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Presenter
Presentation Notes
Thank you for the introduction.　My name is Yusuke Tokuyoshi from SQUARE ENIX. Today, I’d like to talk about an efficient sampling technique for bidirectional path tracing.
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Specular-Diffuse-Glossy Paths in BPT

 Connectable
 Inefficient for extremely glossy surfaces 
 Need many samples 

glossy specular

diffuse

BPT

BPT+Ours
GGX roughness: 0.0001

Presenter
Presentation Notes
In bidirectional path tracing, specular-diffuse-glossy (or glossy-diffuse-glossy) paths are connectable. However, connecting these paths is inefficient, especially when surfaces are extremely glossy. Thus, bidirectional path tracing requires a large number of samples to obtain high-quality results for this path configuration. In our work, we propose an unbiased method to improve the efficiency for such path configurations. 
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Our method for offline BPT
Stochastic light culling for VPLs

[Tokuyoshi16,17]

SDG paths
Uncorrelated variance
Anisotropic BRDFs

✘
✘
✘

Previous Work

Presenter
Presentation Notes
Our method is based on stochastic light culling for virtual point lights. Stochastic light culling restricts the range of influence from each light source based on Russian roulette to reduce the shading cost. However, the previous work cannot sample specular-diffuse-glossy paths efficiently. Variance is positively correlated between pixels, because the same range is used for all the shading points. In addition, anisotropic BRDFs are not taken into account.
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Our method for offline BPT
Stochastic light culling for VPLs

[Tokuyoshi16,17]

SDG paths
Uncorrelated variance
Anisotropic BRDFs

✔
✔
✔

Previous Work

Presenter
Presentation Notes
Our method solves these problems for offline bidirectional path tracing.
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Overview of Our BPT

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

⋮
many millions

Light-subpath tracing pass

Presenter
Presentation Notes
The basic idea of our bidirectional path tracing is simple. First, we trace millions of light-subpaths. During this light-subpath tracing, light vertices are stored in a cache, similar to virtual point lights.
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Overview of Our BPT

Russian roulette [Arvo90] for all the vertex connections

Eye-subpath tracing pass

⋮
many millions

(Probability ∝ Scattering lobe / Distance2)

Presenter
Presentation Notes
After that, in eye-subpath tracing, we use Russian roulette for vertex connections between each eye vertex and all the cached light vertices. For the acceptance probability of this Russian roulette, we take the BRDF at each eye vertex and the distance to a light vertex into account. This huge number of Russian roulette operations is prohibitively expensive.
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After that, in eye-subpath tracing, we use Russian roulette for vertex connections between each eye vertex and all the cached light vertices. For the acceptance probability of this Russian roulette, we take the BRDF at each eye vertex and the distance to a light vertex into account. This huge number of Russian roulette operations is prohibitively expensive.
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Overview of Our BPT

Russian roulette [Arvo90] for all the vertex connections

Eye-subpath tracing pass

⋮
many millions

(Probability ∝ Scattering lobe / Distance2)

Presenter
Presentation Notes
After that, in eye-subpath tracing, we use Russian roulette for vertex connections between each eye vertex and all the cached light vertices. For the acceptance probability of this Russian roulette, we take the BRDF at each eye vertex and the distance to a light vertex into account. This huge number of Russian roulette operations is prohibitively expensive.
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Overview of Our BPT

Russian roulette [Arvo90] for all the vertex connections

Eye-subpath tracing pass

Acceleration
⋮

many millions

(Probability ∝ Scattering lobe / Distance2)

Presenter
Presentation Notes
So, we introduce an acceleration technique.
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Acceptance Range in World Space

Same shape for each eye vertex
Different (random) size for each pair of eye and light vertices

Presenter
Presentation Notes
In our method, the range of acceptance of Russian roulette is mapped into world space similar to stochastic light culling. While previous stochastic light culling used the range from a light vertex, we use the range from an eye vertex. For this case, the shape of the range depends only on the BRDF at each eye vertex. On the other hand, the size is randomly different for each pair of light and eye vertices. By culling light vertices outside these ranges, we accelerate Russian roulette operations.



