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Moderador
Notas de la presentación
Thanks for the Introduction…



Steady-State Light Transport 

Infinite Speed of Light 

Moderador
Notas de la presentación
So, one of the most common assumptions in CG and CV is that the speed of light is infinite, and therefore light propagation occurs immediately and can be considered always in steady-state.



Steady-State Light Transport 

Moderador
Notas de la presentación
Thus, following this assumption, when you turn on a light source on a scene, what you get is something like this: where light has instantaneously propagated, including the multiple interreflections ocurring in the scene.



Steady-State Light Transport 

Infinite Speed of Light 

Moderador
Notas de la presentación
However, we know that light speed is not infinite…



Transient Light Transport 

Finite Speed of Light 

Moderador
Notas de la presentación
… but extremely fast; in fact, the fastest speed in nature.



Transient Light Transport 
Movie 
                 …..…Light Travels (per frame)……. 
 
Edgerton’s Stroboscope 
                       ……………………………………... 
 
Picosecond Resolution 
                         …………………………………. 
 
 

Moderador
Notas de la presentación
However, the assumption of steady-state light transport makes sense given the observation times <click>
In example, if we capture at 24 fps, as in common movies, the propagation of light in each frame is 125 thousand kilometers, which effectively can be consider infinite.
In ultra fast photography, such as the fifteen hundred fps by Edgerton <click> capable to “freeze” a bullet, light still propagates 214 Km per frame! <click>
However, what happens if we increase the temporal resolution of a camera, until we get around picosecond resolution? Then, light propagates a small distance per frame, and therefore the assumption of infinite speed of light is no longer valid.



Transient Light Transport 

So if we see at picosecond resolution… 

Moderador
Notas de la presentación
So, if we capture at picosecond resolution, the scene is see as:



Transient Light Transport 

Moderador
Notas de la presentación
Where we can see how the direct wavefront enters from the right, and propagates through the scene, and how the different scattering orders occur sequentially.



Transient Light Transport 

But, is breaking this assumption  
really useful? 

Moderador
Notas de la presentación
The question here is, is that really useful or are we good with the previous assumption for computer graphics?



Femto-Photography [Velten2013] 

Moderador
Notas de la presentación
So last year we presented at Siggraph a system capable to capture light propagating through the scene at picosecond resolution, as we will see in this scene, with a bottle filled with milk diluted in water.



Femto-Photography [Velten2013] 

Moderador
Notas de la presentación
This allows us capturing how light propagates throught the scene and interacts with matter, creating stunning animations of light in motion.



• Visible geometry [Wu2014,OToole2014…] 

• Transparent Objects [Kadambi2013] 

• Hidden geometry [Velten2012…] 

• Reflectance [Naik2011…] 

• GI Components Separation [Wu2014…] 

• … 

Moderador
Notas de la presentación
Since then, transient imaging has gained lots of attention, including the development of techniques for scene understanding capable of capture visible, hidden or transparent geometry, reflectance, or even separating the GI components



Simulation helps: 
• Forward-model for inverse problems 

• Can test new systems before building them 

• Freedom to tweak the physics 

 

Moderador
Notas de la presentación
However, these rapid attention towards transient imaging have not been matched in simulation, or rendering, of transient light propagation, which is very useful for the development of technologies since it can provide forward models for inverse problems, allows testing systems and setups before building them, and also to tweak the physics, in example separating indirect and direct illumination.

Unfortunately, transient rendering cannot be done by just rendering an animation frame by frame, as we will show later, since it would lead to inpractical computation times.




The Problem 

Moderador
Notas de la presentación
Let’s explain this problem a bit further. Consider this scene with a participating media rendered in steady-state, and let’s focus on the steady-state radiance at point x, L.



The Problem 

Moderador
Notas de la presentación
If we plot this radiance on a one-dimensional plot, with the y-axis meaning radiance, we get a point. <click>
This radiance in steady-state can be modeled as the integration of the transient state radiance L_t, in a time interval. <click>
For transient state, however, we want to have the desintegrated radiance in time <click>



The Problem 

Moderador
Notas de la presentación
This, the 0D steady-state radiance becomes a 1D function of time over an interval T. Note that, to asume steady state in common real-world scenes we need time resolution in the order of nano- or even pico-seconds. 



