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Figure 1: Examples of different integrations of path guiding algorithms in production renderers, such as Blender’s Cycles,
Chaos’s Corona, and Disney Animation’s Hyperion. The images showcase different guiding specific use cases, such as complex
multi-bounce indirect illumination and caustics. First image: scene by Jesús Sandoval. Third image:Moana 2 ©2024 Disney.

Abstract
Over the last decade, advanced data-driven sampling algorithms,
such as path guiding, have made their way from the scientific realm
into production renderers [Vorba et al. 2019]. These algorithms
enable the rendering of challenging lighting effects (e.g., complex
indirect illumination, caustics, volumetric multi-scattering, and
occluded direct illumination frommultiple lights), which are crucial
for generating high-fidelity images. The fact that these algorithms
primarily focus on optimizing local importance sampling decisions
makes it possible to integrate them into a path tracer, the de facto
standard rendering algorithm used in production today ([Fascione
et al. 2019],[Jakob et al. 2019]). The theory behind these algorithms
has been presented and discussed on various occasions (e.g., in
presentations or research papers), and their practical applications
in production have been explored in the previous course on path
guiding in production. Nevertheless, the implementation details

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. Copyrights for components of this work owned by others than the
author(s) must be honored. Abstracting with credit is permitted. To copy otherwise, or
republish, to post on servers or to redistribute to lists, requires prior specific permission
and/or a fee. Request permissions from permissions@acm.org.
SIGGRAPH Courses ’25, Vancouver, BC, Canada
© 2025 Copyright held by the owner/author(s). Publication rights licensed to ACM.
ACM ISBN 978-x-xxxx-xxxx-x/YYYY/MM
https://doi.org/XXXXXXX.XXXXXXX

or challenges associated with integrating them into a production
render are usually unknown or not publicly discussed. This course
aims to provide a deeper understanding of how specific guiding
algorithms are integrated into and utilized in various production
renderers, including Blender’s Cycles, Chaos’s VRay and Corona,
SideFX’s Karma, and Disney Animation’s Hyperion [Burley et al.
2018]. The presented algorithms and integrations can be categorized
into two main groups: the first aims to guide the entire sampling
process by utilizing information about the total light transport of
the scene, and the second focuses on guiding specific effects, such
as caustics.
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1 Course Presenters
The course will be presented by rendering experts who not only
have an academic background but also hands-on production expe-
rience.

1.1 Sebastian Herholz
Sebastian Herholz is a ray tracing engineer and light transport
researcher at Intel. He studied computer science at the University
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of Tübingen, focusing on computer graphics, especially on Monte
Carlo light transport simulation and importance sampling. His main
research focus is on advanced importance sampling techniques,
such as path guiding. In 2020, joined Intel to work on making state-
of-the-art rendering algorithms ready for daily use in production
environments. The outcome of his work is included in Intel’s Open
Path Guiding Library (OpenPGL), an open-source library for which
he serves as the project lead.

1.2 Lea Reichardt
Lea Reichardt is a software engineer at Walt Disney Animation
Studios. She is part of the rendering team developing Disney’s Hy-
perion renderer. She studied computer science at the Swiss Federal
Institute of Technology in Zurich, with a focus on computer graph-
ics and machine learning. Her work so far at Disney Animation
focuses on volume rendering and path guiding.

1.3 Marco Manzi
Marco Manzi is a research scientist at Disney Research Studios in
Zurich. He obtained his Ph.D at the University of Bern under the
supervision of Matthias Zwicker in 2016. His research interests
include sampling and reconstruction methods for Monte Carlo
rendering, light transport algorithms, and the intersection between
machine learning and rendering.

1.4 Martin Šik
Martin Šik is a senior researcher and lead developer of Corona
Renderer at Chaos. Martin received his Ph.D. from Charles University
in Prague in 2019, where he studied under the supervision of Jaroslav
Křivánek. His primary research interest is in realistic rendering,
with a focus on Markov chain Monte Carlo and ordinary Monte
Carlo methods for simulating light transport.

2 Course Format
The course format will be in a lecture style with slide presentations.
Each of the three main topics will be presented by a different pre-
senter. We will try to showcase our insights and experiences on as
many production scene examples as possible during the presenta-
tion.

