
Unbiased Emission and Scattering Importance Sampling For
Heterogeneous Volumes

Wei-Feng Wayne Huang

Walt Disney Animation Studios

Peter Kutz
∗

Adobe

Walt Disney Animation Studios

Yining Karl Li

Walt Disney Animation Studios

Matt Jen-Yuan Chiang

Walt Disney Animation Studios

Figure 1: A torch embedded in thin anisotropic heterogeneous mist. Equal-time comparison of a conventional null-collision approach (left),
incorporating our emission sampling strategy (middle), and additionally combining with our scattering sampling strategy via MIS (right).

Abstract
We present two new distance-sampling methods for production vol-

ume path tracing. We extend the null-collision integral formulation

to efficiently gather heterogeneous volumetric emission, achieving

higher-quality results. Additionally, we propose a tabulation-based

approach to importance sample volumetric in-scattering through a

spatial guiding data structure. Our methods improve the sampling

efficiency for scenarios where low-order heterogeneous scattering

dominates, which tends to cause high variance renderings with

existing null-collision methods.
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1 Introduction
Volume rendering based on the null-collision formulation of volu-

metric light transport has recently gained popularity in film pro-

duction. Null-collision techniques are characterized by unbiased

random walks that make rendering high-order scattering effects
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in a heterogeneous volume, such as cloudscapes, computationally

feasible. Furthermore, the unbiased nature of these techniques frees

users from the responsibility of adjusting ray-marching visual-

quality controls such as step size and opacity threshold.

While various null-collision-based sampling strategies have been

developed over the years [Novák et al. 2018], naive distance sam-

pling with a probability density function (PDF) proportional to only

transmittance makes certain artistically desirable effects extremely

inefficient to render. These effects include highly emissive vol-

umes with low extinction (e.g. fire and flames), and direct-lighting-

dominated thin anisotropic media (e.g. god rays and light shafts).

We propose two novel sampling strategies for improving emission

sampling and scattering sampling; these strategies complement

existing null-collision algorithms to make challenging production

cases like the one described above practical to render, as shown in

Figure 1.

2 Approach
The null-collision integral formulation of the volume rendering

equation that evaluates the radiance at location x in direction 𝜔

within distance 𝑑 is

𝐿(x, 𝜔) =
∫ 𝑑

0

𝑇 (x, y)(
𝜇𝑎 (y)𝐿𝑒 (y, 𝜔) + 𝜇𝑠 (y)𝐿𝑠 (y, 𝜔) + 𝜇𝑛 (y)𝐿(y, 𝜔)

)
𝑑𝑡, (1)

where y = x−𝑡×𝜔 . By adding null-collision particles to homogenize

the originally heterogeneous volume, a distance along the ray can

be analytically sampled with a PDF proportional to the combined

transmittance 𝑇 formed by a constant combined extinction coeffi-

cient 𝜇, which is the sum of volume coefficients of all three types

of medium events: absorption 𝜇𝑎 , scattering 𝜇𝑠 and null-collision

𝜇𝑛 . These medium events can then be selectively evaluated using

Monte Carlo estimators with probabilities 𝑃★, where subscript ★

represents absorption events 𝑎, scattering events 𝑠 or null-collision

events 𝑛.

2.1 Emission Sampling
Conventionally, 𝜇 is chosen as the majorant of 𝜇𝑡 = 𝜇𝑎 + 𝜇𝑠 and
medium events are selected with probabilities 𝑃★ =

𝜇★
𝜇 . This poses
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Figure 2: Free-path sample along emissive volume and PDF
integral over emission energy distribution grid.

a problem for highly emissive volumes with low extinction, where

the sampler is likely to step over potentially highly emissive regions

as illustrated in Figure 1 (left). Kutz et al. [2017] pointed out that

𝜇, 𝑃𝑎 , 𝑃𝑠 , and 𝑃𝑛 are in fact arbitrary parameters as long as we

counter-balance their contributions with sample weights. We chose

𝜇 to be the maximum of the majorant of 𝜇𝑡 and the majorant of

𝜇𝑎 × 𝐿𝑒 so that we take smaller steps in highly emissive regions.