© 2019 SQUARE ENIX CO., LTD. All Rights Reserved.

Acceptance Range in World Space

Same shape for each eye vertex
Different (random) size for each pair of eye and light vertices
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Presentation Notes
In our method, the range of acceptance of Russian roulette is mapped into world space similar to stochastic light culling. While previous stochastic light culling used the range from a light vertex, we use the range from an eye vertex. For this case, the shape of the range depends only on the BRDF at each eye vertex. On the other hand, the size is randomly different for each pair of light and eye vertices. By culling light vertices outside these ranges, we accelerate Russian roulette operations.
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Acceptance Range in World Space

Same shape for each eye vertex
Different (random) size for each pair of eye and light vertices

Presenter
Presentation Notes
In our method, the range of acceptance of Russian roulette is mapped into world space similar to stochastic light culling. While previous stochastic light culling used the range from a light vertex, we use the range from an eye vertex. For this case, the shape of the range depends only on the BRDF at each eye vertex. On the other hand, the size is randomly different for each pair of light and eye vertices. By culling light vertices outside these ranges, we accelerate Russian roulette operations.
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Culling Using BVH

 Build a BVH for cached light vertices
 Hierarchical intersection tests between the range and each BVH node
 Ellipsoidal range is used for a simple intersection test

Presenter
Presentation Notes
To cull many light vertices rapidly, we build a bounding volume hierarchy for cached light vertices. Using this BVH, culling is performed by hierarchical intersection tests between the acceptance range and each BVH node. For a simple intersection test, our method uses an ellipsoidal range.
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Stochastic Scattering Range

Range = Constant × Scattering lobe
Uniform random number ∈ [0,1)

Different for each pair of eye and light vertices

Approximated to make an ellipsoidal range

Presenter
Presentation Notes
The acceptance range from an eye vertex is obtained from the probability of Russian roulette. For our probability, the scattering lobe is approximated to make an ellipsoidal range. The size of this range is proportional to the inverse square root of a uniform random number, which is different for each pair of eye and light vertices.
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Range Size in BVH Traversal

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

Presenter
Presentation Notes
Since light vertices are leaf nodes of the BVH, the range size is randomly different for each leaf.
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Range Size in BVH Traversal

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

largest range 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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Range Size in BVH Traversal

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

largest range 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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Range Size in BVH Traversal

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

largest range
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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Range Size in BVH Traversal

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

Largest range = Constant × Scattering lobe
Minimum of uniform random numbers

Presenter
Presentation Notes
This largest size is given by the minimum value of the uniform random numbers assigned to light vertices contained by the node.
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Range Size in BVH Traversal

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

Largest range = Constant × Scattering lobe
Minimum of uniform random numbers

Pregenerate and store in each node?
(Similar to lightcuts [Walter05] & stochastic light culling [Tokuyoshi16])

Presenter
Presentation Notes
One trivial approach to obtain this minimum random number is to precompute them for each node, similar to lightcuts and stochastic light culling.
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(Similar to lightcuts [Walter05] & stochastic light culling [Tokuyoshi16])

Range Size in BVH Traversal

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

Largest range = Constant × Scattering lobe
Minimum of uniform random numbers

Pregenerate and store in each node?

