
From Jensen’s keynote, https://youtu.be/PWcNlRI00jo
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Source: Ray Tracing Gems
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He even talks about previous ray tracing algorithms, such as MAGI and Arthur Appel 1968. 
Douglas Kay in 1979, ”TRANSPARENCY FOR COMPUTER SYNTHESIZED IMAGES”, almost did 
it.
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74 minutes on a VAX-11/780, 640 x 480



My own, started from Pete’s “1-Overview” intro to RT course slide
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https://graphics.pixar.com/library/indexAuthorRobert_L_Cook.html

https://graphics.pixar.com/library/DistributedRayTracing/

Source: ACM, though better to credit Pixar (rights assignment has changed over the 
decades), SIGGRAPH 2019 OptiX course.pptx uses this image.









Note recursion: ray continues along a path until a light is hit (or something entirely black or 
considered “unchangeable,” such as an environment map.

Source: ACM, or Caltech.















My own, started from 



From 1994, Ray Tracing Gems IV, but the seminal paper being Ray Tracing Jell-O Brand 
Gelatin

http://www.cs.cmu.edu/~ph/ for code, etc.
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From 1994, Ray Tracing Gems IV

http://www.cs.cmu.edu/~ph/ for code, etc.

Highlights, shadows, and refraction. 1024x1024 took 10 seconds to run on my CPU.
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http://eastfarthing.com/blog/2016-01-12-card/
https://fabiensanglard.net/rayTracing_back_of_business_card/
and https://gist.github.com/sungiant/9524044 
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Left image is a photograph, right image is rendered by path tracing. This famous ground-
truth test of a renderer is the origin of the “Cornell box” 3D models—there’s a real box at 
Cornell.
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So, how are these shadows generated?



If you can’t see the light, you’re in shadow. Another way to think of it is, if you look from 
the light’s location, whatever you see is lit, everything else is in shadow.
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What about these shadows?













Glossiness can vary, even using textures to control glossiness on different parts of the 
surface.
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Here’s your quiz question: which of these effects can be seen in this image?
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From Chris Wyman, of a scene free to reuse (Bistro outdoors, from ORCA 
collection).
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From Chris Wyman, of a scene free to reuse (Bistro outdoors, from ORCA 
collection).
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From Gavriil Klimov at NVIDIA
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From Gavriil Klimov at NVIDIA
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From vokselia.com, built by regloh of the Voxelians, rendered with Chunky –path trace
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From Ray-Guided Volumetric Water Caustics in Single Scattering Media with DXR, NVIDIA. 
Ray Tracing Gems, http://raytracinggems.com

Most dangerous effect for last, and not because of the octopus here.
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From Ray-Guided Volumetric Water Caustics in Single Scattering Media with DXR, NVIDIA. 
Ray Tracing Gems, http://raytracinggems.com
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Not a render with a bad composited outside image, but reality. Let’s look closer…
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Oh, that can’t be good. Beware! Reality can burn you, literally.
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Briefly exposed to the sun
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Updated from Steve Parker (HPG 2019) and Chris Wyman (SIGGRAPH 2019 “THE PATH TO
PERFORMANCE: SCALING GAME PATH TRACING”). Partners where we worked on the tech.

51



https://blogs.nvidia.com/blog/2018/08/01/ray-tracing-global-illumination-turner-whitted/
- includes the Compleat Angler film

https://commons.wikimedia.org/wiki/File:UNM_-_Dreamstyle_Stadium_panorama.jpg
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“performance on standard processor benchmarks will not double before 2038”



Jensen’s version from Kevin Acocella.

Moore's Law delivers twice the performance at the same cost, or at the same 
performance at half the cost, every year and a half





https://t.co/fOpYWBh7K6 - a more in-depth briefing of the various new things in 
Ada.

56



57



Comparing graphics and ray tracing pipeline

Gray = fixed-function / hardware.  Improves over time.
Diamond = some kind of scheduling happening
White = programmable

<click>

Optix (and DXR and soon Vulkan) does Scheduling & Traversal, Intersection.  
Ray generation and shading is the developers responsibility. 
Workflow is often recursive, shaders can trace rays.

