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Real-time rendering Offline bidirectional path tracing
(BPT)

Stochastic light culling for glossy caustics
[Tokuyoshi17]

Presenter
Presentation Notes
Stochastic light culling is an unbiased culling technique for many light rendering. Using this technique, we are able to render glossy caustics at real-time frame rates. But, this implementation in previous work was specialized for real-time rendering pipelines. In this talk, we’ll present the method to apply stochastic light culling to offline bidirectional path tracing.
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Specular-Diffuse-Glossy Paths in BPT

 Connectable
 Inefficient for very highly glossy reflections 

glossy specular

diffuse

BPT BPT + Ours

GGX roughness: 0.001

Presenter
Presentation Notes
One effective application of our technique is vertex connection for specular-diffuse-glossy paths. Although these paths are connectable unlike specular-diffuse-specular paths, bidirectional path tracing is not efficient for very highly glossy reflections. This is the problem we are tackling. In the right two images, there are caustics reflected on a highly glossy metallic sphere. Our technique efficiently samples these specular-diffuse-glossy reflections in an unbiased fashion.
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Algorithm Overview

Store many light vertices in a cache
similar to virtual point lights [Keller97]

⋮
many millions

Light-subpath tracing pass

Presenter
Presentation Notes
The overview of our rendering algorithm is simple. First, our method stores millions of or tens of millions of light vertices in a cache during light-subpath tracing, similar to virtual point lights.
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⋮

Algorithm Overview

Russian roulette [Arvo90] for all the cached light vertices

many millions

Eye-subpath tracing pass

Presenter
Presentation Notes
After that, in eye-subpath tracing, Russian roulette is performed for all the cached light vertices at each eye vertex. By taking the BRDF into account for the probability of Russian roulette, a few important light vertices are sampled and connected to the eye vertex.
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⋮

Algorithm Overview

Russian roulette [Arvo90] for all the cached light vertices

Accelerated by stochastic light culling

many millions

Eye-subpath tracing pass

Presenter
Presentation Notes
In our method, this huge number of Russian roulette operations is accelerated by stochastic light culling. 
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Stochastic Light Culling [Tokuyoshi16]

 Restrict the range of influence of a light vertex based on Russian roulette
 Ellipsoidal range for glossy reflections

 Computable analytically for Phong and GGX BRDFs [Dachsbacher06, Tokuyoshi17]

 Real-time culling algorithms are available (e.g., tiled culling)

tiled culling for ellipsoids 65536 light vertices

Presenter
Presentation Notes
Stochastic light culling first restricts the range of influence of each light vertex based on Russian roulette. For glossy reflections, this range is represented with an ellipsoid. This ellipsoid is computed analytically for the Phong BRDF and GGX microfacet BRDF. Then, light vertices outside the ranges are culled to reduce the number of Russian roulette operations. For ellipsoidal ranges, real-time culling algorithms such as tiled culling are available, while it is limited only to directly visible eye vertices.
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Tiled Culling

Bounding volume for eye vertices 
grouped in screen-space

Presenter
Presentation Notes
Tiled culling builds a bounding volume for directly visible eye vertices grouped in screen space.
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Tiled Culling

Bounding volume for eye vertices 
grouped in screen-space

intersection test

Presenter
Presentation Notes
Then, a rough intersection test between the bounding volume and ellipsoids is performed.
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Problem: Indirect Eye Vertices

?

Presenter
Presentation Notes
However, it cannot be applied to randomly distributed indirect eye vertices in eye-subpath tracing. Therefore, we developed an efficient culling method for bidirectional path tracing.
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Opposite Approach

Range from each light vertex
&

Bounding volume for eye vertices

Range from each eye vertex
&

Bounding volume for light vertices

Presenter
Presentation Notes
To apply stochastic light culling to bidirectional path tracing, we employ the opposite approach to the previous work. Usually light culling uses a range from each light source or light vertex. On the other hand, our method uses the range from each eye vertex, and builds the bounding volume for light vertices.
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Range from an Eye Vertex

 Probability of Russian roulette:

 Acceptance range from the eye vertex:

𝑃𝑃 𝐳𝐳, 𝐲𝐲 = min
𝐶𝐶𝐶𝐶 𝐳𝐳𝐳𝐳
𝐲𝐲 − 𝐳𝐳 2 , 1

user-defined parameter GGX lobe

𝑙𝑙 𝐳𝐳𝐳𝐳 ≥ 𝑃𝑃−1 𝜉𝜉 =
𝐶𝐶𝐶𝐶 𝐳𝐳𝐳𝐳

𝜉𝜉

uniform random number ∈ [0,1) generated for each light vertex

𝐲𝐲

𝐳𝐳

𝑙𝑙 𝐳𝐳𝐳𝐳

Presenter
Presentation Notes
The range from an eye vertex is randomly determined according to the probability of Russian roulette which is shown in this slide. This acceptance probability is proportional to the product of the GGX reflection lobe and inverse square distance from the eye vertex to a light vertex. The acceptance range from the eye vertex is given by the inverse function of this probability. The input of this inverse function is a uniform random number. Since the random number should be generated for each light vertex to reduce the variance, the range is randomly different for each light vertex.
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Backward Stochastic Light Culling

Same ellipsoid shape, different (random) size for each light vertex

Presenter
Presentation Notes
For our backward stochastic light culling, the shape of the ellipsoid depends only on the given eye vertex, while the size of the ellipsoid is different for each light vertex. So, we introduce a new culling method taking these random sizes into account.
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Backward Stochastic Light Culling

Same ellipsoid shape, different (random) size for each light vertex

Presenter
Presentation Notes
This culling method performs at each eye vertex during eye-subpath tracing. So, it is suitable for bidirectional path tracing.
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Backward Stochastic Light Culling

Same ellipsoid shape, different (random) size for each light vertex

Presenter
Presentation Notes
This culling method performs at each eye vertex during eye-subpath tracing. So, it is suitable for bidirectional path tracing.



© 2018 SQUARE ENIX CO., LTD. and Advanced Micro Devices Inc. All Rights Reserved.

Culling Using BVH

 Build BVH for cached light vertices
 Hierarchical intersection tests between the ellipsoid and each BVH node

Presenter
Presentation Notes
To cull many light vertices rapidly, we build a bounding volume hierarchy for cached light vertices. Using this BVH, culling can be performed by hierarchical intersection tests between the ellipsoid and each BVH node.
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Random Ellipsoid Size

 Random ellipsoid size for each light vertex (i.e., leaf node)
 Use the largest size in each node for conservative intersection test

Presenter
Presentation Notes
However, the size of the ellipsoid is a random variable, and different between light vertices which are leaf nodes of this BVH.
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Random Ellipsoid Size

 Random ellipsoid size for each light vertex (i.e., leaf node)
 Use the largest size in each node for conservative intersection test

largest ellipsoid for 16 light vertices

Presenter
Presentation Notes
Therefore, we use the largest size in each node for a conservative intersection test.
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Random Ellipsoid Size

 Random ellipsoid size for each light vertex (i.e., leaf node)
 Use the largest size in each node for conservative intersection test

largest ellipsoid for 8 light vertices

Presenter
Presentation Notes
Descending the hierarchy, this size shrinks stochastically according to the number of light vertices contained by the node.
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Random Ellipsoid Size

 Random ellipsoid size for each light vertex (i.e., leaf node)
 Use the largest size in each node for conservative intersection test

largest ellipsoid
for 4 light vertices

Presenter
Presentation Notes
Descending the hierarchy, this size shrinks stochastically according to the number of light vertices contained by the node.
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Random Ellipsoid Size

 Random ellipsoid size for each light vertex (i.e., leaf node)
 Use the largest size in each node for conservative intersection test

max
𝑖𝑖∈𝐿𝐿

𝑙𝑙 𝛚𝛚 =
𝐶𝐶𝐶𝐶 𝛚𝛚
min
𝑖𝑖∈𝐿𝐿

𝜉𝜉𝑖𝑖

The largest size is given by the minimum of uniform random numbers

Presenter
Presentation Notes
This largest size is given by the minimum value of uniform random numbers assigned to light vertices contained by the node.
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Precomputing Random Numbers?

 Assign a single random number to each light vertex in preprocessing
 Similar to previous stochastic light culling [Tokuyoshi16,17]

 Store the minimum random number into each BVH node

Precomputed Reference

Correlation of variance 

Presenter
Presentation Notes
One approach to obtain the minimum random number for each node is to precompute them using a bottom-up fashion. First, it assigns a single random number to each light vertex in a preprocessing step in a similar way to previous stochastic light culling. Then during BVH construction phase, minimum random numbers are propagated from leaf nodes to higher level nodes. However, this approach produces banding artifacts due to correlation of variance between eye vertices. This correlation can slow down the error convergence speed if eye vertices are densely sampled. To avoid this correlation of variance, a different random number has to be assigned to each pair of light and eye vertices.



