8VMiMmllCmuM1K2IgqyoytqWRL8Ja/vEpaF1WvVq3dX1bqrad5HUU4gVM4Bw+uoA630IAmMEjgGV7hzUmdF+fd+ZivFpxFhcfwB87nDwqckis=</latexit>

L
Loss Adjoint 

radiance

<latexit sha1_base64="2J3s9vrAzir8AxmVf7bGQPvqUcM=">AAAB+3icbZBLS8NAFIUnPmt9xbp0EyyCq5KIVJcFQXRXoS9oQplMb9qhkwczN9ISAv4SNy4Ucesfcee/cfpYaOuBgY9z7jB3jp8IrtC2v4219Y3Nre3CTnF3b//g0DwqtVScSgZNFotYdnyqQPAImshRQCeRQENfQNsf3Uzz9iNIxeOogZMEvJAOIh5wRlFbPbPkNrjoQ+YijNEPsvs875llu2LPZK2Cs4AyWajeM7/cfszSECJkgirVdewEvYxK5ExAXnRTBQllIzqArsaIhqC8bLZ7bp1pp28FsdQnQmvm/r6R0VCpSejryZDiUC1nU/O/rJticO1lPEpShIjNHwpSYWFsTYuw+lwCQzHRQJnkeleLDamkDHVdRV2Cs/zlVWhdVJxqpfpwWa7dPs3rKJATckrOiUOuSI3ckTppEkbG5Jm8kjcjN16Md+NjPrpmLCo8Jn9kfP4Ay1GVXg==</latexit>

ĨReference

high

low

Rendered
<latexit sha1_base64="RCTtQ05g4IPM8AlRx28r1M9mcco=">AAAB/HicbZBLSwMxFIUz9VXra7RLN8Ei1E2ZEakuC4LoroJ9QFtKJr3ThmYeJHfEMlT8J25cKOLWH+LOf2P6WGjrgcDHOTfk5nixFBod59vKrKyurW9kN3Nb2zu7e/b+QV1HieJQ45GMVNNjGqQIoYYCJTRjBSzwJDS84eUkb9yD0iIK73AUQydg/VD4gjM0VtfOtxEe0PPTmzEttnEAyE66dsEpOVPRZXDnUCBzVbv2V7sX8SSAELlkWrdcJ8ZOyhQKLmGcaycaYsaHrA8tgyELQHfS6fJjemycHvUjZU6IdOr+vpGyQOtR4JnJgOFAL2YT87+slaB/0UlFGCcIIZ895CeSYkQnTdCeUMBRjgwwroTZlfIBU4yj6StnSnAXv7wM9dOSWy6Vb88KlaunWR1ZckiOSJG45JxUyDWpkhrhZESeySt5sx6tF+vd+piNZqx5hXnyR9bnD1/SlQU=</latexit>

I(✓)

Sampling weights
proportional to

<latexit sha1_base64="UzzuRpzijmGrgEeI/Ig9XBhhaHg=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVRKR6rLgxoKLCvYBTSiT6aQdOnkwcyOWNB/gxl9x40IRt36AO//GSZuFth64cDjnXu69x40EV2Ca30ZhZXVtfaO4Wdra3tndK+8ftFUYS8paNBSh7LpEMcED1gIOgnUjyYjvCtZxx1eZ37lnUvEwuINJxByfDAPucUpAS/1yZYrtiEjgRPRtYA/gekkjxbZPYESJSG5SPNVdZtWcAS8TKycVlKPZL3/Zg5DGPguACqJUzzIjcJJsDRUsLdmxYhGhYzJkPU0D4jPlJLNnUnyilQH2QqkrADxTf08kxFdq4ru6MztSLXqZ+J/Xi8G7dBIeRDGwgM4XebHAEOIsGTzgklEQE00IlVzfiumISEJB51fSIViLLy+T9lnVqlVrt+eVeiOPo4iO0DE6RRa6QHV0jZqohSh6RM/oFb0ZT8aL8W58zFsLRj5ziP7A+PwBMa2bvw==</latexit>

|@IL|



Adaptive pixel sampling
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Sample pixels to 
start paths from