• Introduction (5-10min) Sebastian Herholz
– Summary of recent advancement since the last course [Vorba
et al. 2019]

• Integrating Path guiding into a production render: The Nitty
Gritty Details (30min) Sebastian Herholz
– Introducing OpenPGL
– Presentation of multiple integration details:

∗ Guided Directional Sampling
∗ Path Guiding and Russian Roulette
∗ Combination with Next-Event Estimation
∗ Scattering Event Types and Light Path Expressions
∗ Improving Robustness via Roughening

– Additional Integration Challenges and Advice
• Path Guiding in Hyperion: A Case Study (30min) Lea Re-
ichardt and Marco Manzi
– Integrating path guiding into a wavefront renderer (i.e.,
Hyperion)

– Challenges of recording training data for path guiding
when using a wavefront renderer

– How to debug your path guiding implementation
– Learnings and results from deploying path guiding into a
production renderer (i.e., Hyperion).

• Efficient Rendering of Caustics: Photon Guiding at Corona
(20-25min) Martin Šik
– Showcasing the limitations of traditional path guiding
when rendering caustics

– Presentation of a specialized VCM-based solution for ren-
dering caustics that uses a guiding approach for distribut-
ing photons

3 Course Description
This course is the successor of the previous course on Path Guid-
ing in Production [Vorba et al. 2019] presented at SIGGRAPH 2019.
While the previous course focused on the use cases where path
guiding is helpful in production rendering, this course will focus
on sharing implementation insights and challenges faced when in-
tegrating path guiding into a production renderer. The first section
(Sec. 3.2) presents a collection of implementation details collected
during the integration of path guiding into various production ren-
derers. The second section (Sec. 3.3) presents an explicit case study
by Disney Animation on their challenges when experimenting with
path guiding in their in-house renderer Hyperion. The third sec-
tion (Sec. 3.4) of the course presents a specialized guiding approach
implemented in Chaos’s Corona and VRay renderers to simulate
complex caustic effects efficiently.

3.1 Introduction
This course starts with a brief recap of the advancements made in
the field of path guiding, research, and production-wise, since the
initial Path Guiding in Production course [Vorba et al. 2019] held
at SIGGRAPH 2019. We will also recap which path guiding tech-
niques were adopted recently in production and which production
renderers added support for path guiding since then.

3.2 Integrating Path Guiding into a Production
Render: The Nitty Gritty Details

In this section, we briefly recap the concept of local path guiding
algorithms and how they improve the efficiency of a renderer, fol-
lowed by an introduction to Intel’s Open Path Guiding Library
(OpenPGL), an open-source framework for integrating local guid-
ing algorithms into a production renderer. The following parts of
this section focus on presenting various implementation details
and insights gathered through multiple integrations of path guid-
ing frameworks such as OpenPGL in production renderers such
as Blender, VRay, Karma, or Disney’s Hyperion (Sec. 3.3). These
insights are usually not found or discussed in path guiding research
literature.

3.2.1 Introducing OpenPGL. OpenPGL is an open-source path guid-
ing library that adopts multiple techniques developed by the re-
search community [Herholz et al. 2019; Müller et al. 2017; Rath et al.
2022; Ruppert et al. 2020; Vorba and Křivánek 2016; Xu et al. 2024]
and extends and optimizes them to make them production-ready.
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It offers an easy way to integrate multiple local path guiding tech-
niques into a renderer and is now integrated into several production
renderers, including Blender, VRay, Karma, and Disney’s Hyperion.
OpenPGL provides access to guiding distributions that are propor-
tional to the incoming radiance, as well as querying a radiance
cache to get estimates of the outgoing, incoming, and in-scattered
radiance. The following sections focus on how a framework like
OpenPGL can be integrated robustly into a production rendering
system.

3.2.2 Guided Directional Sampling. Guiding the directional sam-
pling process is a key ingredient in local path guiding, which im-
proves the efficiency of a renderer and enables rendering challeng-
ing light transport effects. The most commonly used approach is
to combine BSDF importance sampling with a guiding distribution
proportional to the incoming radiance distribution using single-
sample multiple importance sampling (MIS) [Veach and Guibas 1995].
Unfortunately, this approach can sometimes decrease the sampling
quality compared to BSDF importance sampling alone, which, in
the worst case, reduces the efficiency of path guiding so signifi-
cantly that it can even become inferior to standard path tracing.
We therefore present a guided directional sampling approach based
on resampling importance sampling (RIS) [Talbot et al. 2005] that
also integrates defensive sampling [Hesterberg 1995]. Our result-
ing guided sampling strategy is robust, avoids being worse than
BSDF importance sampling, and can even achieve similar sampling
quality as full product sampling [Herholz et al. 2016].