Generate random numbers on-the-fly

Presenter
Presentation Notes
Therefore, we generate random numbers on-the-fly in the culling process.



© 2018 SQUARE ENIX CO., LTD. and Advanced Micro Devices Inc. All Rights Reserved.

Distribution of the Minimum Random Number

𝑝𝑝𝑁𝑁 𝑥𝑥 = 𝑁𝑁 1 − 𝑥𝑥 𝑁𝑁−1

Inverse of the CDF

min
𝑖𝑖∈ 0,𝑁𝑁

𝜉𝜉𝑖𝑖 = 𝑐𝑐𝑁𝑁−1 𝜉𝜉 = 1 − 1 − 𝜉𝜉
1
𝑁𝑁

Computable using only a single uniform random number 𝜉𝜉 ∈ 0,1

PDF of the minimum value among 
𝑁𝑁 uniform random numbers:

0

5

10

0 0.5 1
𝑥𝑥

𝑁𝑁 = 10

𝑝𝑝𝑁𝑁 𝑥𝑥

Presenter
Presentation Notes
Actually, we don’t need to generate random numbers for all the light vertices to compute the minimum value of them. This is because the PDF of the minimum value among N uniform random numbers is analytically obtained. The inverse of the CDF for this PDF also has a closed form solution. Therefore, the minimum random number is simply obtained by generating only a single uniform random number.
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0

5

10

0 0.5 1

Case of 1D Stratified Sampling

 The minimum value is always within 
the lowest stratum

min
𝑖𝑖∈ 0,𝑁𝑁

𝜉𝜉𝑖𝑖 = 𝑐𝑐𝑁𝑁−1 𝜉𝜉 =
𝜉𝜉
𝑁𝑁

Simple 

𝑥𝑥

𝑁𝑁 = 10

0 1

minimum
𝑝𝑝𝑁𝑁 𝑥𝑥

Presenter
Presentation Notes
For the case of 1D stratified sampling, it is even simpler. This is because the minimum value of stratified random numbers is always within the lowest stratum. Hence, it is given by dividing a single uniform random number by the number of elements.
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Semi-Stratified Random Number Assignment
in Top-Down BVH Traversal

 Generate a minimum random 
number at the root node

𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 leaves

min
𝑖𝑖∈𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝜉𝜉𝑖𝑖 =
𝜉𝜉

𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

Presenter
Presentation Notes
Therefore, we are able to compute the minimum random number at each node on-the-fly in top-down BVH traversal.
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Semi-Stratified Random Number Assignment
in Top-Down BVH Traversal

 Generate a minimum random 
number at the root node0.1

𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 leaves

min
𝑖𝑖∈𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝜉𝜉𝑖𝑖 =
𝜉𝜉

𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

Presenter
Presentation Notes
At the root node, we first generate the minimum value within the all the leaves. In this algorithm, we assume stratified sampling for each node for simplicity.
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Semi-Stratified Random Number Assignment
in Top-Down BVH Traversal

 One of the child values must be the 
same as the parent’s value

0.10.1

0.1? ?

Presenter
Presentation Notes
Since a parent’s value is the minimum of its two child values, one of the child values must be the same as the parent’s value.
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Semi-Stratified Random Number Assignment
in Top-Down BVH Traversal

 One of the child values must be the 
same as the parent’s value

 Transmit the parent’s value to a  
randomly selected single child

𝐿𝐿0 leaves

0.1

0.1

𝐿𝐿1 leaves

Probability =
𝐿𝐿0

𝐿𝐿0 + 𝐿𝐿1

Presenter
Presentation Notes
Therefore, we transmit the parent’s value to a randomly selected single child. The probability that the minimum value appears in the subtree is proportional to the number of leaves. Therefore, we randomly select one child according to the number of leaves covered by each child node.
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Semi-Stratified Random Number Assignment
in Top-Down BVH Traversal

 Generate a new minimum random 
number for the other child

0.1

0.1

𝐿𝐿1 leaves

0.2

Presenter
Presentation Notes
For the other child, a new minimum random number is generated.
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Semi-Stratified Random Number Assignment
in Top-Down BVH Traversal