<latexit sha1_base64="dv5yaIA7a3EJrpx3TE7c2lwXDvU=">AAACBHicbVA9SwNBEN3zM8avU8s0i0GwCnci0TJgY2ERwXxA7ghzm02yZO+D3TkhHAFt/Cs2ForY+iPs/DfuJSk08cHA470ZZuYFiRQaHefbWlldW9/YLGwVt3d29/btg8OmjlPFeIPFMlbtADSXIuINFCh5O1EcwkDyVjC6yv3WPVdaxNEdjhPuhzCIRF8wQCN17ZKXgEIBsuvhkCNQLwQcMpDZzaRrl52KMwVdJu6clMkc9a795fViloY8QiZB647rJOhn+QIm+aTopZonwEYw4B1DIwi59rPpExN6YpQe7cfKVIR0qv6eyCDUehwGpjM/US96ufif10mxf+lnIkpS5BGbLeqnkmJM80RoTyjOUI4NAaaEuZWyIShgaHIrmhDcxZeXSfOs4lYr1dvzcq35MIujQErkmJwSl1yQGrkmddIgjDySZ/JK3qwn68V6tz5mrSvWPMIj8gfW5w9gIpkM</latexit>

@✓L Gradient step

Next iteration of 
optimization…

high

low

Sampling weights
proportional to

<latexit sha1_base64="UzzuRpzijmGrgEeI/Ig9XBhhaHg=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVRKR6rLgxoKLCvYBTSiT6aQdOnkwcyOWNB/gxl9x40IRt36AO//GSZuFth64cDjnXu69x40EV2Ca30ZhZXVtfaO4Wdra3tndK+8ftFUYS8paNBSh7LpEMcED1gIOgnUjyYjvCtZxx1eZ37lnUvEwuINJxByfDAPucUpAS/1yZYrtiEjgRPRtYA/gekkjxbZPYESJSG5SPNVdZtWcAS8TKycVlKPZL3/Zg5DGPguACqJUzzIjcJJsDRUsLdmxYhGhYzJkPU0D4jPlJLNnUnyilQH2QqkrADxTf08kxFdq4ru6MztSLXqZ+J/Xi8G7dBIeRDGwgM4XebHAEOIsGTzgklEQE00IlVzfiumISEJB51fSIViLLy+T9lnVqlVrt+eVeiOPo4iO0DE6RRa6QHV0jZqohSh6RM/oFb0ZT8aL8W58zFsLRj5ziP7A+PwBMa2bvw==</latexit>

|@IL|



Experiments



Visualizing gradients
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Forward render



Visualizing gradients
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Full gradient

+

–



Visualizing gradients
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+

–

Fixed differential vertex at <latexit sha1_base64="C6EqeNIqCgT9V1+pfnxfzT4dyNc=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF09SwdZCU8pmu2mXbjZhdyItoX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYW9/Y3Cpul3Z29/YPyodHLROnmvEmi2Ws2wE1XArFmyhQ8naiOY0CyR+D0c3Mf3zi2ohYPeAk4d2IDpQIBaNoJd9HPsYgzMbTntcrV9yqOwdZJV5OKpCj0St/+f2YpRFXyCQ1puO5CXYzqlEwyaclPzU8oWxEB7xjqaIRN91sfvOUnFmlT8JY21JI5urviYxGxkyiwHZGFIdm2ZuJ/3mdFMPrbiZUkiJXbLEoTCXBmMwCIH2hOUM5sYQyLeythA2ppgxtTCUbgrf88ippXVS9WrV2f1mp3+VxFOEETuEcPLiCOtxCA5rAIIFneIU3J3VenHfnY9FacPKZY/gD5/MHW1iR8g==</latexit>x1

<latexit sha1_base64="B4ph93qmqwunqZoCuZDYfHFRUv0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF09S0X5AG8pmO0mXbjZhdyOU0p/gxYMiXv1F3vw3btsctPXBwOO9GWbmBang2rjut1NYW9/Y3Cpul3Z29/YPyodHLZ1kimGTJSJRnYBqFFxi03AjsJMqpHEgsB2MbmZ++wmV5ol8NOMU/ZhGkoecUWOlh6jv9csVt+rOQVaJl5MK5Gj0y1+9QcKyGKVhgmrd9dzU+BOqDGcCp6VepjGlbEQj7FoqaYzan8xPnZIzqwxImChb0pC5+ntiQmOtx3FgO2NqhnrZm4n/ed3MhNf+hMs0MyjZYlGYCWISMvubDLhCZsTYEsoUt7cSNqSKMmPTKdkQvOWXV0nrourVqrX7y0r9Lo+jCCdwCufgwRXU4RYa0AQGETzDK7w5wnlx3p2PRWvByWeO4Q+czx/46Y2m</latexit>g1