3.2.3 Path Guiding and Russian Roulette. The work of Vorba et
al. [2014] highlighted that using traditional Russian Roulette (RR),
as presented by Arvo and Kirk [1990], with path guiding leads to
early path terminations, which significantly impairs its efficiency.
In this section, we analyze the reason for this behavior and present
a simple but effective solution to retain the intended behavior of
traditional RR when using path guiding. In addition, we will also
discuss how to efficiently implement more advanced RR techniques,
such as adjoint-driven RR, using the features of OpenPGL.

3.2.4 Combination with Next-Event Estimation. Direct light sam-
pling, a.k.a. next-event estimation (NEE), is an essential component
of any product renderer to reduce variance (i.e., noise) when ren-
dering complex scenes with many light sources. Unfortunately, the
combination and interplay of NEE with path guiding, and many
path guiding research works, even disable NEE during their evalua-
tion. Here, we will discuss the challenges of combining NEE with
path guiding and present a solution that, although primarily based
on intuition rather than a theoretical background, works well in
practice.

3.2.5 Scattering Event Types and Light Path Expressions. The label-
ing of scattering event types at each path vertex and the use of light
path expressions to categorize different light transport contribution
types are crucial features in production rendering. We are therefore
going to present our solution to robustly estimate scattering event
types after sampling a scattering direction using path guiding. The
resulting statistics of the scattering event types match those from
traditional BSDF sampling, even for complex multi-closure BSDF
models.

3.2.6 Improving Robustness via Roughening. The robustness of the
training of guiding structures, especially when facing challenging
light transport setups, can be improved by using path space regu-
larization (i.e., roughening) techniques during rendering. We will
demonstrate that even a naive version, which is simple to imple-
ment and yields only minimal visual differences, of optimized path
space regularization [Weier et al. 2021] already leads to a significant
improvement in quality and robustness.

3.2.7 Additional Integration Challenges and Advice. This section
concludes by discussing some additional challenges we encountered
when integrating path guiding into various production and research
renderers. It ends with a list of advice on how to start and step-
by-step progress when planning to integrate path guiding into a
renderer. A receipt that has proven to be useful multiple times.

3.3 Path Guiding in Hyperion: A Case Study
In this section, we present our approach to implementing path guid-
ing into Disney’s Hyperion Renderer [Burley et al. 2018]. The first
part of the section showcases the difficulty of integrating path guid-
ing into a wavefront-based renderer, which poses a set of challenges
that do not exist in a depth-first renderer (Sec. 3.3.1).

The next part of this section focuses on debugging a path guiding
implementation. We demonstrate the debugging tools we used to
assess the correctness of our path guiding implementation and
explain why we recommend the use of visual debugging tools to
anyone implementing path guiding into a renderer (Sec. 3.3.2).

In the last part, we present the learnings and results from our
production tests with path guiding. In particular, we show chal-
lenges we encountered in our production tests that are unique to
production settings. We will give examples of how we assess path
guiding’s performance in a production context, which includes
considerations often overlooked in research contexts (Sec. 3.3.3).

3.3.1 Integrating Path Guiding into a Wavefront Renderer. Integrat-
ing path guiding algorithms into a breadth-first wavefront renderer
presents a different set of challenges compared to the integration
into a depth-first renderer. Integrating path guiding into a depth-
first renderer is a well-documented process for which many refer-
ence implementations exist. Conversely, integrating path guiding
into a wavefront renderer has received less attention in the research
literature; however, it is an essential problem for production render-
ing, where wavefront architectures are more commonly found. We
present our approach to integrating OpenPGL into the wavefront
architecture of Disney’s Hyperion Renderer [Burley et al. 2018]; our
new integration supersedes our previous implementation [Müller
2019] of Practical Path Guiding [Müller et al. 2017]. In particular,
we will discuss how we record radiance for training guiding caches,
which requires extensive bookkeeping. Recording radiance along
entire paths is difficult in wavefront path tracers, where the whole
path history is not necessarily always available at each bounce. We
present how we recently reworked our training data generation
implementation for path guiding in Hyperion to solve this problem;
our solution simplifies the recording of radiance while maintaining
unbiased results.