Correlation of variance 
ReferencePregeneration

Presenter
Presentation Notes
However, this pregeneration approach produces correlation of variance between pixels, because the same random numbers are used between eye vertices.
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Range Size in BVH Traversal

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

Largest range = Constant × Scattering lobe
Minimum of uniform random numbers

Pregenerate and store in each node?
(Similar to lightcuts [Walter05] & stochastic light culling [Tokuyoshi16])
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Different for each pair of eye vertex and BVH node

Range Size in BVH Traversal

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

Largest range = Constant × Scattering lobe
Minimum of uniform random numbers

Presenter
Presentation Notes
To avoid the correlation, this minimum random number must be different for each pair of eye vertex and BVH node. The problem is how to obtain this minimum random number efficiently. The solution of this problem is the main contribution of our work.
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Top-down Minimum Random Number 
Generation

On-the-fly generation
in BVH traversal

0.03 0.160.41 0.51

0.41 0.03 0.51 0.160.98 0.72 0.67 0.42

0.03

0.03

0.16

Presenter
Presentation Notes
For our hierarchical Russian roulette, we generate the minimum random number on-the-fly in a top-down BVH traversal.
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0.03 0.160.41 0.51

0.41 0.03 0.51 0.160.98 0.72 0.67 0.42

0.03

0.03

0.16

Top-down Minimum Random Number 
Generation

 Generate a minimum random 
number larger than the parent 
at each orange node

Presenter
Presentation Notes
At each orange node, we generate a minimum random number. Since the parent value is the minimum of both child values, the generated minimum random number must be larger than the parent.
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0.03 0.160.41 0.51

0.41 0.03 0.51 0.160.98 0.72 0.67 0.42

0.03

0.03

0.16

Top-down Minimum Random Number 
Generation

 Generate a minimum random 
number larger than the parent 
at each orange node

 Transmit to single randomly 
selected child node (blue)

Presenter
Presentation Notes
On the other hand, the parent value is equal to the other child. Therefore, we transmit the parent value to a single randomly selected child drawn in blue.
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0.03 0.160.41 0.51

0.41 0.03 0.51 0.160.98 0.72 0.67 0.42

0.03

0.03

0.16

Top-down Minimum Random Number 
Generation

 Generate a minimum random 
number larger than the parent 
at each orange node

 Transmit to single randomly 
selected child node (blue)
 Orange and blue nodes are siblings

Presenter
Presentation Notes
Orange and blue nodes are siblings in this algorithm.
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0.03 0.160.41 0.51

0.41 0.03 0.51 0.160.98 0.72 0.67 0.42

0.03

0.03

0.16

0.42

Top-down Minimum Random Number 
Generation

0 1

0 1

0 1

0 1

PDF for minimum random number 
generation

Presenter
Presentation Notes
For each orange node, the PDF of a minimum random number larger than the parent value is analytically obtained. So, we can generate a random number according to this PDF.
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0.03 0.160.41 0.51

0.41 0.03 0.51 0.160.98 0.72 0.67 0.42

0.03

0.03

0.16

Top-down Minimum Random Number 
Generation

0 1

0 1

0 1

0 1

PDF for minimum random number 
generation

Numerical error 
for millions of leaf nodes

ReferenceOurs

Single precision
314 s

Presenter
Presentation Notes
However, for millions of leaf nodes, this minimum random number generation produces a noticeable numerical error due to floating point arithmetic.
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0.03 0.160.41 0.51

0.41 0.03 0.51 0.160.98 0.72 0.67 0.42

0.03

0.03

0.16

Top-down Minimum Random Number 
Generation

0 1

0 1

0 1

0 1

PDF for minimum random number 
generation

Numerical error 
for millions of leaf nodes

ReferenceOurs

Double precision
325 s

Presenter
Presentation Notes
Although this error can be reduced by using double precision, it is more expensive than single precision.
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0.03 0.160.41 0.51

0.41 0.03 0.51 0.160.98 0.72 0.67 0.42

0.03

0.03

0.16

Semi-Stratified Sampling

PDF for minimum random number 
generation

Simple &
numerically stable



Uniform in the stratum

0 1

Presenter
Presentation Notes
To improve the numerical stability and performance, we introduce a semi-stratified sampling method that generates partially stratified random numbers. For stratified sampling, the minimum value is uniformly distributed in the lowest stratum. So, it’s simple and numerically stable to generate a minimum random number.
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0.03 0.160.41 0.51