Visualizing gradients
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+

–

<latexit sha1_base64="AzQBKEP0DHf0ae5lmThJaehczA8=">AAAB83icbVBNS8NAEN3Ur1q/qh69BIvgqSRFqseCF09SwX5AE8pmO2mXbjZhdyItoX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMCxLBNTrOt1XY2Nza3inulvb2Dw6PyscnbR2nikGLxSJW3YBqEFxCCzkK6CYKaBQI6ATj27nfeQKleSwfcZqAH9Gh5CFnFI3keQgTDMJsMuvX+uWKU3UWsNeJm5MKydHsl7+8QczSCCQyQbXuuU6CfkYVciZgVvJSDQllYzqEnqGSRqD9bHHzzL4wysAOY2VKor1Qf09kNNJ6GgWmM6I40qveXPzP66UY3vgZl0mKINlyUZgKG2N7HoA94AoYiqkhlClubrXZiCrK0MRUMiG4qy+vk3at6tar9YerSuM+j6NIzsg5uSQuuSYNckeapEUYScgzeSVvVmq9WO/Wx7K1YOUzp+QPrM8fXNyR8w==</latexit>x2Fixed differential vertex at 

<latexit sha1_base64="V3v7Cmgv7TA6abVhuR6LRDv9HgU=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHgxZNUtB/QhrLZTtKlm03Y3Qil9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSq4Nq777aytb2xubRd2irt7+weHpaPjlk4yxbDJEpGoTkA1Ci6xabgR2EkV0jgQ2A5GNzO//YRK80Q+mnGKfkwjyUPOqLHSQ9Sv9ktlt+LOQVaJl5My5Gj0S1+9QcKyGKVhgmrd9dzU+BOqDGcCp8VepjGlbEQj7FoqaYzan8xPnZJzqwxImChb0pC5+ntiQmOtx3FgO2NqhnrZm4n/ed3MhNf+hMs0MyjZYlGYCWISMvubDLhCZsTYEsoUt7cSNqSKMmPTKdoQvOWXV0mrWvFqldr9Zbl+l8dRgFM4gwvw4ArqcAsNaAKDCJ7hFd4c4bw4787HonXNyWdO4A+czx/6bY2n</latexit>g2



Visualizing gradients
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+

–

<latexit sha1_base64="ueqhL/E5ytYu0RHq2C4U75nXIU4=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyqRI8BL54kgnlAdgmzk9lkyOyDmV5JWPIbXjwo4tWf8ebfOEn2oIkFDUVVN91dfiKFRtv+tgpr6xubW8Xt0s7u3v5B+fCopeNUMd5ksYxVx6eaSxHxJgqUvJMoTkNf8rY/up357SeutIijR5wk3AvpIBKBYBSN5LrIx+gH2Xjau+yVK3bVnoOsEicnFcjR6JW/3H7M0pBHyCTVuuvYCXoZVSiY5NOSm2qeUDaiA941NKIh1142v3lKzozSJ0GsTEVI5urviYyGWk9C33SGFId62ZuJ/3ndFIMbLxNRkiKP2GJRkEqCMZkFQPpCcYZyYghlSphbCRtSRRmamEomBGf55VXSuqg6tWrt4apSv8/jKMIJnMI5OHANdbiDBjSBQQLP8ApvVmq9WO/Wx6K1YOUzx/AH1ucPXmCR9A==</latexit>x3Fixed differential vertex at 

