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Abstract

Traditional RGB rendering presents problems during image synthesization upon encountering
wavelength-dependent phenomena, such as participating media scattering or iridiscence. Spec-
tral rendering takes into account the entire visual spectrum, and thus, is able to correctly evaluate
these types of phenomena. However, RGB rendering is still the dominant choice due to how
expensive it is to produce spectral materials and assets based on real-world data, and how heavy
in memory those can be both in memory and disk storage, making the entire process of moving
and storing that data a cumbersome task that introduces overhead and causes bottlenecks in
real-time rendering engines, where computation time is critical.

We present a physically-based, real-time spectral rendering pipeline that aims to mitigate
these two factors by enabling the use of RGB assets in spectral contexts, introducing as little error
as possible. For that end, we propose a real-time adaptation of a spectral upsampling technique,
which allows for obtaining spectral responses for reflectances from the RGB coefficients in the
original reflectance texture.

To exemplify this proposed pipeline, we offer an implementation that aims to be performant,
extensible and follows the main principles of physically based rendering. For this last goal,
we allow for simulating different observer response curves and we implement physically based
materials. We implemented our pipeline in OpenGL form scratch, excluding some libraries that
alleviated the work on the most basic tasks.

To prove the extendability of our approach, we combine it with previously existing techniques
for real-time spectral rendering. We chose a technique to render underwater oceanic scenes in
real time, allowing us to fully render those scenes in a spectral fashion.

Lastly, we validate our results against a path traced simulation, showing great accuracy for
wavelength-dependent scenarios and outperforming RGB rendering. Our method proves to be
the most reliable across all the test scenarios, offering great frame rates for a little price in terms
of processing power.



Acknowledgements

I would like to thank so many people for shaping who I am throughout my life, up until this
point. Every little lesson, every moment, every word, every sad moment and every laugh have
shaped me in a way nothing else could have.

Your names might not fit these pages, but my thankfulness towards all of you will always be
within me, accompanying me wherever I go.

To mention some people, in a more or less structured order:

- Thank you, mom and dad, for sacrificing yourselves in body, mind and soul, to an extent
[ didn’t even believe to be possible, without ever asking for anything in return. Now it’s my turn.

- Thank you, Gonzalo and Diego, my inseparable brothers, for being such stupid idiots and
making the bad days less bad. Thanks for putting up with my bad mood during this final few
weeks. Not everybody is lucky enough to be a triplet but I’d recommend it to everyone. Stay silly.

- Thanks to Jorge and Héctor, my two best friends, for the never ending evenings where we
talked about life, our fears, hopes and the uncertainty the future holds. I'm sure both of you
will be a great novelist and artist, respectively.

- Of course, I can’t forget my thesis supervisors, Néstor and Adolfo. Thanks for your patience
and especially for your help and guidance during the last months. (Thanks Néstor for fixing my
plots the day before the deadline)

- Lastly, thanks to everyone in the Graphics and Imaging Lab; everyone there is part of an
incredible environment full of opportunities and talent, having such a group of amazing people
and friends almost seems unreal, but it’s not, thankfully.



1. Introduction

Physically based rendering (PBR) is one of the most common approaches in Computer Graphics.
Its main goal is to synthesize images that are indistinguishable from those in the real world,
and for this purpose, the physics of light transport and its interaction with matter need to be
simulated.

Nowadays, Physically based rendering is highly demanded in several industries, like cinema
production for rendering animated movies, or for adding visual effects in action movies that look
convincing to the eye of spectators. Other possible uses can be found in interior design, cultural
heritage activities, or videogames, where developers try to achieve a realistic look in order to
increase the feeling of immersion that the players might experiment. From an artistic point of
view, supporting physical simulations of light transport within a rendering engine allows artists
to shift their focus into other (historically less tedious) tasks. Such a demand from the greatest
entertainment industries in the world makes physically based rendering one of the most, if not
the most popular field within Computer Graphics.

Figure 1.1: An example of what can be achieved with Physically Based Rendering. Credits to Matt Pharr, Wenzel
Jakob, and Greg Humphreys. Reproduced under the Apache License.