0.41 0.03 0.51 0.160.98 0.72 0.67 0.42

0.03

0.03

0.16

Semi-Stratified Sampling

PDF for minimum random number 
generationStratification in 

sibling nodes
0 1

0 1

0 1

0 1

Presenter
Presentation Notes
In our semi-stratified sampling, the random number space is stratified between two sibling nodes for simplicity. At an orange node, a stratum adjacent to the parent’s stratum is used for the minimum random number.
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Overlaps of Strata at the Leaf Level
0.03

0.03

0.03 0.160.41 0.51

0.41 0.03 0.51 0.160.98 0.72 0.67 0.42

0.16

0.03

0.16

0.51 0.67

0.42

0.41 0.98

0.72

Stratified only in 
two sibling nodes

0 1

Presenter
Presentation Notes
Our algorithm splits strata between two sibling nodes, but it ignores full stratification for the descendants of these sibling nodes. Therefore, overlaps of strata are produced at the leaf level. At first glance, it looks biased.
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Overlaps of Strata at the Leaf Level
0.03

0.03

0.03 0.160.41 0.51

0.41 0.03 0.51 0.160.98 0.72 0.67 0.42

0.16

0.03

0.16
0.51 0.67

0.42

0.41 0.98

0.72

PDF

1

0

Unbiased

0 1

Presenter
Presentation Notes
However, each stratum has a different PDF, and the sum of these PDFs for overlapped area is always one. Therefore, random numbers at leaf nodes are uniformly distributed. Hence, our method produces unbiased rendering results.
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Overlaps of Strata at the Leaf Level
0.03

0.03

0.03 0.160.41 0.51

0.41 0.03 0.51 0.160.98 0.72 0.67 0.42

0.16

0.03

0.16
0.51 0.67

0.42

0.41 0.98

0.72

PDF

1

0

Unbiased

0 1

ReferenceSemi-stratified

Single precision
275 s

Single precision
314 s

Non-stratified

Presenter
Presentation Notes
This semi-stratified algorithm is faster and more precise than the non-stratified version because of the simplicity.



Range for Anisotropic Microfacet BRDFs

Presenter
Presentation Notes
Next, I’ll explain the shape of the range for anisotropic microfacet BRDFs.
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Anisotropic Scattering Lobes

 Scattering lobe is anisotropic for microfacet BRDFs
 Even if the NDF is isotropic

 Make a tight ellipsoidal range
 Approximate the scattering lobe using a Squared Ellipsoidal Lobe

Range = Constant × Scattering lobe
Uniform random number

Probability = min Constant × Scattering lobe
Distance2 , 1

Presenter
Presentation Notes
For microfacet BRDFs, the scattering lobe is anisotropic, even if the NDF is isotropic. To make a tight ellipsoidal range for anisotropic microfacet BRDFs, we introduce a squared ellipsoidal lobe function. Using this lobe function, the anisotropic scattering lobe is approximated analytically for the probability of Russian roulette.
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GGX-based Squared Ellipsoidal Lobe

Isotropic GGX distribution
𝐷𝐷(cos 𝜃𝜃 , 𝛼́𝛼)

𝜋𝜋𝛼́𝛼2𝐷𝐷 cos
𝜃𝜃
2

, 𝛼́𝛼

Spheroid
[Tokuyoshi17]

𝛼́𝛼

1 + 𝛼́𝛼2

2

𝛼́𝛼 𝛼́𝛼𝑥𝑥

1 + max 𝛼́𝛼𝑥𝑥2, 𝛼́𝛼𝑦𝑦2

2

𝛼́𝛼𝑦𝑦

Ellipsoid

𝐾𝐾 𝛚𝛚;
𝛚𝛚𝑥𝑥
𝛚𝛚𝑦𝑦
𝛚𝛚𝑧𝑧

, 𝛼́𝛼𝑥𝑥 , 𝛼́𝛼𝑦𝑦

(cos𝜃𝜃 = 𝛚𝛚 ⋅ 𝛚𝛚𝑧𝑧)