<latexit sha1_base64="LlnZxCi3uyr0/7xyzSsvTZdgAsI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqseCF09S0X5AG8pmO0mXbjZhdyOU0p/gxYMiXv1F3vw3btsctPpg4PHeDDPzglRwbVz3yymsrK6tbxQ3S1vbO7t75f2Dlk4yxbDJEpGoTkA1Ci6xabgR2EkV0jgQ2A5G1zO//YhK80Q+mHGKfkwjyUPOqLHSfdQ/75crbtWdg/wlXk4qkKPRL3/2BgnLYpSGCap113NT40+oMpwJnJZ6mcaUshGNsGuppDFqfzI/dUpOrDIgYaJsSUPm6s+JCY21HseB7YypGeplbyb+53UzE175Ey7TzKBki0VhJohJyOxvMuAKmRFjSyhT3N5K2JAqyoxNp2RD8JZf/ktaZ1WvVq3dXVTqt3kcRTiCYzgFDy6hDjfQgCYwiOAJXuDVEc6z8+a8L1oLTj5zCL/gfHwD+/GNqA==</latexit>g3
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<latexit sha1_base64="B4ph93qmqwunqZoCuZDYfHFRUv0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF09S0X5AG8pmO0mXbjZhdyOU0p/gxYMiXv1F3vw3btsctPXBwOO9GWbmBang2rjut1NYW9/Y3Cpul3Z29/YPyodHLZ1kimGTJSJRnYBqFFxi03AjsJMqpHEgsB2MbmZ++wmV5ol8NOMU/ZhGkoecUWOlh6jv9csVt+rOQVaJl5MK5Gj0y1+9QcKyGKVhgmrd9dzU+BOqDGcCp6VepjGlbEQj7FoqaYzan8xPnZIzqwxImChb0pC5+ntiQmOtx3FgO2NqhnrZm4n/ed3MhNf+hMs0MyjZYlGYCWISMvubDLhCZsTYEsoUt7cSNqSKMmPTKdkQvOWXV0nrourVqrX7y0r9Lo+jCCdwCufgwRXU4RYa0AQGETzDK7w5wnlx3p2PRWvByWeO4Q+czx/46Y2m</latexit>g1

<latexit sha1_base64="V3v7Cmgv7TA6abVhuR6LRDv9HgU=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHgxZNUtB/QhrLZTtKlm03Y3Qil9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSq4Nq777aytb2xubRd2irt7+weHpaPjlk4yxbDJEpGoTkA1Ci6xabgR2EkV0jgQ2A5GNzO//YRK80Q+mnGKfkwjyUPOqLHSQ9Sv9ktlt+LOQVaJl5My5Gj0S1+9QcKyGKVhgmrd9dzU+BOqDGcCp8VepjGlbEQj7FoqaYzan8xPnZJzqwxImChb0pC5+ntiQmOtx3FgO2NqhnrZm4n/ed3MhNf+hMs0MyjZYlGYCWISMvubDLhCZsTYEsoUt7cSNqSKMmPTKdoQvOWXV0mrWvFqldr9Zbl+l8dRgFM4gwvw4ArqcAsNaAKDCJ7hFd4c4bw4787HonXNyWdO4A+czx/6bY2n</latexit>g2

<latexit sha1_base64="LlnZxCi3uyr0/7xyzSsvTZdgAsI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqseCF09S0X5AG8pmO0mXbjZhdyOU0p/gxYMiXv1F3vw3btsctPpg4PHeDDPzglRwbVz3yymsrK6tbxQ3S1vbO7t75f2Dlk4yxbDJEpGoTkA1Ci6xabgR2EkV0jgQ2A5G1zO//YhK80Q+mHGKfkwjyUPOqLHSfdQ/75crbtWdg/wlXk4qkKPRL3/2BgnLYpSGCap113NT40+oMpwJnJZ6mcaUshGNsGuppDFqfzI/dUpOrDIgYaJsSUPm6s+JCY21HseB7YypGeplbyb+53UzE175Ey7TzKBki0VhJohJyOxvMuAKmRFjSyhT3N5K2JAqyoxNp2RD8JZf/ktaZ1WvVq3dXVTqt3kcRTiCYzgFDy6hDjfQgCYwiOAJXuDVEc6z8+a8L1oLTj5zCL/gfHwD+/GNqA==</latexit>g3