However, despite the great advancements in PBR over the last 30 years it is still standard
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1. Introduction

practice to synthesize images using only the red, green and blue colours as the image primaries.
Using these three colours as tristimulus is widely known as RGB rendering. Its popularity is
mainly due to the fact that the RGB representation model is designed to mimic our visual
perception, since our visual system is composed of three types of cone cells that are specialized
in receiving light at three different ranges of wavelengths, corresponding to short, medium and
long wavelengths (SML). As figure 1.2 illustrates, the spectral radiance that each type of cell is
specialized in sensing matches the ranges for the red, green and blue colours.

N\

400 450 500 550 600 650 700
Wavelength (nm)

Normalized cone response (linear energy)

Figure 1.2: Graph illustrating the spectral responses of each type of human cone cell. Each one specializes in
handling short (S), medium (M) and long (L) wavelengths.

On top of that, RGB rendering is generally faster and provides sufficiently good results
when compared to its alternatives. In a greater context, the RGB colour model is a standard
for encoding and displaying images in photography, video, television and digital displays. This
is, again, because it allows to closely reproduce a wide variety of colors as just combinations of
these three primaries, which were designed to mimic the human photoreceptors [SG31].

Therefore, this RGB colour model is a great model of the interaction of light and our visual
system. However, it is not a great general model for modeling the interactions of light and
matter, since light, as we know it, is the part of the continuous electromagnetic spectrum we
can see with our eyes. Thus, the RGB colour model is a simplification of reality we’re making
for representation purposes. This discretization results in inaccurate final colours in synthesized
images, introducing error in the final colours, as we show in Figure 1.4.

500
700

600

o
=]
<

| | |
| co_sm_ic | gamma | X rays | ultra- infrared terahertz| radar television, radio, etc. AC circuits
radiation rays violet radiation broadcasting

Figure 1.3: Visible spectrum to the human eye, wavelengths are expressed in nanometers. Modified from Johannes
Ahlmann and licensed under the Creative Commons license.



1. Introduction

Spectral rendering removes these limitations by simulating light transport in the spectral
domain, making the lighting computations as a function of wavelength instead of the traditional
RGB triplets.

Figure 1.4: Comparison between two images synthesized using RGB rendering (left) and spectral rendering (right).
There are visible colour differences in the left side of the image, where red colour bleeding is attenuated in the
spectral image with respect to the RGB one. Image obtained from the Mitsuba documentation [JSR™22a].

As it can be seen in the images in Figure 1.4, using RGB rendering (left) presents some quite
noticeable differences in the final result even in this simple scene, while spectral rendering (right)
allows a more faithful simulation of light transport. Additionally, there are some wavelength-
dependent phenomena that RGB rendering is not able to reproduce. For example, thin film
interference occurs when light is reflected in both the inner and the outer layers of an extremely
thin film, in the order of nanometers. These two reflected waves interfere with each other, both
destructively and constructively, drastically changing the spectral distribution of the incident
light and resulting in complex colour patterns like the example in Figure 1.5. As the interference
patterns depend on the wavelength of light, spectral rendering is crucial to reproduce them.

Figure 1.5: An example of thin film interference, a bubble of soap with water, where the thickness of the film is
in the order of nanometers, creating several destructive and constructive wave interferences that depend on the
wavelength of the light. RGB rendering cannot simulate this type of wavelength-dependent phenomena.

In industry environments, authoring 3D models requires creating materials and textures,
and while spectral rendering is ideal for achieving realism, correctly gathering, interpreting and
using spectral data for materials is extremely hard, while in an RGB pipeline it is as easy as
just painting the colours for the materials. By combining these two factors, it can clearly be
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1. Introduction

seen why RGB is still the dominant choice, despite being an inferior choice when it comes to
accuracy in the final colours.

There’s, however, an additional factor to account for. Most industry-level productions re-
quire a great amount of assets, up to hundreds of thousands. This is an extremely important
consideration that makes disk space storage a critical factor to take into account. RGB materi-
als and assets generally need only 3 colour channels to work properly, while a spectral renderer
that is taking into consideration n different wavelengths will need n channels on its textures and
assets.