The Problem 

Moderador
Notas de la presentación
Then, when computing the radiance at point x <click>



The Problem 

Camera 

Light 

Participating  
Media 

Moderador
Notas de la presentación
In our scene with a camera, a light source, and a participating media <click>



The Problem 

Moderador
Notas de la presentación
We sample our scene in order to maximize the importance of each sample<click>



The Problem 

Moderador
Notas de la presentación
that will contribute in the integral <click>
Which in the ends gives us a sampled radiance value, and since the propagation time is a function of distance, and for the mayority of the cases the most dominant delay, it also give us how long takes light to travel in the sampled light path.



The Problem 

Moderador
Notas de la presentación
that will contribute in the integral <click>
Which in the ends gives us a sampled radiance value, and since the propagation time is a function of distance, and for the mayority of the cases the most dominant delay, it also give us how long takes light to travel in the sampled light path.



The Problem 

Moderador
Notas de la presentación
This allows us to put our sampled value in our temporal profile. 



The Problem 

Moderador
Notas de la presentación
So, in steady-state we compute several samples and integrate all of them, since they all fall in the integration time T. 



The Problem 

Moderador
Notas de la presentación
Unfortunately, in transient state we are not sampling an interval <click> but an specific time instant t_<ai>. 



The Problem 

Moderador
Notas de la presentación
Sampling this differential instant means that the probability of finding a sample that falls at an specific time is almost zero, similar to what happens when rendering caustics.



The Problem 

OK OK Bad Bad Bad 

Moderador
Notas de la presentación
Additionally, traditional sampling techniques for steady-state try to put more samples in the most important values of the intergral, which are these with higher radiance. 
While this is very good for steady-state rendering, where we just want the total integrated value <click>
For steady state means that there are areas in the time domain that are densely sampled, while areas with lower radiance, which are also very important in transient rendering, have a very poor sample coverage. 



 
1. How to reconstruct time-resolved light? 

 
2. How to distribute samples along time? 

 

The Problem 

Moderador
Notas de la presentación
In summary, there are two main challenges for transient rendering:
The first one is how to reconstruct the temporal profile, given that the probablily of sampling an specific time is almost 0.
The second is how to improve the distribution of samples along time, since, and this is key, we are no longer totaly interested in sample radiance, but also want a good sampling in the temporal domain.




 
1. How to reconstruct time-resolved light? 

 
2. How to distribute samples along time? 

 

Our Contribution 

Moderador
Notas de la presentación
In the following, we will show how to solve these two issues:



 
1. How to reconstruct time-resolved light? 

 
2. How to distribute samples along time? 

 

Our Contribution 

Moderador
Notas de la presentación
First, we will show how to effectively reconstruct the time-resolved radiance…



Moderador
Notas de la presentación
As we can recall, the main problem here was that the probability of finding a sample for a time instant is almost zero. 



Histogram Density Estimation [Jarabo2012, OToole2014, Ament2014] 

Reconstructed 
Signal 

Moderador
Notas de la presentación
The obvious (working) choice to solve this issue is to reuse all paths for all frames, by binning the samples in the temporal domain. <clicl>
While this method has been used in some previous work using transient rendering<click>, it unfortunately converges very slowly, and several samples even for having some signal in certain areas of the temporal domain. 



Kernel-Based Density Estimation 

Reconstructed 
Signal 

Moderador
Notas de la presentación
Instead, we propose using a more advanced density estimation than binning, using kernels to reconstruct the signal. <click>
Our technique works as follows: for each time instant we want to reconstruct, we use a kernel that using the nearest radiance samples in the temporal domain <click>, reconstruct the signal. <click>
While this allows us a much better reconstruction than the histogram, avoiding gaps in the signal and being more robust to noise<click>, it introduces a bias in the result.