3.3.2 Debugging Path Guiding. We show our path guiding visual-
izer tool that was crucial to understanding the effects path guiding
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had on our renders, and helped us find bugs in our implementation.
Moreover, we discuss practical challenges in debugging radiance
recording. A major challenge to debugging inputs to path guiding
comes from the fact that incorrect inputs to path guiding can often
still produce useful results. Thus, incorrect inputs can be difficult
to detect only by looking at the path guiding outputs. We present
an alternative debugging output that visualizes the radiance from
the recorded paths directly, by splatting the recorded paths to a
frame buffer. This approach is both intuitive and simple to eval-
uate; a correct result should simply match the beauty rendering.
By combining this result with our aforementioned path guiding
visualization tool, we get two independent data points that help us
gain confidence in our results.

3.3.3 Deploying Path Guiding in Production. We discuss our find-
ings from testing our path guiding implementation on production
scenes from recent shows such as Disney’s "Moana 2" and "Strange
World". In this section, we highlight how a production rendering
context differs from a research context. We show illustrative techni-
cal examples we encountered during production testing inHyperion
to showcase aspects that can affect path guiding performance in a
production environment. We discuss how extremely dense volumes
in a production shot motivated an optimization in our radiance
recording strategy to improve recording radiance at later bounces.
Moreover, we discuss the technical details necessary to employ a
path guiding iteration schedule in Hyperion. We also discuss evalu-
ation metrics for path guiding in a production rendering context,
which are often overlooked in research contexts. And lastly, we will
show the results of using path guiding on our production scenes.

3.4 Efficient Rendering of Caustics: Photon
Guiding at Corona

In this part of the course, we will discuss an algorithm for rendering
caustics used in Chaos’s Corona renderer1. During the development
of our caustics solver, we have experimented with various algo-
rithms for rendering caustics, including path guiding. While path
guiding is very effective at handling diffuse indirect illumination,
we have found out that it is not as efficient at handling caustics
compared to photon-based algorithms. Therefore, Corona’s caus-
tics solver uses photons to render caustics. More specifically, we
utilize a lightweight version of the vertex connection and merg-
ing algorithm (VCM) [Georgiev et al. 2012] together with efficient
guiding of the photons. Although part of this algorithm has already
been presented [Šik and Křivánek 2019], we have made several
improvements to our caustics solver, which we will discuss in this
course.

3.4.1 Stratification over Light Sources. Our photon guiding algo-
rithm is based onMarkov chainMonte Carlo [Metropolis et al. 1953].
While this sampling method is effective at guiding photons where
they are most needed, it can often over-sample or under-sample
parts of the scene. This is especially true in scenes with many light
sources, where caustics from one light source may converge much
faster than caustics from other light sources. To mitigate this issue,
we utilize multiple Markov chains in our caustics solver. This allows

1https://corona-renderer.com

us to significantly improve the stratification of generated photons
over all the light sources.

3.4.2 Photon Guiding. Another weak point of Markov chainMonte
Carlo is that it relies on uninformed uniform sampling (so-called
large steps) to frequently visit all the important parts of the scene.
To alleviate this problem in our caustics solver, we utilize a com-
bination of Markov chain Monte Carlo with adaptive sampling of
photon emission from light sources. This allows our algorithm to
frequently sample all important parts of a scene, and thus improves
the speed and uniformness of caustics convergence.

3.4.3 Photon Count Automation. A difficult part of photon-based
algorithms is determining the number of photons in each rendering
iteration. This is especially the case in scenes that have motion
blur and/or dispersion, where many photons are rejected during
merging. The number of photons is usually left as a user parameter,
and, therefore, it is up to the user to find a good enough value. This
is not the case for our caustics solver since we have developed an
automatic method for determining a sufficient number of photons
generated in each rendering iteration.

3.4.4 Volumetric Caustics. The initial release of Corona’s caustics
solver could resolve only caustics formed on surfaces. To broaden
the options available to our users, we have added the handling of
volumetric caustics to our solver. We will discuss which estimator
we have selected for computing the volumetric caustics and how
we guide photons in volumes to important parts of the scene.

4 Learning Objectives and Outcomes
At the end of this course, attendees from the production and ren-
dering research community gained additional knowledge about
challenges and how to solve them when integrating path guiding
into complex rendering systems, such as those occurring in produc-
tion. We hope that this knowledge will help not only developers of
production renderers but also researchers to make their integrations
more robust. In addition, we hope that the challenges (e.g., efficient
training data generation and storage, efficiently guiding caustics,
or incorporating and considering NEE) we have pointed out will
inspire researchers to develop new algorithms and solutions to
further increase the usefulness and adoption of path guiding.
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