This translates into extra disk storage, application memory consumption, and overheads
upon fetching, loading and writing values on those assets, rendering this approach extremely
prohibitive in practice.

This is what motivates our work, which bypasses these prohibitive memory requirements
by combining the efficiency of lightweight RGB textures, and the accuracy of spectral lighting
computations.

1.1 Real-time spectral rendering

This trend is much more noticeable in real-time applications, where computing time is critical,
almost instantly ruling out the use of spectral rendering. For reference, real-time applications
like videogames need to keep a stable framerate of at least 30 frames per second (FPS) to be
perceived as smooth, which means that one image must be generated every 33.3 milliseconds.
Lately, and depending on the type of application, the standard has been raised, with 60 FPS
(one frame every 16.6 milliseconds) being the minimum threshold for some users.

The main goal of our work in this Master’s Thesis is to present ways to enable the usage of
spectral rendering in real-time applications, without compromising their performance or increas-
ing the complexity associated to the creation of these assets. For that end we leverage spectral
upsampling techniques, which allow using RGB assets in spectral rendering, introducing mini-
mal round-trip error. We will cover the chosen techniques and lay out the reasons behind our
choice.

To validate our approach, we have implemented a real-time spectral rendering engine where
we adapt those techniques for real-time rendering. We also aim to validate our approach’s com-
patibility with other existing methods for spectral rendering, ensuring that it can be extended
and can work with other techniques, like oceanic rendering.

Finally, we provide some measurements to evaluate the results of our work, which can be
found in Section 5.

1.2 Terminology: uplifting and upsampling

As a final note, it is worth mentioning that through all this thesis, the terms spectral uplifting
and spectral upsampling are equally used in order to refer to the process of generating spectral

7



1. Introduction

Figure 1.6: A preview of some of the results we have achieved. The images in the left column have been synthesized
using traditional RGB rendering, while the ones in the right have been obtained via spectral rendering. We achieve
better, more faithful colours with spectral rendering in real-time compatible framerates.

coefficients from RGB values, since both are used in literature (For example, Jakob and Hanika
use upsampling [JH19], while Tédova prefers to use uplifting [TWF21]).



2. Theoretical background

So far we have offered a quick overview to the main problem we are trying to tackle: Spectral
rendering, although being able to yield more accurate colours, is slower and more cumbersome
than traditional tristimulus RGB rendering, due to its associated computational cost and the
difficulty that creating, using and storing spectral assets implies. Those problems are accen-
tuated in a real-time context, which is where our work comes in. We aim to present several
techniques that can alleviate the downsides of real-time spectral rendering, in a way that allows
combining them with other spectral rendering techniques.

In this section, we introduce some of the concepts and techniques that are relevant to our
work, including those ones in which we base our approach.

2.1 Light Transport

Light transport is a well-studied problem that has drawn attention across several scientific
disciplines for decades, leading to different approaches and methods to solve it.

The first formal formulation for it came with Chandrasekhar, on his treatise Radiative Trans-
fer, where he first introduced the homonimous equation [Cha50] that tackles the behaviour of
light when traversing participating media like fog, clouds, or water, in an integro-differential
manner. Most derived works try to solve or approximate this equation.

2.1.1 The rendering equation

James Kajiya [Kaj86] was responsible for reformulating the Radiative Transfer Equation equa-
tion to a form more akin to the field of Computer Graphics (See Equation 2.1). This is a
simplification of the previous equation which omits participating media and focuses on surfaces.
It is still widely used, as the effect of media can be ignored in many scenes, especially in a
small scale (recall, for example, the Cornell Box of Figure 1.4), and results in an easier integral
equation to solve.

Lo(x,wo0, A) = Le(x,wo, \) +/ Li(x,wi, A) fr (%, wi, wo, A) (wi - n)dw (2.1)
Q

This rendering equation describes in a formal manner how to compute the spectral radiance
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2. Theoretical background

v
<l >
0

Figure 2.1: A visual simplification of the elements taken into account in the rendering equation: A camera or
sensor, at least one light emitter, and a surface point x that determines the incoming light direction w;, the
outgoing light direction w, and the surface normal n. 2 represents all the possible directions from which light
might be arriving towards x.

that is leaving a point in space x in a given direction we. With it, we can compute the incoming
spectral radiance for every position in the image plane, which is equivalent to saying that we
can compute the final colour for every pixel in the images we are synthesizing.