Kernel-Based Density Estimation 
Progressive 

Moderador
Notas de la presentación
In order to solve that, we formulate our density estimation as a progressive multi-pass algorithm: <click> for each iteration of the algorithm, a different set of samples is computed



Kernel-Based Density Estimation 
Progressive 

Iteration i 

Iteration i-1 

Moderador
Notas de la presentación
In order to solve that, we formulate our density estimation as a progressive multi-pass algorithm: <click> for each iteration of the algorithm, a different set of samples is computed



Kernel-Based Density Estimation 
Progressive 

Moderador
Notas de la presentación
In order to solve that, we formulate our density estimation as a progressive multi-pass algorithm: <click> for each iteration of the algorithm, a different set of samples is computed



Binning Kernel-Based 

Moderador
Notas de la presentación
With a much better convergence rate than using binning.



Moderador
Notas de la presentación
This better convergence is not only theorethical: as we can see on the scene of the left <click> the reconstructed time-resolved signal at point (a) using our method (in red) matches much closely the ground truth (in white) than using binning (blue), in the full temporal range of the simulation, with the same number of total samples. 



 
1. How to reconstruct time-resolved light? 

 
2. How to distribute samples along time? 

 

Our Contribution 

Moderador
Notas de la presentación
<Drink water>
We have seen how to effectively reconstruct the time-resolved radiance profile.




 
1. How to reconstruct time-resolved light? 

 
2. How to distribute samples along time? 

 

Our Contribution 

Moderador
Notas de la presentación
Now let’s focus on how to solve the second main issue: the distribution of samples along time.



OK OK Bad Bad Bad 

Moderador
Notas de la presentación
As we can remember, traditional steady-state sampling techniques try to allocate more samples in areas with higher radiance, which leads to a non-uniform sample distribution in time.



Moderador
Notas de la presentación
This causes that, even when using our kernel-based density estimation, we have times with very small (or none) error, while other have a large amount of bias or variance.



Time-Based Sampling 

Moderador
Notas de la presentación
Thus, what we ideally would like to have is all samples uniformly distributed in time<click>



Time-Based Sampling 

Moderador
Notas de la presentación
<click>



Time-Based Sampling 

Moderador
Notas de la presentación
o a good reconstruction is achieved in the full temporal domain. 
And again, this is key, since for time we are no longer mainly interested on sampling radiance as in steady-state, since because we add an additional dimension to the problem, time, it becomes the most important domain to sample properly.



Moderador
Notas de la presentación
Unfortunately, sampling uniformly in time is hard in surfaces, since the propagation delay is based on the spatial distribution of samples <click>, and we cannot control where our samples will fall…



Moderador
Notas de la presentación
However, if we have a participating media, we are no longer restricted to light interacting with surfaces, <click> but light interacts in all the differential points of the media. This gives an additional degree of freedom that we can exploit to have a better distribution of samples in time.



Set of techniques for time-based sampling in 
participating media 

1. Next Segment Distance 
2. Shadow Connection 
3. Angular Sampling 

 

Time-Sampling 

Moderador
Notas de la presentación
Therefore, we have developed a set of sampling techniques that distributes samples uniformly along the temporal domain, including the sample of the next segment path-tracing, a technique for uniformly sampling shadow connections, and a technique for sampling the angular domain considering time instead of the phase function. We refer to the paper for the detailed description and derivation of the three sampling techniques.



Moderador
Notas de la presentación
… and here we directly showcase their benefits compared with traditional sampling. So we have our already known scene with a participating media, and we will show time profiles of radiance for the point a in the image.



Moderador
Notas de la presentación
As can be seen, in an average isotropic scattering medium our technique (in red) gives comparable results to standard sampling with two orders of magnitud more samples per pixel (in green), while for the same number of samples, traditional techniques (in blue) performed significantly worse, specially at longer times.



Moderador
Notas de la presentación
These benefits are even more obvious as the medium gets more turbid. For more results, we refer to the paper or the supplementary material.



 
Kernel-Based Density Estimation 

+ 
Time Sampling 

 

Moderador
Notas de la presentación
Finally, here we show the benefit of combining our kernel-based density estimation and our time-sampling, compared with standard sampling and the previously used histogram.