Full gradient
<latexit sha1_base64="oUh+KjFFjxJjUvTrW7MFesH5Srw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF71VsB/YhrDZbtqlu5uwuxFK6L/w4kERr/4bb/4bt2kO2vpg4PHeDDPzwoQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh5Gbud5+o0iyWD2aaUF/gkWQRI9hY6XGgUxFINApkUK25dTcHWiVeQWpQoBVUvwbDmKSCSkM41rrvuYnxM6wMI5zOKoNU0wSTCR7RvqUSC6r9LL94hs6sMkRRrGxJg3L190SGhdZTEdpOgc1YL3tz8T+vn5ro2s+YTFJDJVksilKOTIzm76MhU5QYPrUEE8XsrYiMscLE2JAqNgRv+eVV0rmoe4164/6y1rwr4ijDCZzCOXhwBU24hRa0gYCEZ3iFN0c7L86787FoLTnFzDH8gfP5A164kMI=</latexit>X

n

gn
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Full gradient <latexit sha1_base64="B4ph93qmqwunqZoCuZDYfHFRUv0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF09S0X5AG8pmO0mXbjZhdyOU0p/gxYMiXv1F3vw3btsctPXBwOO9GWbmBang2rjut1NYW9/Y3Cpul3Z29/YPyodHLZ1kimGTJSJRnYBqFFxi03AjsJMqpHEgsB2MbmZ++wmV5ol8NOMU/ZhGkoecUWOlh6jv9csVt+rOQVaJl5MK5Gj0y1+9QcKyGKVhgmrd9dzU+BOqDGcCp6VepjGlbEQj7FoqaYzan8xPnZIzqwxImChb0pC5+ntiQmOtx3FgO2NqhnrZm4n/ed3MhNf+hMs0MyjZYlGYCWISMvubDLhCZsTYEsoUt7cSNqSKMmPTKdkQvOWXV0nrourVqrX7y0r9Lo+jCCdwCufgwRXU4RYa0AQGETzDK7w5wnlx3p2PRWvByWeO4Q+czx/46Y2m</latexit>g1 <latexit sha1_base64="V3v7Cmgv7TA6abVhuR6LRDv9HgU=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHgxZNUtB/QhrLZTtKlm03Y3Qil9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSq4Nq777aytb2xubRd2irt7+weHpaPjlk4yxbDJEpGoTkA1Ci6xabgR2EkV0jgQ2A5GNzO//YRK80Q+mnGKfkwjyUPOqLHSQ9Sv9ktlt+LOQVaJl5My5Gj0S1+9QcKyGKVhgmrd9dzU+BOqDGcCp8VepjGlbEQj7FoqaYzan8xPnZJzqwxImChb0pC5+ntiQmOtx3FgO2NqhnrZm4n/ed3MhNf+hMs0MyjZYlGYCWISMvubDLhCZsTYEsoUt7cSNqSKMmPTKdoQvOWXV0mrWvFqldr9Zbl+l8dRgFM4gwvw4ArqcAsNaAKDCJ7hFd4c4bw4787HonXNyWdO4A+czx/6bY2n</latexit>g2 <latexit sha1_base64="LlnZxCi3uyr0/7xyzSsvTZdgAsI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqseCF09S0X5AG8pmO0mXbjZhdyOU0p/gxYMiXv1F3vw3btsctPpg4PHeDDPzglRwbVz3yymsrK6tbxQ3S1vbO7t75f2Dlk4yxbDJEpGoTkA1Ci6xabgR2EkV0jgQ2A5G1zO//YhK80Q+mHGKfkwjyUPOqLHSfdQ/75crbtWdg/wlXk4qkKPRL3/2BgnLYpSGCap113NT40+oMpwJnJZ6mcaUshGNsGuppDFqfzI/dUpOrDIgYaJsSUPm6s+JCY21HseB7YypGeplbyb+53UzE175Ey7TzKBki0VhJohJyOxvMuAKmRFjSyhT3N5K2JAqyoxNp2RD8JZf/ktaZ1WvVq3dXVTqt3kcRTiCYzgFDy6hDjfQgCYwiOAJXuDVEc6z8+a8L1oLTj5zCL/gfHwD+/GNqA==</latexit>g3
<latexit sha1_base64="oUh+KjFFjxJjUvTrW7MFesH5Srw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF71VsB/YhrDZbtqlu5uwuxFK6L/w4kERr/4bb/4bt2kO2vpg4PHeDDPzwoQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh5Gbud5+o0iyWD2aaUF/gkWQRI9hY6XGgUxFINApkUK25dTcHWiVeQWpQoBVUvwbDmKSCSkM41rrvuYnxM6wMI5zOKoNU0wSTCR7RvqUSC6r9LL94hs6sMkRRrGxJg3L190SGhdZTEdpOgc1YL3tz8T+vn5ro2s+YTFJDJVksilKOTIzm76MhU5QYPrUEE8XsrYiMscLE2JAqNgRv+eVV0rmoe4164/6y1rwr4ijDCZzCOXhwBU24hRa0gYCEZ3iFN0c7L86787FoLTnFzDH8gfP5A164kMI=</latexit>X

