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Fig. 1. An unbiased rendering of a spectrally varying heterogeneous medium using an integrator which combines hero wavelength sampling [Wilkie et al.
2014] with unidirectional and next-event estimation sampling strategies. It was made possible in Mitsuba 2 thanks to the new null-scattering path integral

formulation of light transport by [Miller et al. 2019].

This report summarizes the implementation of null-scattering path integral
formulation of light transport [Miller et al. 2019] in Mitsuba 2. This new
path integral formulation introduces new possibilities in combining various
sampling techniques via multiple importance sampling in heterogeneous
media. This is achieved by providing full path pdfs. It also simplifies ren-
dering software architecture by requiring a smaller number of more robust
algorithms. We describe our implementation of this method and reproduce
results presented in the original paper. In addition to that, we also discuss
caveats related to the practical implementation of the method. One of them
is increased noise due to path termination upon sampling an absorption
event and the other is increased complexity of path throughput and pdf
tracking and MIS weight calculation. These factors should be considered
when deciding whether to use the new path integral in Mitsuba 2 by default.
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1 INTRODUCTION

When rendering images of virtual environments, special attention
needs to be paid to any participating media such as clouds, fog or
smoke. The reason for this is that such media violate our assumption

of radiance constancy along straight lines between surfaces which
is used in the basic rendering equation which stands at the heart of
rendering. Volume rendering (i.e. rendering of participating media)
has been thoroughly studied and an overview of recent advances
and unsolved issues has been given in [Novak et al. 2018].

One of the issues mentioned there is related to rendering hetero-
geneous media which cannot be analytically sampled and as a result,
the pdf of sampling a path through such media is unknown. This
makes it impossible to combine various path sampling techniques
via multiple importance sampling (MIS). For example, using hero
wavelength sampling [Wilkie et al. 2014] in such cases is challenging
because of its reliance on MIS. Because of this, many rendering
systems have to switch between several rendering algorithms based
on the type of media present in the scene.

A solution to this issue has been proposed in [Miller et al. 2019].
There, a new path integral formulation of light transport has been
derived. This formulation allows for analytic sampling of heteroge-
neous media which brings the possibility of using MIS in new ways
and also of simplifying rendering software so that a smaller number



2« Horesovsky, J.

of more robust algorithms is sufficient to render a large variety of
scenes.

Mitsuba 2 [Nimier-David et al. 2019] is an upcoming research-
oriented renderer which (among many other things which are not
of interest here) is fully spectral. At the moment, however, it lacks
support for rendering spectrally varying heterogeneous media and
it employs separate algorithms for rendering homogeneous and
heterogeneous media.

The goal of this project is to investigate how the new path in-
tegral formulation by [Miller et al. 2019] could be implemented
in Mitsuba 2, then by implementing it to enable the rendering of
spectrally varying heterogeneous media and finally to report on any
shortcomings of the practical implementation. The ultimate goal is
to assess whether the new path integral formulation should be used
by default in Mitsuba 2 in the future.

2 BACKGROUND

In this section, we revise three important building blocks of this
project for the sake of completeness and also in order to introduce
terminology and notation which will be used in the rest of the report.
These building blocks are:

e Volume rendering [Novak et al. 2018]
e Volume rendering in Mitsuba 2 [Nimier-David et al. 2019]
e Null-scattering path integral formulation [Miller et al. 2019]

2.1 Volume Rendering

We would like to evaluate how a certain participating medium in-
fluences the propagation of light. One option would be to simulate
its every individual atom and how rays of light interact with these
atoms. But because that would be intractable, it is common to ap-
proach this problem statistically, i.e. to evaluate what proportion of
light will likely travel beyond a certain point in the medium.

For this purpose we introduce the absorption coefficient y, and
scattering coefficient yis which determine the proportion of light
which is absorbed and scattered in a medium, respectively. On a line
through a medium, absorption and scattering describe the losses
in radiance along that line. This leads to the extinction coefficient
Hr = pig + ps. All these coefficients are constant in a homogeneous
medium and spatially varying in a heterogeneous medium. Radiance
can also increase due to in-scattering and emission, but we will only
consider in-scattering because emission is more complicated to
handle and is ignored in Mitsuba 2 as well.