The following terms are considered:

o Lo(x,wo.A): The spectral radiance at a given wavelength A outgoing from a point x in
space towards a direction w.

o L.(x,wo,A): The spectral emission of a given surface at point x, into the direction we. If
the surface at point x is not a light emitter, this term will be nil.

° fQ ...dw;: This integral means that we have to take into account all the incoming directions
wji in the hemisphere €2 around the surface point x, given that their outgoing direction is
Wo. At the same time, it means that this equation has a recursive nature where we have to
compute the outgoing radiance at several points to get the incoming radiance at a different
point.

e L;(x,wj, A): The incident spectral radiance that comes into x from direction wj, with a
particular wavelength .

o fr(x,wj,wo, A): This term corresponds to the bidirectional reflectance distribution function
(BRDF) of the surface’s material. It describes how light with a given wavelength X interacts
with the material in the surface at point x, coming from a direction wj. It determines the
outgoing direction we,, and the amount of light that gets reflected, which is usually less
than the amount of incident light due to surface absorption.

e (wj-n): Attenuation to take into account the angle between the surface’s normal n and the
incoming direction of the light w;. If the light comes at a direction directly perpendicular
to the surface, it covers a smaller area (a single point in space) and therefore its energy is
more concentrated, while if it comes at a narrow angle, it covers a larger area, spreading
its energy evenly and decreasing the amount that is focused at a differential point x.

In Equation 2.1 we show a dependence on wavelength for most terms, but it can be omitted
when doing RGB rendering by discretizing into those 3 colours.

10



2. Theoretical background

2.1.2 Volumetric Rendering Equation

The aforementioned equation falls short to incorporate the contributions made by participating
media like fog, water, smoke or clouds. We can take them into account by reintroducing some
coefficients from Chandrasekhar’s RTE:

e Absorption coefficient o,: Expressed in m™!, it defines the probability of absorption
per distance unit.

e Scattering coefficient o,: Expressed in m™, it defines the probability of an scattering
event per distance unit. Scattering can be towards our light beam, gaining radiance (in-
scattering), or out of it, losing radiance (out-scattering), as shown in Figure 2.2.

e Emission coefficient o.: Expressed in m™!, it defines the emitted radiance per distance
unit. Most participating media are non-emissive, and this term is often ignored.

(a) Absorption (b) In-scattering (c¢) Out-scattering

Figure 2.2: Representation of the possible events in a non-emissive participating medium. As previously men-
tioned, in-scattering adds radiance, out-scattering substracts it and so does absorption.

It is common to sum together the absorption and scattering coefficients to form a new term
called the extinction coefficient, oy. It is used to refer to the probability of radiance extinction,
independently of its cause (out-scattering or absorption).

Additionally, the ratio between the scattering coefficient and the extinction coefficient is
known as single scattering albedo, ae. We can think of it as the colour of our medium. It is also
common to find the volume coeflicients defined as space dependent. For example, instead of
0s, 0s(x). Participating media where coefficients depend on the position in space x are referred
to as heterogeneous, and homogeneous media are those where scattering and absorption do not
vary spatially. In fact, those coefficients are also wavelength-dependent, where spectral radiance
gets attenuated differently depending on the wavelength .

The RTE expresses the radiance difference at a given point x, through a direction w, for a

small step through the ray of an infinitely small distance dz as:

dL(x5,w)

- = 05Li(Xz,w) — 01 L(Xz,w) (2.2)

Note that equation 2.2 is ignoring emission since it is not a common phenomenon among
participating media (besides fire and explosions).

If we put the RTE in integral form, we get the non-emissive Volume Rendering Equation:

11



2. Theoretical background

fYY\
A\
— -
dL(x, ) / Lin(x, ®)
0] \/)\7//\7 4 ®

dz

Figure 2.3: Radiance difference for a light ray stepping an infinitely small distance dz through media.