 Generate a new minimum random 
number for the other child

 Child’s value ≥ parent’s value0.1

0.1

𝐿𝐿1 leaves

min
𝑖𝑖∈𝐿𝐿1

𝜉𝜉𝑖𝑖 = 𝑠𝑠 + (1 − 𝑠𝑠)
𝜉𝜉
𝐿𝐿1

Upper bound of the parent’s stratum

0.2

Presenter
Presentation Notes
Since the parent’s value is the minimum of the two child values, this value must be equal or greater than the parent’s value. So, we generate the minimum value using an offset which is the upper bound of the parent’s stratum.
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Semi-Stratified Random Number Assignment
in Top-Down BVH Traversal

 Perform recursively in BVH traversal0.1

0.20.1

0.1 0.20.3 0.4

0.3 0.1 0.4 0.20.7 0.9 0.8 0.6

Presenter
Presentation Notes
This process performs recursively in BVH traversal.
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Semi-Stratified Random Number Assignment
in Top-Down BVH Traversal

 Perform recursively in BVH traversal0.1

0.20.1

0.1 0.20.3 0.4

0.3 0.1 0.4 0.20.7 0.9 0.8 0.6

uniform & partially stratified for leaf nodes

Presenter
Presentation Notes
Finally, our algorithm produces uniform random numbers for leaf nodes. This algorithm has overlaps of strata due to the branching of the tree, thus stratification is partial. But it is beneficial due to the simplicity.
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Comparison of Random Number 
Assignment Methods

Precomputed Non-stratified
(single precision)

Non-stratified
(double precision)

Semi-stratified
(single precision)

Reference

Noticeable precision error for large 𝑁𝑁 

𝑐𝑐𝑁𝑁−1 𝜉𝜉 = 1 − 1 − 𝜉𝜉
1
𝑁𝑁 𝑐𝑐𝑁𝑁−1 𝜉𝜉 =

𝜉𝜉
𝑁𝑁

Fast & precise 

171 s 180 s 181 s 163 s

MAE: 0.608 MAE: 0.766 MAE: 0.403MAE: 0.403

3.13M light vertices/iteration on average, CPU: AMD Ryzen™ Threadripper™ 1950X

Presenter
Presentation Notes
We show the comparison for different random number assignment algorithms for backward stochastic light culling. These images are glossy-to-glossy indirect illumination rendered using only backward stochastic light culling for directly visible eye vertices.



© 2018 SQUARE ENIX CO., LTD. and Advanced Micro Devices Inc. All Rights Reserved.

Comparison of Random Number 
Assignment Methods

Precomputed Non-stratified
(single precision)

Non-stratified
(double precision)

Semi-stratified
(single precision)

Reference

Noticeable precision error for large 𝑁𝑁 

𝑐𝑐𝑁𝑁−1 𝜉𝜉 = 1 − 1 − 𝜉𝜉
1
𝑁𝑁 𝑐𝑐𝑁𝑁−1 𝜉𝜉 =

𝜉𝜉
𝑁𝑁

Fast & precise 

171 s 180 s 181 s 163 s

MAE: 0.608 MAE: 0.766 MAE: 0.403MAE: 0.403

3.13M light vertices/iteration on average, CPU: AMD Ryzen™ Threadripper™ 1950X

Presenter
Presentation Notes
The non-stratified sampling version produces a noticeable precision error caused by the exponentiation for large N.
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Comparison of Random Number 
Assignment Methods

Precomputed Non-stratified
(single precision)

Non-stratified
(double precision)

Semi-stratified
(single precision)

Reference

Noticeable precision error for large 𝑁𝑁 

𝑐𝑐𝑁𝑁−1 𝜉𝜉 = 1 − 1 − 𝜉𝜉
1
𝑁𝑁 𝑐𝑐𝑁𝑁−1 𝜉𝜉 =

𝜉𝜉
𝑁𝑁

Fast & precise 

171 s 180 s 181 s 163 s

MAE: 0.608 MAE: 0.766 MAE: 0.403MAE: 0.403

3.13M light vertices/iteration on average, CPU: AMD Ryzen™ Threadripper™ 1950X

Presenter
Presentation Notes
So, double precision has to be used to reduce the error.
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Comparison of Random Number 
Assignment Methods