The generalization of the rendering equation for participating
media is the volume rendering equation (VRE):
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where

e d is the length of the intersection of a ray given by (x, w) and
the medium,

e zis a point on the surface intersected by that ray,

o Li(y,w) = /52 fp(w, ®)L(y, ®)d& is the in-scattered radiance
function,

o fp(®, @) is the phase function which describes how light scat-
ters in media (it is a medium equivalent of a BSDF),

y
o T(x,y) = e_fo #($)4s is the transmittance — the fraction of
light that makes it from y to x and
® /ia(y)Le(y, w) is the emission term which we will ignore

The VRE (1) a recursive equation which makes it difficult to
work with in a path tracing setting. A much more flexible way of
describing light transport is expressing the VRE (1) using a path
integral formulation as was introduced by [Pauly et al. 2000]:

L(p1 = po) = Z /P Le(pn — pn-1)TPn)dyn-1(p2, - . .. pn)
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where

® pn =Po,P1, - - -, Pn is a path from a point on the camera (pg)
to a point on the light source (pp),

e Pp_; is the set of all paths of length n — 1,

e T(pn) is the throughput function which is the product of
all the geometry terms, transmittance, phase functions and
BSDFs that attenuate the light along the path and

® yp—1 is the measure of our path space (for technical details
see [Pauly et al. 2000])

This integral can be evaluated using the following Monte Carlo
estimator:

JPn)
p(pn)
where f(py,) is the contribution of path p, and p(py,) is its pdf.

When evaluating eq. 2 we need to sample points that will form
a path and at the same time accumulate the throughput and the
pdf of the path. The contributions of all possible paths which start
with vertices po, p1 together give L(p; — po) — the exitant radiance
from p; towards pg. This means that in the context of volume ren-
dering, two key operations that we need to discuss which are not
needed in basic surface rendering are distance sampling (to sample
points inside a medium) and transmittance evaluation (to obtain
throughput).

Sampling a distance ¢ to the next interaction in a medium is easy in
_In(1-8)

Ht

D (pn) = ®)

a homogeneous volume where t = with ¢ being a random

value from [0, 1] and p(t) = pre~'F¢ being the pdf of the sampled
distance t. In heterogeneous media, this analytical approach fails
because p(x) varies across the medium. A common workaround is
to homogenize the medium by introducing null particles which do
not alter light in any way and their sole purpose is to level medium
density. A null-scattering coefficient y, is therefore assigned to every
points in the medium in such a way that the majorant i = ps(x) +
fin(x) is constant. When g = maxy pi;(x), the majorant is tight.
Distance is then sampled according to the majorant (¢t = —#),

After sampling t it is necessary to stochastically determine whether

a real-scattering event (£ < ”téx)), or a null-scattering event was

sampled. We keep adding ¢ samples until a real-scattering event is
sampled.
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Similarly, transmittance is easy to evaluate in homogeneous me-
dia, but for heterogeneous media, techniques such as delta tracking
or ratio tracking are often used to estimate the transmittance inte-
gral.

2.2 Volume Rendering in Mitsuba 2

The organization of Mitsuba 2 is very similar to PBRT [Pharr et al.
2016] in that it contains a small module for every piece of functional-
ity that it provides. For our purposes, the most interesting modules
are integrators and media. The task of an integrator is to evaluate
eq. 2 and for that purpose it implements various path sampling
strategies. Medium is used by the integrator and contains more
specific operations, such as distance sampling and transmittance
evaluation.

The volumetric integrator of Mitsuba 2 combines unidirectional
and next-event estimation (NEE) path sampling strategies using
MIS!. Algorithm 1 explains how it handles medium interactions
when constructing a path.

Algorithm 1 Medium interaction handling in a Uni+NEE MIS vol-
umetric integrator in Mitsuba 2. ¢ is throughput divided by the
pdf, L. is emitter value, f, is phase function value and pe, p,, are
corresponding pdfs.

Require: medium, ray, ¢
1.

2: X, ¢m < sample_distance(ray)

3: gﬁ *= ¢m > accumulate medium throughput divided by the pdf
4. if x € medium then

5 e, Le, pe < sample_emitter(x) > NEE
6 fp, pp < eval_phase(we)

7: result += ¢ - L, - f}; . pépTep‘,Z, > power heuristic
8  w, fp, pp < sample_phase(x)

9:  update_ray(ray, o) > scatter

> unidirectional path sampling

100 Le, pe < connect_to_light(ray)

11: result += ¢ - L, - % > power heuristic
PE+pE

12: else

13:  medium escaped

14: ...

Function connect_to_light() in algorithm 1 checks whether
there is an emitter in the given direction and if there is, it also
scales its value by the transmittance of all media that are in the
way. It does that by simply accumulating transmittance along the
whole intersection between the ray and the media. As mentioned
in the previous section, for homogeneous media transmittance is
analytically evaluable and for heterogeneous media it needs to be
estimated via ratio tracking.