n

gn



Image gradients (equal-time comparison)
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BRDF sampling Differential sampling (ours)

2 orders of magnitude less noisy
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Numbers = ratios of mean variance 
with the baseline (lower is better)Variance of image gradients

<latexit sha1_base64="1MTbKQ0Ye4OuV7PI06AkGS94cc0=">AAACA3icbVDJSgNBEO1xjXEb9aaXxiB4CjMi0WPAi+IlglkgE0JPpyZp0rPQXSOGIZCLv+LFgyJe/Qlv/o2d5aCJDwoe71VVdz0/kUKj43xbS8srq2vruY385tb2zq69t1/Tcao4VHksY9XwmQYpIqiiQAmNRAELfQl1v3819usPoLSIo3scJNAKWTcSgeAMjdS2D72EKRRMtj3sATLqITyiH2Q3w7ZdcIrOBHSRuDNSIDNU2vaX14l5GkKEXDKtm66TYCsb7+cShnkv1ZAw3mddaBoasRB0K5vcMKQnRunQIFamIqQT9fdExkKtB6FvOkOGPT3vjcX/vGaKwWUrE1GSIkR8+lCQSooxHQdCO0IBRzkwhHElzF8p7zHFOJrY8iYEd/7kRVI7K7qlYunuvFC+HU3jyJEjckxOiUsuSJlckwqpEk5G5Jm8kjfryXqx3q2PaeuSNYvwgPyB9fkDtLeYpw==</latexit>

@✓I

BRDF sampling Diff. sampling Diff. sampling 
with MIS

BRDF sampling 
with NEE

Diff. sampling 
with MIS + NEE

high

low
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<latexit sha1_base64="1MTbKQ0Ye4OuV7PI06AkGS94cc0=">AAACA3icbVDJSgNBEO1xjXEb9aaXxiB4CjMi0WPAi+IlglkgE0JPpyZp0rPQXSOGIZCLv+LFgyJe/Qlv/o2d5aCJDwoe71VVdz0/kUKj43xbS8srq2vruY385tb2zq69t1/Tcao4VHksY9XwmQYpIqiiQAmNRAELfQl1v3819usPoLSIo3scJNAKWTcSgeAMjdS2D72EKRRMtj3sATLqITyiH2Q3w7ZdcIrOBHSRuDNSIDNU2vaX14l5GkKEXDKtm66TYCsb7+cShnkv1ZAw3mddaBoasRB0K5vcMKQnRunQIFamIqQT9fdExkKtB6FvOkOGPT3vjcX/vGaKwWUrE1GSIkR8+lCQSooxHQdCO0IBRzkwhHElzF8p7zHFOJrY8iYEd/7kRVI7K7qlYunuvFC+HU3jyJEjckxOiUsuSJlckwqpEk5G5Jm8kjfryXqx3q2PaeuSNYvwgPyB9fkDtLeYpw==</latexit>

@✓I

Lowest variance: our differential sampling method with MIS + NEE

high

low
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<latexit sha1_base64="n/A19vJVJWCcAqYdykUrSMZE+c4=">AAACBHicbVDLSgNBEJyNrxhfqx5zGQyCp7ArEj0GvAh6iGAekA2hdzJJhsw+mOkVwhLQi7/ixYMiXv0Ib/6Ns0kOmljQUFR1093lx1JodJxvK7eyura+kd8sbG3v7O7Z+wcNHSWK8TqLZKRaPmguRcjrKFDyVqw4BL7kTX90mfnNe660iMI7HMe8E8AgFH3BAI3UtYteDAoFyK6HQ45AvQBwyECmN5OuXXLKzhR0mbhzUiJz1Lr2l9eLWBLwEJkErduuE2MnzRYwyScFL9E8BjaCAW8bGkLAdSedPjGhx0bp0X6kTIVIp+rviRQCrceBbzqzE/Wil4n/ee0E+xedVIRxgjxks0X9RFKMaJYI7QnFGcqxIcCUMLdSNgQFDE1uBROCu/jyMmmclt1KuXJ7VqpeP8ziyJMiOSInxCXnpEquSI3UCSOP5Jm8kjfryXqx3q2PWWvOmkd4SP7A+vwBXNOZAQ==</latexit>