Precomputed Non-stratified
(single precision)

Non-stratified
(double precision)

Semi-stratified
(single precision)

Reference

Noticeable precision error for large 𝑁𝑁 

𝑐𝑐𝑁𝑁−1 𝜉𝜉 = 1 − 1 − 𝜉𝜉
1
𝑁𝑁 𝑐𝑐𝑁𝑁−1 𝜉𝜉 =

𝜉𝜉
𝑁𝑁

Fast & precise 

171 s 180 s 181 s 163 s

MAE: 0.608 MAE: 0.766 MAE: 0.403MAE: 0.403

3.13M light vertices/iteration on average, CPU: AMD Ryzen™ Threadripper™ 1950X

Presenter
Presentation Notes
On the other hand, the semi-stratified sampling version doesn’t produce such large precision error due to the simplicity. So, this semi-stratified version is not only faster, but also more precise than the non-stratified version.
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Combination with BPT

Regular vertex connection Stochastic light culling
(glossy reflection only)

+ =

Multiple importance sampling (balance heuristic) [Veach95]

Presenter
Presentation Notes
For bidirectional path tracing, we apply backward stochastic light culling only to glossy reflections in addition to regular vertex connection. To combine them using multiple importance sampling, we use the balance heuristic for the current implementation.
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Equal-time Comparison (15 min)
AMD Ryzen™ Threadripper™ 1950X Processor

BPT BPT + Ours

Caustics reflected on the mirror (GGX roughness: 0.0001)

Presenter
Presentation Notes
This is the equal-time comparison between classic bidirectional path tracing and our bidirectional path tracing. There are caustics reflected on the mirror. This mirror material is modeled with the GGX microfacet BRDF whose roughness parameter is 0.0001. Classic bidirectional path tracing is not efficient for rendering such specular-diffuse-glossy paths. Adding our stochastic light culling into bidirectional path tracing, the robustness is improved for specular-diffuse-glossy reflections.
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Limitations

 Perfectly specular surfaces
 Ellipsoidal range to bound refractions & anisotropic BRDFs

 Future work: efficient approximations [Belcour18, Conty18, Xu13]

 Correlation of paths due to path reuse
 Balance heuristic does not take this correlation into account
 Future work: correlation-aware MIS heuristics [Popov15, Jendersie18]

roughness: 0.0001 roughness: 0.000001 roughness: 0

Presenter
Presentation Notes
Although our stochastic light culling can handle highly glossy reflections, it doesn’t support perfectly specular surfaces. So, specular-diffuse-specular paths cannot be rendered. Our current implementation doesn’t support refractions & anisotropic BRDFs yet. Because ellipsoidal ranges to bound them are not derived yet. So, we’d like to look to efficient approximations for them as future work. The other limitation is the correlation of paths that can be produced due to path reuse. The balance heuristic doesn’t take this correlation into account. So, we’d like to investigate correlation-aware MIS heuristics in the future.
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Conclusions

 Unbiased light vertex culling for BPT
 Random range from each eye vertex
 BVH of light vertices

 Decorrelation of variance
 On-the-fly minimum random number generation in BVH traversal

 Limited to glossy reflections, but efficient for very highly glossy reflections
 E.g., GGX roughness: 0.0001
 Effective for specular-diffuse-glossy paths

Presenter
Presentation Notes
To conclude our work, we have presented an unbiased light vertex culling technique for bidirectional path tracing. This technique tests the intersection between random ranges from each eye vertex and BVH of light vertices. To avoid the correlation of variance, we introduced an on-the-fly random number generation algorithm performed in top-down BVH traversal. Although our culling technique is limited to glossy reflections, it is efficient for very highly glossy reflections such as roughness 0.0001. Hence, our backward stochastic light culling is effective for sampling specular-diffuse-glossy paths in bidirectional path tracing.



Thank you for your attention
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Rough Intersection Test for Culling

 Exact ellipsoid-box intersection test is expensive
 Replace with sphere-AABB intersection test [Arvo90] in a stretched space
 Rotate the test space to minimize the AABB

stretch rotate

AABB AABB

sphere
sphere
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1st and 2nd Light Vertices

 Exclude 1st and 2nd light vertices from the BVH
 Efficiently sampled by other techniques in BPT

 E.g., next event estimation

Don’t store in the BVH
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