𝛚𝛚𝑧𝑧

𝛚𝛚𝑥𝑥

𝛚𝛚𝑦𝑦

𝛚𝛚𝑧𝑧

𝛚𝛚𝑥𝑥

𝛚𝛚𝑦𝑦

Presenter
Presentation Notes
Our squared ellipsoidal lobe is based on the GGX distribution. The square root of the isotropic GGX using a half angle is a spheroid. For this spheroid, two semi-minor axes are equal to the roughness parameter alpha. We extend this spheroid to an ellipsoid using two roughness parameters, which correspond to two semi-axes. The function K inside the square root is our squared ellipsoidal lobe function.
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GGX-based Squared Ellipsoidal Lobe

≈ 4𝜋𝜋𝛼́𝛼𝑥𝑥𝛼́𝛼𝑦𝑦𝐷𝐷 𝛚𝛚;
𝛚𝛚𝑥𝑥
𝛚𝛚𝑦𝑦
𝛚𝛚𝑧𝑧

, 2𝛼́𝛼𝑥𝑥 , 2𝛼́𝛼𝑦𝑦

Approximately equal to an anisotropic GGX lobe for small roughness

𝐾𝐾 𝛚𝛚;
𝛚𝛚𝑥𝑥
𝛚𝛚𝑦𝑦
𝛚𝛚𝑧𝑧

, 𝛼́𝛼𝑥𝑥 , 𝛼́𝛼𝑦𝑦 =
4𝛼́𝛼max4

𝑈𝑈 − 𝑣𝑣𝑧𝑧 + 𝛼́𝛼max2 (𝑈𝑈 + 𝑣𝑣𝑧𝑧) 2

𝑈𝑈 =
𝛼́𝛼max2

𝛼́𝛼𝑥𝑥2
𝑣𝑣𝑥𝑥2 +

𝛼́𝛼max2

𝛼́𝛼𝑦𝑦2
𝑣𝑣𝑦𝑦2 + 𝑣𝑣𝑧𝑧2

𝛼́𝛼max = max 𝛼́𝛼𝑥𝑥, 𝛼́𝛼𝑦𝑦

𝑣𝑣𝑥𝑥, 𝑣𝑣𝑦𝑦 , 𝑣𝑣𝑧𝑧 = 𝛚𝛚 ⋅ 𝛚𝛚𝑥𝑥 ,𝛚𝛚 ⋅ 𝛚𝛚𝑦𝑦 ,𝛚𝛚 ⋅ 𝛚𝛚𝑧𝑧

Presenter
Presentation Notes
We derived this lobe function K. In addition, we found it is approximately equal to an anisotropic GGX lobe for small roughness parameters alpha_x, alpha_y.
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Analytical Lobe Approximation

GGX NDF GGX scattering lobe Squared ellipsoidal lobe

𝐾𝐾 𝛚𝛚;
𝛚𝛚𝑥𝑥
𝛚𝛚𝑦𝑦
𝛚𝛚𝑧𝑧

,
𝛼𝛼𝑥𝑥′

2
,
𝛼𝛼𝑦𝑦′

2𝜋𝜋𝛼𝛼𝑥𝑥𝛼𝛼𝑦𝑦𝐷𝐷 𝛚𝛚h 𝛚𝛚 ;
𝐭𝐭𝑥𝑥
𝐭𝐭𝑦𝑦
𝐧𝐧

,𝛼𝛼𝑥𝑥 ,𝛼𝛼𝑦𝑦 𝜋𝜋𝛼𝛼𝑥𝑥′ 𝛼𝛼𝑦𝑦′ 𝐷𝐷 𝛚𝛚;
𝛚𝛚𝑥𝑥
𝛚𝛚𝑦𝑦
𝛚𝛚𝑧𝑧

,𝛼𝛼𝑥𝑥′ ,𝛼𝛼𝑦𝑦′

Spherical warping
[Xu13]