Xz

L(x,w,\) = T(x > X5)L(Xz,w, )\)+/

T

T(x <> x¢)0s(x¢, )\)/ L(x¢, wi, A) fs(x¢, wi, w, \)dwidxy
0
(2.3)

In Equation 2.3 we can see some new terms with respect to the standard rendering equation:

e T(x <> X5): Transmittance between two points x and x,. This is the amount of radiance
that reaches depth z traveling through the ray. The rest gets extincted. It is given by the
Beer-Lambert law, as in equation 2.4.

° f;z: Means that we have to account and integrate every contribution along the ray from
X t0 X, in infinitesimal intervals.

° fQ: For every infinitesimal point along the ray direction, we need to account for the
inscattered radiance arriving from every possible direction 2 in space.

o fs(x,wj,w,\): The phase function. It models the distribution of possible scattering di-
rections. If every direction has the same probability, the phase function is isotropic. If
not, we call it anisotropic. It’s also wavelength-dependent. It can be seen as a BRDF for
participating media.

T(x ¢ %) =€ Jeg ot(x,A)dz

(2.4)

Computing analytical solutions to the rendering equation (2.1) and the volume rendering
equation (2.3) is impossible in practice, which caused a shift in the approach that was taken
towards them.

Over time, several approaches to solve these equations have been developed, with those
based in Monte Carlo integration being the most popular. Path Tracing is the biggest expo-
nent of this kind of algorithms [AK90], followed by ray tracing [Whi80] and photon mapping
[JMLHO1]. Monte Carlo methods are unbiased, which means that, if given an unlimited amount
of computation time, they will converge into the correct solution to the light transport prob-
lem, presenting no noise on the final image. Lots of derived works have tried to speed up the
convergence of this method, by either improving the sampling techniques in order reduce vari-
ance [PM93, MHD16]. Others, on the other hand, have focused on performing a better search of
the illumination sources in the scene, like Bidirectional Path Tracing [LW96, JA18], Metropolis
Light Transport [VG97, PKKO00] or Path Guiding [HZET19, DWWH20).

12



2. Theoretical background

2.2 Spectral Rendering

2.2.1 Theoretical basis

In general, all rendering systems approximate the rendering equation (2.1) (or the volume ren-
dering equation (2.3) for participating media) for every pixel in the screen. However, while
RGB renderers evaluate every term for RGB triplets and finally return the color Lrap which
can be directly displayed, spectral renderers evaluate the full spectral power distribution L(\) at
a given resolution. This then needs to be finally converted into RGB to match our perception,
a process that would be carried out by our visual system and its cone cells in the real world.

This conversion should match our perception of colours. The International Commision on
Nlumination (CIE, Commission internationale de [’éclairage) defines the colour-matching func-
tions [SG31], achieved by experimental testing. These functions define the proportion of intensity
in each of the primaries (red, green and blue) that match a light with a given wavelength, also
known as the standard observer. They are also one of the main pillars of Colorimetry, a sub-field
that mixes different disciplines like Physics, Computer Graphics or Psychology, among others.
It is heavily based on human perception and the human visual system.

CIE 19312 Standard Observer - Colour Matching Functions

Figure 2.4: The CIE 1931 colour matching functions, in XYZ colour space.

If we compute the inner product of our spectral luminance L(A) and the colour matching
functions for each channel (7, g and b), we can get the corresponding tristimulus response for
the final image:

It is common to integrate over the range of the visible spectrum A, which goes from around
400 nanometers to around 700 nanometers, but varies depending on the implementation.

13



2. Theoretical background

In order to compute the integral described in (2.5), it is needed to perform a discertization of
the spectral domain. Since the point of performing spectral rendering is to achieve better colour
precision by avoiding the discretization that RGB rendering does, the more samples the better
final result. We approximate the integral by using the rectangle rule, transforming it into a sum
of n equally weighted samples (although it could be possible to create unevenly sized intervals
with different weights each):

Lrp =Y _ LA)F(A\)AX
A

Lo =Y LNJNAX
A

Lp =Y L(A)b(N)AX
A

AN — /\mam - Amm
n

Additionally, it is usually preferred to use the XYZ curves (with Z, §y and Z components, as
in Figure 2.4), instead of the RGB ones because of the negative coefficients those have, and then
convert from the XYZ color space to RGB by using the transformation in equation (2.7).