To avoid excessive memory access in a single voxel, we also make

sure 𝜇 is smaller than the average voxel size. Additionally, since

absorption and null-collision events don’t spawn new rays, we set

𝑃𝑎 = 𝑃𝑛 = 1, such that we gather emission at every free-path sample

to acquire higher quality results along a single ray (Algorithm 1). In

Algorithm 2, we demonstrate how we evaluate the PDF of a next-

event-estimation sample from an emissive volume by integrating

probabilities along the ray through a coarser version of the volume

(an emission-energy-distribution grid) [Villemin and Hery 2013]

in solid angle measure [Simon et al. 2017]. Our modified emission-

tracking algorithm and its PDF estimator are illustrated in Figure

2.

Algorithm 1
1: function evaluateEmission(x, 𝜔,𝑑)
2: 𝑤 ← 1, 𝐿𝑒 ← 0

3: repeat
4: Δ𝑡 ← − 𝑙𝑛 (1−𝜁 )

𝜇

5: x← x − Δ𝑡 ×𝜔
6: 𝐿𝑒 ← 𝐿𝑒 + 𝑤 × 𝜇𝑎 (x)×𝐿𝑒 (x)

𝜇

7: 𝑤 ← 𝑤 × 𝜇𝑛 (x)
𝜇

8: until (𝑡 ← 𝑡 + Δ𝑡 ) > 𝑑

9: return 𝐿𝑒
10: end function

Algorithm 2
1: function pdfEmission(x, 𝜔)

2: 𝑝 = 0

3: for voxel v along ray(x, 𝜔) do
4: [𝑡0, 𝑡1] ← v entry/exit

5: 𝑝 ← 𝑝 +
(𝑡3

1
−𝑡3

0
)

3
× pdf(v)

6: end for
7: return 𝑝

8: end function

2.2 Scattering Sampling
With the emission sampling introduced in the previous section,

we now propose a technique to importance sample the remaining

source term in Equation 1: the product of 𝜇𝑠 and in-scattered ra-

diance 𝐿𝑠 . To learn this term, we use coarsely distributed probe

spheres generated as a pre-process during renderer startup. For each

probe sphere, we learn guiding data by looping over light sources

and summing up a scattering sample weight 𝑠 , which approximates

the integral of the product of 𝜇𝑠 (y), incoming radiance 𝐿(y, 𝜔 ′) and
phase function 𝜌 (y, 𝜔, 𝜔 ′) over solid angle, where y is a randomly

sampled location within the probe sphere’s radius of influence and

𝜔 ′ and 𝜔 are directions from y to a randomly sampled location on

the light source and to the camera origin respectively (Figure 3a).

During the rendering stage, nearby probes are queried along the
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Figure 3: Scattering sample weight computation (a) and dis-
tance sampling CDF built on-the-fly from cached PDFs (b).

ray and their scattering sample weight 𝑠 are used to construct a

piecewise-linear CDF for distance sampling (Figure 3b).

We currently only employ this sampling strategy for camera

rays and direct illumination to focus on improving visually promi-

nent single-scattering effects while keeping overall performance

overhead low. For scenarios such as high-order scattering in op-

tically thick volumes, we combine our scattering-based distance

samples with conventional transmittance-based samples using mul-

tiple importance sampling [Miller et al. 2019]. To implement the

aforementioned probe spheres data structure, we use the cache

points system described by Burley et. al [2018], originally designed

to learn light-selection information. Compared to equi-angular sam-

pling [Kulla and Fajardo 2012], our approach does better at handling

highly anisotropic volumes since we take the phase-function term

into account. Also, our approach does not need to sample a light

vertex before sampling the distance because the scattering sample

weight 𝑠 contains global knowledge of direct illumination.

3 Conclusions
We proposed two practical sampling techniques that effectively re-

duce distance-sampling variance for cases that null-collision based

volume rendering systems traditionally struggle with. Having a

single estimator that produces robust results for various volume con-

figurations and illumination scenarios has encouraged our artists

to achieve the desired look through more straightforward in-render

solutions instead of relying on approximations through composit-

ing.
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