Function sample_distance() in algorithm 1 always returns the

sampled point and ¢, between the sampled point and the previ-
T(Xn-1,Xn)

Pescane if the sampled point is outside of the

ous point. ¢, =

IThis MIS only happens per bounce, not per full path which, as was mentioned in
section 1, is not possible to realize in the current framework.

Hs 'T(xn—l»xn)
. Pp(xn)
plementations, one for homogeneous and one for heterogeneous

media. The homogeneous version supports spectrally varying yi;
and is described in algorithm 2. The heterogeneous version only
supports monochromatic y; and uses delta tracking which handles
null-scattering events. It is described in algorithm 3.

Refer to appendix A for the C++ code which describes the API of
medium in Mitsuba 2.

medium and ¢, otherwise. The function has two im-

Algorithm 2 Sampling distance in homogeneous media in Mit-
suba 2. y; is spectrally varying and it is therefore an array of length
4. This corresponds to hero-wavelength sampling which Mitsuba 2
does. The first wavelength is the hero and the other three are sam-
pled at fixed intervals from the hero such that the whole spectrum
is uniformly covered. This integrator, however, does not sample
according to the hero wavelength, but according to their average
instead.

Require: ray
1t e g
avg(pr)

: ettt
2 ¢ avg(uy)-e~tavelue)

3: if t is inside medium then
@ Pr=ps
5: return point(ray, t), ¢

> ¢ is a random value € [0, 1]

t
> 57/0 Heds _ e UHt

Algorithm 3 Sampling distance in heterogeneous media in Mit-
suba 2 using delta tracking.

Require: ray

1: te—0

2: loop

3: t+= M > £ is a random value € [0, 1]
4. if t is outside medium then

5: return point on the boundary, 1 > %ﬁp:”) =1
6 if & > % then

7: continue > null event; &, is a random value € [0, 1]

8:  return point(ray, t), Z—;

2.3 Null-scattering Path Integral Formulation

The main issue of the method described in the previous section is
that transmittance is not analytically evaluable. As a result, we do
not have access to path pdfs and a separate algorithm for hetero-
geneous media is needed. To solve this issue, [Miller et al. 2019]
have presented a null-scattering path integral formulation of light-
transport in participating media. This path integral has the same
form as eq. 2, but the T term and the y measure are different. For
technical details refer to the paper, we will only mention the impli-
cations and benefits of this new formulation.

The key difference is that null-scattering events are explicitly
covered in the integral. They still do not alter light in any way,
but now the paths that we integrate over can contain them and
they can be measured along segments between two consecutive real
scattering vertices by the redefined measure y.
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In practice, after sampling a vertex, we stochastically decide
whether the vertex is a real scattering vertex, a null-scattering vertex,
or an absorption vertex and then accumulate throughput and pdfs,
add the vertex to the path and continue constructing it accordingly.
Sampling is guided by the majorant and because in homogeneous
media, fi = yi;, we can use the same algorithm for both homogeneous
and heterogeneous media.

3 NULL-SCATTERING PATH INTEGRAL FORMULATION
IN MITSUBA 2

We have implemented the path integral from [Miller et al. 2019]
in Mitsuba 2 and in this section we overview what has changed in
comparison with the functionality presented in section 2.2.

The basic idea when implementing the new path integral is that
the integrator does more work than before and medium functionality
is limited only to coefficient lookups and analytic evaluation of
sampling and transmittance formulas. Another crucial difference is
that throughput and pdfs are no longer accumulated together in an
already divided form ¢, but separately in order to have the full path
pdf available for each sampling strategy. This can be for example
sampling according to a specific color component or using NEE. Our
new integrator does hero wavelength sampling [Wilkie et al. 2014]
and combines it with unidirectional and NEE sampling. This means
that we need to track 8 throughputs and pdfs (4 color components
for each unidirectional and NEE strategy). The way our integrator
handles medium interactions when constructing a path is described
in algorithm 4.

Interaction sampling is simplified and a single implementation
handles both homogeneous and heterogeneous media. It is described
in algorithm 5. After an interaction is sampled, we only know the
transmittance between this point and the previous one. We now
have to explicitly find out in the integrator what kind of interaction
we have sampled and what the corresponding throughput and pdf
is. Interaction type is determined stochastically in sample_event()
based on medium coefficients at the location of the interaction.

Function connect_to_light() is adapted to track throughput
and pdfs correctly according to the new path integral formulation.
It works in two modes: delta tracking and ratio tracking. The former
is useful when connecting to light by unidirectional sampling and
the latter is useful in NEE. The function is described in algorithm 6.

Refer to appendix B for the C++ code which describes the API of
medium in our implementation.