R X 3.2406255 —1.5372080 —0.4986286
G| =Y | x |—-0.9689307 1.8757561  0.0415175 (2.7)
B Z 0.0557101  —0.2040211 1.0569959

2.2.2 State of the art

As shown by Borges [Bor91], RGB rendering introduces error with respect to spectral rendering,
which needs to take into account as many wavelengths of the spectral domain as possible, making
it expensive. This is the main reason behind the popularity of RGB rendering in production
and industry contexts, with the other being the ease of creating assets with RGB colours and
parameters with respect to the difficulty of gathering spectral data and creating materials with
it, in a way that users and artists can control and understand.

To alleviate these problems, several techniques have been proposed to enhance the perfor-
mance of spectral rendering. Hero Wavelength Spectral Sampling [WND™'14] simplifies the
problems of having to handle several wavelenghts at once when rendering using Path Tracing
algorithms, especially the issues related to directional sampling. This technique allows for vec-
torization and can be easily combined with others, like van de Ruit and Eisemann’s [vdRE21],
which generates a coarse spectral radiance estimation in screen space, to perform importance
wavelength sampling in the final rendering pass. Unfortunately for us, these techniques are
unsuitable for real-time rendering.

14



2. Theoretical background

2.3 Real-Time Spectral Rendering

In the last 40 years, advances in both hardware and software have made it possible to render
images in real time, at an interactive frame rate. This means that a new image or frame is
generated every few milliseconds. On the hardware side, graphics processing units (GPUs) have
become more powerful, while in the software side, the expensive ray tracing was substituted by a
pipeline based in rasterization [Pin88]. For a long time, most of the light transport calculations
had to be heavily simplified, or completely ignored in pursuit of stylized graphics that did not
satisfy the principles of light transport nor PBR [GGSC99, Dec96], a discipline known as stylized
rendering or non-photorealistic rendering.

As time passed and Moore’s Law allowed for it [Moo65], graphics processing hardware was
able to put up with the demands of rendering algorithms, at high enough refresh rates to be
considered in real time. Eventually, real-time spectral rendering was considered and several
techniques were developed, in order to provide approximations to phenomena that can only be
correctly simulated via spectral rendering, instead of the traditional RGB one.

For instance, Belcour and Barla propose a real-time approximation for iridiscence via a mod-
ified microfacet model [BB17], and another real-time (they don’t test it for real-time rendering,
even though they mention the method is fast enough to be used in a real-time setting) approxi-
mation for the Usambara effect [BBG23], which is a change in material colour depending on the
light path length that is observed in some minerals and gemstones, like jade. Other wavelength-
dependent phenomena that have been approximated for real-time rendering include diffraction
and thin-film interference, consequence of several diffractions and refractions in thin layers over
a material [TG17a, TG17b]. Lastly, Monzén et al. [MGAM24] propose a method to render
oceanic underwater scenes by computing an analytic approximation of underwater scattering,
based on real world data.

2.4 Spectral reflectance upsampling

To tackle the issues related to the creation of spectral assets, there are several works that aim
to enable using RGB models and material textures in a spectral setting. MacAdam [Mac35] was
able to produce spectra with box shapes by combining a small amount of predetermined spectra.
The results were not very good, but his work set the first step in spectral reconstruction using
other basis. From there, Smits [Smi99] proposed formulating the spectrum generation as an
optimization problem on his pioneering work which was seminal to several others. It presented
some issues, like not being compliant with energy conservation, or only being able to reproduce
a small gamut of reflectances.

It is also worth mentioning that the problem presented by spectral upsampling is a highly
ill-posed one, since a single RGB tristimulus value could correspond to an infinite subspace of
reflectance spectra. This is what we know as metamerisms, the infinite possible combinations
of reflectances that can produce the same final RGB colour. In order to tackle this problem,
additional constraints have to be imposed for the optimization steps.