≈ ≈

Ellipsoidal range

Presenter
Presentation Notes
To approximate the scattering lobe with this squared ellipsoidal lobe, we assume the GGX NDF. So, if the NDF is not GGX, we first approximate it into the GGX NDF. Next, we approximate the scattering lobe with a GGX lobe. This is analytically computed by using a spherical warping technique. Although this spherical warping was originally derived for anisotropic spherical Gaussians proposed by Xu et al., it is also applicable to the GGX distribution. Finally, this GGX scattering lobe is approximated into our squared ellipsoidal lobe function. Using this lobe approximation, we are able to build a tight ellipsoidal range for anisotropic microfacet BRDFs.



Results
1600×1200 SCREEN RESOLUTION
AMD RYZEN™ THREADRIPPER™ 2990WX PROCESSOR

Presenter
Presentation Notes
So, let me show you experimental results.
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Combination with PCBPT [Popov15] (15 min)

PCBPT PCBPT+HRR

Caustics reflected on the mirror (GGX roughness: 0.0001)
RMSE: 22.58 RMSE: 0.19

Presenter
Presentation Notes
This scene is lit by caustics, and these caustics are reflected on the mirror whose roughness is 0.0001.
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Combination with PCBPT [Popov15] (15 min)

PCBPT PCBPT+HRR

Caustics reflected on the mirror (GGX roughness: 0.0001)
RMSE: 22.58 RMSE: 0.19

Presenter
Presentation Notes
Probabilistic connection BPT is efficient, but it is still insufficient for such specular-diffuse-glossy paths, as shown in the left image. On the other hand, our hierarchical Russian roulette is suitable for this path configuration. So, we combine PCBPT and our connection technique using multiple importance sampling. To improve the efficiency, our connection technique is applied only to glossy reflections in this experiment. This combination reduces variance significantly.
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Combination with VCM [Georgiev12, Hachisuka12] (60 min)

PCVCM
5 pixels

PCVCM
0.6 pixel

PCVCM+HRR
0.6 pixel

PCVCM: PCBPT + vertex merging

Initial merging radius:

Leak

Noise

(9311 iterations) (9475 iterations) (7090 iterations)

Presenter
Presentation Notes
Vertex connection and merging can also render specular-diffuse-glossy paths, but it has a trade-off between bias and variance.
When using a large merging radius, VCM can produce noticeable light leaks. Although progressive photon mapping reduces this undesirable bias iteratively, thousands of iterations are still insufficient for this scene. A small initial radius reduces light leaks, but induces high variance instead. By combining our method, the variance on glossy surfaces is alleviated without increasing bias.
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Convergence Speed

Presenter
Presentation Notes
Our method can improve the convergence speed of VCM for glossy reflections. This is because the PDF for vertex merging is reduced by shrinking the merging radius iteratively, while the PDF for our method is not. Therefore, after a large number of iterations, the PDF for our method can be higher than vertex merging, if surfaces are not perfectly specular.
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Anisotropic BRDF (15 min)

PCBPT PCBPT+HRR
(spheroidal range)

PCBPT+HRR
(ellipsoidal range)

RMSE: 0.67 RMSE: 0.14 RMSE: 0.02Roughness: (0.0001, 0.01)

Presenter
Presentation Notes
This is the rendering results of anisotropic reflections. PCBPT produces elongated splotches on the anisotropic reflection surface. Our hierarchical Russian roulette using a spheroidal range reduces this variance, but still inefficient for such strong anisotropy. Using the proposed squared ellipsoidal lobe, the efficiency is further improved.
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Related Work: Many-Light Methods

MIS for SDG paths Uncorrelated variance Anisotropic BRDFs

Lightcuts
[Walter05]

✘ ✘ ✘

Stochastic light culling
[Tokuyoshi16,17]

✘ ✘ ✘

Many-light importance sampling
[Estevez18]

✘ ✔ ✘

Ours ✔ ✔ ✔

Pregenerated random numbers (require storage)
• Correlation can be reduced by sacrificing the memory usage [Walter06], 

but cannot be avoided completely

On-the-fly random number generation
(no storage)

Presenter
Presentation Notes
Our technique is based on a many-light method. Unlike existing many-light methods, our technique is applicable to multiple importance sampling for specular-diffuse-glossy paths. This is because our method just accelerates Russian roulette operations used in bidirectional path tracing.