4 RESULTS

We have reproduced the results of [Miller et al. 2019] to show that
our implementation works properly. Firstly, we present images ren-
dered only using hero wavelength sampling and unidirectional sam-
pling. This integrator is called Spectral MIS. We compare this method
with independent tracking which estimates each color component
separately and this leads to excessive color noise. See figure 2 for
the comparison.

Secondly, we show images from the integrator described in al-
gorithm 4 which we call Uni+NEE MIS. The comparison in figure 3
shows two extreme cases where unidirectional and NEE each fail
on their own.

Algorithm 4 Medium interaction handling in our null-scattering-
aware Uni+NEE MIS volumetric integrator with hero wavelength
sampling. f and p are arrays of length 4 containing path throughput
and pdf respectively. For other notation, see algorithm 1

Require: medium, ray, f, p
1.

2: x, fm < sample_interaction(ray)

3: f *= fm, p = fm > fim contains only medium transmittance

4: if x € medium then

5: e < sample_event(x) > based on “’!# "“Ti’" and £z

6.  if e is absorption then

7 fe0,pe—0 > path termination

8.  else if e is scattering then

9 7= ps(x), p = ps(x)

10: we < sample_emitter_direction(x) > NEE

11: nee_ray < spawn_ray(x, we)

12: fnees Prees funi> Puni> Le < connect_to_light(nee_ray, nee)

13: fp» pp < eval_phase(we)

14: result += Le - S foee Jp > balance heuristic
average(p -pnee Pp> P Puni*Pp)

15: ®, fp, pp < sample_phase(x)

16: update_ray(ray, ) > scatter

17: fnees Prees funi> Punis Le < connect_to_light(ray, uni)

18: fp> pp < eval_phase(w)

19: result += L - S funi p > balance heuristic

average(ﬁ *Pnee 'Pp P Puni Pp)
20:  else if e is null then

21: f 7= pn(x), p ™= pin(x)

22: move ray to x
23: else

24:  medium escaped
25:

Algorithm 5 Sampling interactions in the new implementation.
Distance is sampled according to hero wavelength.

Require: ray

1: Llo_’f) > hero wavelength has index 0

2: if t is inside medium then

f < et

return point(ray, t), f
else

x « point on the boundary

d < x— ray origin

f e

return x, f

5 SHORTCOMINGS OF THE PRACTICAL
IMPLEMENTATION

In this section, we will discuss two major issues with the implemen-
tation of the new path integral formulation. The first one is related
to terminating paths when an absorption event is sampled and the
second one is a numerical issue with accumulating throughput and
pdfs for the full path separately.
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Algorithm 6 Connecting to light in the new implementation.

Require: ray, mode
T fnee < 1, pnee < 1, funi < 1, puni < 1
2: loop
3. if ray origin is inside medium then

4 X, fm < sample_interaction(ray)
5: fnee "= fm, Prnee *= fms funi *= fm, Puni = fn
6: if x ¢ medium then
7 if x € emitter then
8: Pnee *= Pemitter dir > pdf of sampling the emitter via NEE
9: return fpee, Pnees funi> Puni> Le
10: if ray escaped or occluded then
11: return 0,0,0,0,0
12: else
13: if mode is uni then
14: e « sample_event(x) B based on £, £ and £
15: if e is not null then
16: return 0,0,0,0,0
17: foee *= tn, Pnee “= [, funi *= Hn Puni "= fin
18:  else
19: X « ray_intersect(ray)
20: if x € emitter then
21: Pnee = Pemitter_dir > pdf of sampling the emitter via NEE
22: return fnee, Pnees funi> Puni> Le
23: if ray escaped or occluded then
24: return 0,0,0,0,0

25:  move ray origin to x

Reference

Independent tracking

Spectral MIS

Fig. 2. Spectral MIS (which uses hero wavelength sampling) is good at
eliminating color noise and doing so efficiently. The smoke plume is a
heterogeneous medium with an isotropic phase function, % =0.99 and
spectrally varying p1; = (430 : 8, 540 : 40, 572 : 8) (the rest of the spectrum
is interpolated by Mitsuba 2). Both images have been rendered at 64spp.
Reference was rendered by Uni+NEE MIS at 1024spp.

Currently, the volumetric integrator in Mitsuba 2 uses every path
that it constructs and scales its contribution appropriately with
respect to Z—j (also known as the albedo). The new implementation
is different in that in its basic monochromatic unidirectional form,
paths which sample an absorption event are terminated and paths

Reference Spectral MIS

Uni+NEE MIS

Reference Spectral MIS

Uni+NEE MIS

Fig. 3. Uni+NEE MIS handles both extreme cases robustly. The upper bunny
cloud is back-lit by a large area light source, has Henyey-Greenstein phase
function with g = 0.99, % = 0.99 and monochromatic y; = 4. The lower
bunny cloud is side-lit by a smaller area light source, has Henyey-Greenstein
phase function with g = 0.9, % = 0.99 and monochromatic p; = 16. All
images have been rendered at 64spp except for the reference which was
rendered at 1024spp. The upper reference was rendered by Spectral MIS
and the lower by NEE.