IA = input assembler
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4K: 3840 x 2160 pixels takes 33 MB (including alpha) – means 30 images is 1 GB
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Nested grids do see use for voxel/volume rendering, and k-d trees for point clouds

Source: Real-Time Rendering (Eric coauthored, made figure)



Quick refresher on how RT tackles the scene representation problem.

10 box tests + 10 triangle tests vs 1000 triangle tests.

BVH not a new idea.  Been around for decades. But devil is in the details if you want it 
really fast. Lots of research around that, both construction and traversal, from NV and 
many others.

Source: Steve Parker’s HPG 2019 talk
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SM – streaming multiprocessor
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From Chris Wyman’s introduction to ray tracing SIGGRAPH 2019 notes
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From Chris Wyman’s introduction to ray tracing SIGGRAPH 2019 notes
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And the closest-hit (or even miss) shader can generate new rays, starting the process 
again.

Really, the any-hit shader should be shown as optional here, but the general idea is about 
right.
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http://www.realtimerendering.com/Real-Time_Rendering_4th-Real-Time_Ray_Tracing.pdf
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Grabbed from https://www.hardwaretimes.com/nvidia-ada-lovelace-architecture-what-
makes-the-rtx-4090-4x-faster-than-the-rtx-3090-ti/
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https://developer.nvidia.com/rtx/ray-tracing/micro-mesh?nvid=nv-int-tblg-158743-vt10

Sample micro-mesh composed of 16K individual micro-meshes (left half), expanding to 2 
million micro-triangles (right half), consuming ~1 byte per micro-triangle; 
from: threedscans.com
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https://developer.nvidia.com/rtx/ray-tracing/micro-mesh?nvid=nv-int-tblg-158743-vt10

Sample micro-mesh composed of 16K individual micro-meshes (left half), expanding to 2 
million micro-triangles (right half), consuming ~1 byte per micro-triangle; 
from: threedscans.com
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https://www.hardwaretimes.com/nvidia-ada-lovelace-architecture-what-makes-the-rtx-
4090-4x-faster-than-the-rtx-3090-ti/
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Sphereflake on pixel machine ran in 30 seconds, 16 seconds a year later due to software 
tuning. http://www.realtimerendering.com/resources/RTNews/html/rtnews4a.html#art4

Sphereflake is in the Standard Procedural Database program set.

Real-time browser demo here: https://www.shadertoy.com/view/wdtSWf



https://erich.realtimerendering.com/rtrt/index.html – 31 years later



Soft shadows, softer, hemispherical lighting, and depth of field.

https://erich.realtimerendering.com/rtrt/index.html – easier to see the depth of field there
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From Morgan McGuire’s “Path Tracing Review” – a pure path trace picks omega_i 
randomly in a uniform way.
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https://www.nvidia.com/en-us/geforce/campaigns/quake-II-rtx/

Original: http://brechpunkt.de/q2vkpt/
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From Multiple Importance Sampling (MIS) demonstrated by Veach and Guibas in 1995.

Figure 2 permission purchased 12/16/2019 for use in this and derivative presentations.

http://graphics.stanford.edu/papers/combine/
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Even with Turing, only have a budget of a few rays per pixel in real-time
10 GigaRays/sec: 20 rays/pixel at 4k@60Hz
Less in practice: game doesn’t only do raytracing, scenes are complex, need 

shading, etc.

Important to use our rays wisely.
Use rays where they matter most

Hybrid Rendering of key visual effects (reflections, GI, shadows, AO, ..)
No point in ray tracing primary visibility, the rasterizer is still an efficient 

beast we’ve tuned for 25 years, no reason not to use it!
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Specialized non-graphical data for denoising, like tangents for hairs.

Even films use denoising

https://developer.nvidia.com/gameworks-ray-tracing



Developing an application that benefits from DL is different from traditional 
software development, where software engineers must carefully craft lots of source 
code to cover every possible input the application may receive.

From NVIDIA’s “Deep Learning for Rendering” 2018

At the core of a DL application, much of that source code is replaced by a neural 
network.

To build a DL application, first a data scientist designs, trains and validates a neural 
network to perform a specific task.