@✓LVariance of loss gradients
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<latexit sha1_base64="n/A19vJVJWCcAqYdykUrSMZE+c4=">AAACBHicbVDLSgNBEJyNrxhfqx5zGQyCp7ArEj0GvAh6iGAekA2hdzJJhsw+mOkVwhLQi7/ixYMiXv0Ib/6Ns0kOmljQUFR1093lx1JodJxvK7eyura+kd8sbG3v7O7Z+wcNHSWK8TqLZKRaPmguRcjrKFDyVqw4BL7kTX90mfnNe660iMI7HMe8E8AgFH3BAI3UtYteDAoFyK6HQ45AvQBwyECmN5OuXXLKzhR0mbhzUiJz1Lr2l9eLWBLwEJkErduuE2MnzRYwyScFL9E8BjaCAW8bGkLAdSedPjGhx0bp0X6kTIVIp+rviRQCrceBbzqzE/Wil4n/ee0E+xedVIRxgjxks0X9RFKMaJYI7QnFGcqxIcCUMLdSNgQFDE1uBROCu/jyMmmclt1KuXJ7VqpeP8ziyJMiOSInxCXnpEquSI3UCSOP5Jm8kjfryXqx3q2PWWvOmkd4SP7A+vwBXNOZAQ==</latexit>

@✓LVariance of loss gradients
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Lowest variance: our combined method

(1-2 orders of magnitude better)

<latexit sha1_base64="n/A19vJVJWCcAqYdykUrSMZE+c4=">AAACBHicbVDLSgNBEJyNrxhfqx5zGQyCp7ArEj0GvAh6iGAekA2hdzJJhsw+mOkVwhLQi7/ixYMiXv0Ib/6Ns0kOmljQUFR1093lx1JodJxvK7eyura+kd8sbG3v7O7Z+wcNHSWK8TqLZKRaPmguRcjrKFDyVqw4BL7kTX90mfnNe660iMI7HMe8E8AgFH3BAI3UtYteDAoFyK6HQ45AvQBwyECmN5OuXXLKzhR0mbhzUiJz1Lr2l9eLWBLwEJkErduuE2MnzRYwyScFL9E8BjaCAW8bGkLAdSedPjGhx0bp0X6kTIVIp+rviRQCrceBbzqzE/Wil4n/ee0E+xedVIRxgjxks0X9RFKMaJYI7QnFGcqxIcCUMLdSNgQFDE1uBROCu/jyMmmclt1KuXJ7VqpeP8ziyJMiOSInxCXnpEquSI3UCSOP5Jm8kjfryXqx3q2PWWvOmkd4SP7A+vwBXNOZAQ==</latexit>

@✓LVariance of loss gradients



Inverse rendering performance
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Iteration Iteration

Relative MSE of image Relative MSE of parameter

BRDF sampling
BRDF + adaptive sampling (Ours)
Differential sampling (Ours)
Differential + adaptive sampling
(Ours, combined)

Initialization Target
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Initialization TargetBRDF sampling Ours, combined
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differentiable rendering
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• Differential path sampling method tailored to the integral computed in 
differentiable rendering


• Adaptive pixel sampling method for path launching in each inverse 
rendering optimization step
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Conclusion

• Differential path sampling method tailored to the integral computed in 
differentiable rendering


• Adaptive pixel sampling method for path launching in each inverse 
rendering optimization step


Future work: extending differential sampling to scenes that optimize more 
than one scene parameter
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Thanks for listening :-)

Project website:  https://imaging.cs.cmu.edu/path_sampling_differentiable_rendering/


Code:  https://github.com/cmu-ci-lab/path_sampling_differentiable_rendering/

Project website