Moderador
Notas de la presentación
On the right are our techniques, while on the left the histogram and steady-state sampling. We can see that, even for the initial instants, where radiance tends to be higher and therefore more densely sampled by steady-state sampling, our techniques perform much better; this is even more obvious at longer times, where our render shows better reconstructed signal with significantly lower noise.




 
1. How to reconstruct time-resolved light 

 
2. How to distribute samples along time 

 

Our Contribution 

Moderador
Notas de la presentación
So, until now we have shown how our proposed techniques, for better reconstruction and sampling of the time-resolved radiance, work.



Additional Results 

Moderador
Notas de la presentación
In the following, we show some time-dependent effects.



Moderador
Notas de la presentación
First, we show caustics…

Then, we show an example of delay due to scattering, fluoresecense. First we see how green light is direcly reflected by the fluorescent bunny, while light in the rest of the spectrum is absorbed. Then, after 10 nanoseconds, this absorved blue light is reemited with a change of frequency towards red. Note that since this render doesn’t have participating media, only our density estimation is used here.



 
Including: 
1. Birefringency 
2. Chromatic dispersion in time 
3. Comparison with captured data 

 

More Results 
in the Supplementary Video 

Moderador
Notas de la presentación
We refer to the supplementary video for more examples of interesting pheonomena visible in transient state.



• Error introduced by Kernel DE 
Signal-aware Kernel Bandwidth [Kaplanyan2013] 

Error Metric [Hachisuka2010] 

• Sampling Surface Light Transport 
Caustic in time → Manifold Exploration [Jakob2012] 

 

Discussion & Future Work 

Moderador
Notas de la presentación
So, although we have demonstrated how to effectively render time-resolved light transport, our work has of course some limitations and interesting future work. First, the bias introduced by the Density Estimation, and therefore its convergence rate can be improved, and measured more precisely.
Second, our sampling techniques work only in participating media, so extending them to surface light transport is an interesting avenue of future work



• Help developing new techniques using 
transient light propagation 

• Educational tool 
• Useful for other fields? 

– Astrophysics, Neutron Transport, Sound 
Rendering…. 

 
 

Discussion & Future Work 

Moderador
Notas de la presentación
We hope that transient rendering will help on the development of new techniques making use of transient light information for scene understanding; 
We also believe that being able to showcase how light interacts with matter in the temporal domain is a powerful educational tool to understand light transport,

And finally, it’d be interesting to evaluate if the proposed techniques can be useful for other fields where time-of-flight is important.




1. Formalized Transient Rendering 
2. Kernel-Based Reconstruction for Transient LT 
3. Sampling Techniques along Time 
4. Non-trivial effects of Transient LT 

 
Code, Videos and Data at: 

http://giga.cps.unizar.es/~ajarabo/pubs/transientSIGA14 

Conclusions 

Moderador
Notas de la presentación
So summing up, in this work we have formalized transient rendering, as discussed in the paper. 
We have also proposed a technique for improving reconstruction of time-resolved radiance profiles,
And several sampling techniques that improve distribution of samples in time.
Finally, we have shown several non-trivial effects visible in transient state.

Thanks for your attention.



Moderador
Notas de la presentación
First, we show caustics…

Then, we show an example of delay due to scattering, fluoresecense. First we see how green light is direcly reflected by the fluorescent bunny, while light in the rest of the spectrum is absorbed. Then, after 10 nanoseconds, this absorved blue light is reemited with a change of frequency towards red. Note that since this render doesn’t have participating media, only our density estimation is used here.



 



Set of techniques for time-based sampling in 
participating media 

1. Next Segment Distance 
2. Shadow Connection 
3. Angular Sampling 

 

Time-Sampling 

Moderador
Notas de la presentación
Therefore, we have developed a set of sampling techniques that distributes samples uniformly along the temporal domain, including the sample of the next segment path-tracing, a technique for uniformly sampling shadow connections, and a technique for sampling the angular domain considering time instead of the phase function. We refer to the paper for the detailed description and derivation of the three sampling techniques.



1. Next subpath Segment Distance 



2. Shadow Connection 



3. Angular Sampling 



Rad. Sampling 
Histogram 

Time Sampling 
Histogram 

Rad. Sampling 
Kernel-DE 

Time Sampling 
Kernel-DE 
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