The task could be anything, like identifying types of vehicles in an image, reading 
the speed limit sign as it goes whizzing past, translating English to Chinese, etc.

The trained neural network can then be integrated into a software application that 
feeds it new inputs to analyze, or “infer” based on its training.

The application may be deployed as a cloud service, on an embedded platforms, in 
an automobiles, or other platforms.

As you would expect, the amount of time and power it takes to complete inference 
tasks is one of the most important considerations for DL applications, since this 



determines both the quality/value of the user experience and the cost of deploying 
the application.
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Test scene for raytraced shadows.  Overcast sky so shadows are soft.
This what it looks like at 1spp without denoising.
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And this is the results of applying our denoisers to 1spp ray traced shadows. 

What this does is cleverly re-use and blend the samples from neighbor pixels as well 
as previous frames.

So this is a combination of spatial and temporal filtering.
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And this is the ground truth, using hundreds of rays per pixel and no denoising.  

We got really close with 1spp denoised!
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Finally this is what you would get with shadow mapping. There is a bit of peter 
panning going on at the feet of the pedestrians, and we also lost the interesting 
contact hardening effect for the overcast sun soft shadows.

Not to mention the semi-transparent shadows of the trees that look completely different, 
because shadow maps can’t handle transparency well.
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Let’s look at reflections.

1spp with different roughnesses.
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Denoising for reflections will take into account material parameters such as surface 
roughness.
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And this is ground truth rendered with thousands of rays per pixel. Got quite close.
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This is what we would get with traditional stochastic SSR combined with reflection 
probes. 

I.e. this is what a traditional game would look like (I think this is actually stock
UE4).

See all the typical SSR artifacts.
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For example, this is what you would get with pure 1 sample per pixel path traced 
indirect diffuse global illumination. As I said before you can notice there is a lot of 
pixels that are just black, because they failed to sample a valid light path that 
connect the camera to the light source.
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Now boom, this is the results of applying our denoisers for GI. Things are looking 
much cleaner now. And if you look closer, the indirect shadows under those pillars 
and tables are actually not washed out either.
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This is the ground truth image. I think we have matched it pretty closely. It does 
still have a bit more details in contact shadow region.
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Checkerboard upscale using DL for figuring out what is best to “interpolate” (really, 
extrapolate)
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Ada’s Optical Flow Accelerator analyzes two sequential in-game frames and calculates 
an optical flow field. The optical flow field captures the direction and speed at 
which pixels are moving from frame 1 to frame 2. The Optical Flow Accelerator is 
able to capture pixel-level information such as particles, reflections, shadows, and 
lighting, which are not included in game engine motion vector calculations.

https://www.nvidia.com/en-us/geforce/news/dlss3-ai-powered-neural-graphics-
innovations/
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https://developer.nvidia.com/rtx/ray-tracing/rtxdi

Research resources: http://lousodrome.net/blog/light/2022/05/14/reading-list-on-
restir/
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Can’t denoise data you don’t have, e.g., the striping around the pole.
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https://developer.nvidia.com/rtx/ray-tracing/rtxgi

Research: https://jcgt.org/published/0010/02/01/ and https://casual-
effects.com/research/Majercik2021Resampling/index.html

105



https://research.nvidia.com/publication/2021-06_real-time-neural-radiance-caching-
path-tracing

Fast MLP library for CUDA: https://github.com/NVlabs/tiny-cuda-nn



https://github.com/NVlabs/instant-ngp



https://dreamfusionpaper.github.io/ and https://arxiv.org/abs/2209.14988

Imagen: https://imagen.research.google/



We like coherence for hardware – single instruction multiple data. But that’s a waste.

Drunk loses his wallet in an alley, looks under a streetlight because it’s easier to see. 
We need to look everywhere, but sensibly.