Classic lightcuts and stochastic light culling use pregenerated random numbers, and thus it produces positive correlation of variance between pixels. Although this correlation can be reduced by storing multiple random numbers in a buffer, it cannot be avoided completely. Many-light importance sampling based on hierarchical sample warping avoids this variance correlation. Unlike this many-light importance sampling, we have introduced an on-the-fly random number generation for many Russian roulette. Many-light importance sampling is designed for direct illumination, while our method focuses on indirect illumination. Both on-the-fly methods don’t require an additional buffer to store random numbers.
Therefore, they are more memory efficient than pregeneration approaches.

In addition, our method takes anisotropic microfacet BRDFs into account for the sampling probability.
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Limitations

 Perfectly specular surfaces
 Fireflies can still occur on near singularities

 Can be removed easily by VCM or using outlier rejection [Zirr18]

 Glossy-to-glossy interreflections
 Correlation of paths due to path reuse (similar to VCM)

 Future work: correlation-aware MIS heuristics [Jendersie19]

PCBPT+HRR Reference PCBPT+HRR PCBPT+HRR
(+outlier rejection)

PCVCM+HRR

Presenter
Presentation Notes
Although our method is efficient for specular-diffuse-glossy paths, it does have some limitations. Russian roulette-based connections doesn’t support perfectly specular surfaces. Fireflies can still occur on near singularities. However, these fireflies can be removed easily by VCM or using outlier rejection. Glossy-to-glossy interreflections are still inefficient, because our Russian roulette ignores the BRDF at a light vertex. In addition, due to the reuse of subpaths, our method has correlation of paths similar to VCM. For future work, we’d like to investigate correlation-aware multiple importance sampling.
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Conclusions

 BVH-based acceleration for many Russian roulettes
 On-the-fly minimum random number generation in BVH traversal
 Efficient ellipsoidal range for anisotropic BRDFs
 Limited to glossy reflections, but efficient for extremely glossy reflections

 E.g., GGX roughness: 0.0001 (hard to distinguish from perfectly specular surfaces)

0.03

0.03

0.03 0.160.41 0.51

0.41 0.03 0.51 0.160.98 0.72 0.67 0.42

0.16

Ellipsoid for anisotropic lobes

BPT BPT+HRR

Presenter
Presentation Notes
To conclude our work, we have presented a BVH-based acceleration technique for many Russian roulettes. To avoid the correlation of variance, we introduced on-the-fly minimum random number generation during the BVH traversal. In addition, we also introduced an efficient ellipsoidal range for anisotropic BRDFs. Our vertex connection technique is limited to glossy reflections, but it is efficient for extremely glossy reflections, such as roughness 0.0001 that is hard to distinguish from perfectly specular surfaces in rendered images.



Thank you for your attention

Presenter
Presentation Notes
That’s all for my presentation. Thank you for your attention.



© 2019 SQUARE ENIX CO., LTD. All Rights Reserved.