(a) Current Mitsuba 2

(b) Our new implementation

Fig. 4. Both images have been rendered by unidirectional integrators and
both show a homogeneous medium which eliminates the effect of null-
scattering events. The same number of samples has been used in both
cases. There is visibly more noise in the image on the right caused by path
termination in the new path integral formulation.

that are completed are not attenuated by any medium coefficients at
all. As a result, this increases the amount of noise slightly because
many paths have zero contribution. See fig. 4 for an illustration of
this.

The second issue is a numeric one. In the new implementation, we
accumulate throughput and pdfs separately for the whole path and
only divide the two at the end. This is necessary for various sampling
strategies to be combined via MIS. The throughput variable, for



6 « Horesovsky, J.

example, then looks like this: f = ]_[f.c:1 ui where k is the length of
the path and y; is a medium coefficient. In dense media, this value
can easily grow above 10%° which cannot be represented by a single-
precision floating point number. [Miller et al. 2019] introduce a
simple trick in their implementation [Miller 2019]. They accumulate
2 for each combination of color components, so in the case of RGB
rendering, there would be 3 - 3 = 9 accumulators. Now consider the
following equation:

AN N LY S
by beybe " PRSI C Yocqgpype averagelp)

This is how we can then obtain the balance heuristic weight for
the contribution in the r channel.

The problem with this solution is that it is time-consuming and
also specific to the balance heuristic. It might depend on the use
case whether we are willing to accept these limitations.

6 CONCLUSIONS

We have implemented a null-scattering path integral formulation
introduced by [Miller et al. 2019] in Mitsuba 2. We have modified
the code architecture and on top of that we have implemented
an integrator which combines hero wavelength sampling [Wilkie
et al. 2014] with unidirectional and NEE strategies. As a result, it
is now possible to render spectrally varying heterogeneous media
in Mitsuba 2 (see fig. 1). Our new implementation also simplifies
classes related to homogeneous and heterogeneous media because
they now share functions for sampling distance and evaluating
transmittance.

We have discussed two drawbacks of the new path integral which
were not obvious from the original paper. The first one is a slight
increase in noise given by path termination when absorption events
are sampled inside media. The second one is a lower time efficiency
and flexibility with regards to MIS heuristics. This is given by the fact
that full path throughput and pdfs are now accumulated separately
and extra effort is required when keeping these values in single-
precision floating point variables.

Future work related to this project should include precise time
benchmarks and thus a more thorough comparison with the cur-
rent volumetric integrator in Mitsuba 2. This would help conclude
whether the simplified architecture and greater flexibility when
combining various sampling techniques using MIS outweighs the
increased noise and a more complicated throughput and pdf tracking.
At the same time, more effort should be dedicated to investigating
whether the drawbacks can be eliminated. Ultimately, this would
help to decide whether the null-scattering path integral formulation
should be the default choice in the rendering pipeline of Mitsuba 2
in the future.
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A OLD MEDIUM API

Here is a snippet from the medium.h file in Mitsuba 2. It defines
an abstract class Medium from which classes for homogeneous and
heterogeneous media are derived:

virtual std::tuple<Surfacelnteraction3f, MediumInteraction3f,
< Spectrumf>
sample_distance(const Scene *scene, const Ray3f &ray,
const Point2f &sample, Sampler *sampler) const = 0;

virtual Spectrumf eval_transmittance(const Ray3f &ray,
Sampler *sampler) const = 0;

B NEW MEDIUM API

Here is a snippet from the medium. h file in our implementation. No-
tice that fewer random samples are now required and that the only
virtual function which needs to be implemented in homogeneous
and heterogeneous medium classes is get_coefficient(). This
hides whether coefficients are constant, or spatially varying.

std::tuple<Surfacelnteraction3f, MediumInteraction3f,
< Spectrumf>
sample_interaction(const Scene *scene, const Ray3f &ray,
Float sample) const;

Spectrumf eval_transmittance(const Ray3f &ray) const;

uint32_t sample_event(const MediumInteraction3f &mi,
Float sample, int channel) const;

virtual Spectrumf get_coefficient(const MediumInteraction3f
&mi, uint32_t event_type) const = 0;
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