So sample N+1 should tell the AI as much as possible that it didn’t already know from 
samples [1..N]. 
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https://smile.amazon.com/Imperator-Scorpion-Gaming-Computer-
Office/dp/B08HYRNJCH
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Marbles at GTC
Marbles Now
720p @ 25 fps
1440p @ 30 fps
DLSS for AA (no scaling)
DLSS Upscaling
Recorded on RTX8000 (TU102)
Recorded on A6000 (GA102)
Indirect GI is on
Indirect GI is on
No DOF
DOF
1 dome light + 1 indirect light
85+ Lights
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It’s not just NVIDIA making ray tracing enhanced scenes.

https://www.fastcompany.com/90736343/how-epic-games-is-changing-gaming-
and-maybe-the-metaverse
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The one on the right is the real one.
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The “Walky Talky”. A Jaguar was melted, among others.

Typical story: https://www.independent.co.uk/news/uk/home-news/walkie-talkie-
skyscraper-to-be-fitted-with-permanent-sunshade-after-it-melted-cars-9379037.html
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The curved building focuses the sun on a spot, making for a “burn zone” for cars, etc. –
melted a Jaguar
https://www.solidsmack.com/cad/nvidia-melts-jaguar-cars-with-death-rays-to-show-
off-rendering-power/





1.7 million atoms, visible in real-time. Which, really, is nothing.  Sphereflake was 
48 million, recall.



Ray Marching
https://www.youtube.com/watch?v=SonfENaSesw&t=198s – done with Omniverse



Ray Marching
https://www.electronicdesign.com/industrial-automation/article/21131013/ray-
tracing-one-size-does-not-fit-all



More Ray Marching
https://en.wikipedia.org/wiki/Ray_tracing_(physics)
https://bitbucket.org/phosim/phosim_release/wiki/Home
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https://en.wikipedia.org/wiki/Vera_C._Rubin_Observatory
https://bitbucket.org/phosim/phosim_release/wiki/Home
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Leftmost: Gamma rays have the smallest wavelengths and the most energy 
of any wave in the electromagnetic spectrum. They are produced by the 
hottest and most energetic objects in the universe, such as neutron stars 
and pulsars, supernova explosions, and regions around black holes.

ELF – Extremely low frequency (ELF) fields includes alternating current (AC) 
fields and other electromagnetic, non-ionizing radiation from 1 Hz to 300 Hz. 
ELF fields at 60 Hz are produced by power lines, electrical wiring, and 
electrical equipment. Some epidemiological studies have suggested 
increased cancer risk associated with magnetic field exposures near electric 
power lines.

123



https://www.youtube.com/watch?v=yTbUSXJ8M-8
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Used in target recognition, mapping, surveillance, oceanography, geology, forestry 
(biomass, deforestation), disaster monitoring (volcano eruptions, oil spills, 
flooding), and infrastructure tracking (urban growth, structure mapping).

https://arxiv.org/pdf/2005.09736.pdf
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From 2016
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https://en.wikipedia.org/wiki/Ray_tracing_(physics)
https://web.ics.purdue.edu/~nowack/geos557/lecture14c-dir/lecture14c.htm

129



https://developer.nvidia.com/isaac-sim
https://www.youtube.com/watch?v=VW-dOMBFj7o
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https://www.nvidia.com/en-us/self-driving-cars/simulation/
https://youtu.be/UoPXzzK_g1Q

131



Source: Ray Tracing Gems
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Can't use this joke any more. Ray tracing is a sea-change, it's like shadow mapping added 
to rasterization, times 3. At the same time David was saying this joke, he was starting to 
look into how to accelerate ray tracing by using dedicated hardware.

Circa 2008 - http://www.pcper.com/article.php?aid=530 – seems to be the first mention 
on the internet, actually

133



134



See my site about why you want a URL: http://www.realtimerendering.com/blog/moving-
targets-and-why-theyre-bad/

People think you know something if you write a book. And, dozens of dollars to be made!

My gosh, never ever randomly ask for a connection to someone on LinkedIn without an 
introductory note.

Side effect: writing about something makes you learn it well enough to write about it (and 
not look dumb).



https://github.com/erich666/McUsd – just two models, basically. It sometimes doesn’t 
take a huge amount of effort to make a meaningful contribution to the community.



I’m not religious, but the old testament nailed it there.



See http://www.realtimerendering.com/raytracing.html#books
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Source: Eric Haines, taken at NVIDIA booth

http://bit.ly/rtrtinfo and http://raytracinggems.com