References

 Arvo J. and Kirk D. 1990. Particle Transport and Image Synthesis. SIGGRAPH Comput. Graph. 24, 4, 63–66

 Estevez A. C. and Kulla C. 2018. Importance Sampling of Many Lights with Adaptive Tree Splitting. PACMCGIT 1, 2, 25:1–25:17

 Georgiev I., Křivánek J., Davidovič T., and Slusallek P. 2012. Light Transport Simulation with Vertex Connection and Merging. TOG 31, 6, 192:1–192:10

 Hachisuka T., Pantaleoni J., and Jensen H. W. 2012. A Path Space Extension for Robust Light Transport Simulation. TOG 31, 6 (2012), 191:1–191:10

 Jendersie J. 2019. Variance Reduction via Footprint Estimation in the Presence of Path Reuse. In Ray Tracing Gems: High-Quality and Real-Time Rendering with DXR and Other APIs. Apress, 557–569

 Keller A. 1997. Instant Radiosity. In SIGGRAPH ’97. 49–56

 Popov S., Ramamoorthi R., Durand F., and Drettakis G. 2015. Probabilistic Connections for Bidirectional Path Tracing. CGF 34, 4, 75–86

 Tokuyoshi Y. and Harada T. 2016. Stochastic Light Culling. JCGT. 5, 1, 35–60

 Tokuyoshi Y. and Harada T. 2017. Stochastic Light Culling for VPLs on GGX Microsurfaces. CGF 36, 4, 55–63

 Trowbridge T. S. and Reitz K. P. 1975. Average Irregularity Representation of a Rough Surface for Ray Reflection. J. Opt. Soc. Am. 65, 5 (1975), 531–536

 B. Walter, A. Arbree, K. Bala, and D. P. Greenberg. 2006. Multidimensional Lightcuts. TOG 25, 3, 1081–1088

 B. Walter, S. Fernandez, A. Arbree, K. Bala, M. Donikian, and D. P. Greenberg. 2005. Lightcuts: A Scalable Approach to Illumination. TOG 24, 3, 1098–1107

 B. Walter, S. R. Marschner, H. Li, and K. E. Torrance. 2007. Microfacet Models for Refraction Through Rough Surfaces. In EGSR '07. 195–206

 Xu K., Sun W.-L., Dong Z., Zhao D.-Y., Wu R.-D. and Hu S.-M. 2013. Anisotropic Spherical Gaussians. TOG 32, 6, 209:1–209:11

“Ryzen™” is a trademark or registered trademark of Advanced Micro Devices., Inc.
“Threadripper™” is a trademark or registered trademark of Advanced Micro Devices., Inc.


	Hierarchical Russian Roulette�for Vertex Connections
	Specular-Diffuse-Glossy Paths in BPT
	Previous Work
	Previous Work
	Overview of Our BPT
	Overview of Our BPT
	Overview of Our BPT
	Overview of Our BPT
	Overview of Our BPT
	Acceptance Range in World Space
	Acceptance Range in World Space
	Acceptance Range in World Space
	Culling Using BVH
	Stochastic Scattering Range
	Range Size in BVH Traversal
	Range Size in BVH Traversal
	Range Size in BVH Traversal
	Range Size in BVH Traversal
	Range Size in BVH Traversal
	Range Size in BVH Traversal
	Range Size in BVH Traversal
	Range Size in BVH Traversal
	Range Size in BVH Traversal
	Top-down Minimum Random Number Generation
	Top-down Minimum Random Number Generation
	Top-down Minimum Random Number Generation
	Top-down Minimum Random Number Generation
	Top-down Minimum Random Number Generation
	Top-down Minimum Random Number Generation
	Top-down Minimum Random Number Generation
	Semi-Stratified Sampling
	Semi-Stratified Sampling
	Overlaps of Strata at the Leaf Level
	Overlaps of Strata at the Leaf Level
	Overlaps of Strata at the Leaf Level
	Range for Anisotropic Microfacet BRDFs
	Anisotropic Scattering Lobes
	GGX-based Squared Ellipsoidal Lobe
	GGX-based Squared Ellipsoidal Lobe
	Analytical Lobe Approximation
	Results
	Combination with PCBPT [Popov15] (15 min)
	Combination with PCBPT [Popov15] (15 min)
	Combination with VCM [Georgiev12, Hachisuka12] (60 min)
	Convergence Speed
	Anisotropic BRDF (15 min)
	Related Work: Many-Light Methods
	Limitations
	Conclusions
	Slide Number 50
	References