Posterior works improve on those issues, like the one by Meng et al. [MSHD15] where they
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improve the gamut of spectra that can be correctly reproduced by mapping reflectances to a
bidimensional grid in the zy chromaticity plane, within the XYZ colour space. Their work still
presented some limitations, since it introduced some round trip error in spectra reconstruction,
and some reflectances did not generate correct results. Otsu et al. [OYHI18] also reconstruct
spectra with using basis functions, but incorporate Principal Component Analysis and greedy
clustering to their method, in order to reduce dimensionality and round trip error. Additionally,
their method only requires one matrix multiplication for the final reconstruction. Drew and
Finlayson [DF03] propose a method ”to multiply spectra without carrying out spectral mul-
tiplication” based on spectral sharpening, which translated the RGB values into sharp basis
that allows modeling illuminant change with a diagonal matrix, instead of the common 3x3
one. Other works have achieved complete reconstruction of the SRGB reflectance gamut [MY19]
(although Jakob and Hanika were first by a small margin of time, as we are about to mention).

All of the works mentioned so far focus on spectral reconstruction using basis functions, but
concurrently, other types of approaches were developed. The work of Jakob and Hanika [JH19]
was the first to completely map the entire SRGB gamut. They achieve so creating a function
space parametrized by coefficients, which they generate by optimization. Those coefficients are
stored in 3D look up tables that take into account the brightness of colours, unlike other previous
works we mentioned. Those coefficients can be used to recover spectral response with an efficient
sigmoidal mapping, which ensures that generated spectra will be smooth, a desirable quality.

Other works have stemmed from this one, trying to focus on metametic behaviour (where
several spectra and illuminant combinations can produce the same colour appearance) [vdRE23|
or on reducing the round trip error for user-specified reflectances [TWF21, TWEF22].

Our work is also a continuation of the one by Jakob and Hanika. We take their resulting look
up tables and use them in our real-time spectral rendering pipeline, aiming to make possible
working with RGB assets. This way we also validate the usability of their work for a real-
time environment, something the authors didn’t contemplate in their original work. We also
combine their approach with other techniques, to prove that out approach can be extended with
preexisting techniques like those mentioned in 2.3, which will benefit from our solution.

Since it is extremely relevant for our work, we discuss more about Jakob and Hanika’s work
and why we choose it as our starting point in Section 3.2.1.

2.5 Spectral upsampling beyond reflectances

Even though most of the work we have presented so far is focused on generating spectral represen-
tations of the RGB responses for the reflectances in materials, there are other works that aim to
upsample other types of RGB coefficients into the spectral domain. Guarnera et al. [GGDG22]
propose a method to do so with RGB image-based illumination via both a genetic algorithm
approach and a neural approach, while Jendersie [Jen21] proposes a simple yet effective method
to upsample volume attenuation coefficients, by optimizing two threshold wavelengths that will
determine which coefficient from the RGB tuple will be returned as the spectral response value.

We believe that this could be a good point to continue our work past the extension of this
thesis. If we managed to get a general approach for correctly upsampling illuminations or volume
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2. Theoretical background

coefficients, we could perform complete spectral rendering over RGB assets without introducing
error, or introducing it minimally. We would also need to set the goal that those approaches
should be performant in order to be used in real-time settings.
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3. Our approach to real-time spectral rendering

Up until now we have introduced the main ideas behind spectral rendering, as well as some of
the main shortcomings that make it less popular than its RGB counterpart.

To summarize, RGB rendering makes a discretization of the electromagnetic visible light
spectrum into 3 bands that represent the red, green and blue components of our final images.
When simulating certain phenomena that depend on wavelength (like the ones we can find in
rainbows, clouds, soap bubbles and many others), relying in RGB rendering introduces error
and produces incorrect results. On the other hand, spectral data has two main problems.
First producing spectral assets for rendering is expensive and cumbersome in comparison with
using RGB textures that artists can manipulate much more easily. Secondly, in the engine
itself, spectral textures are problematic due to the memory bandwidth they require. Spectral
upsampling is a technique that allows using RGB assets by converting the reflectance values into
spectral responses for our rendering process, alleviating the main issues presented by spectral
rendering.

This is the starting point of our work, where we have devised a real-time spectral rendering
pipeline that allows for using RGB assets. As part of our contribution, we have developed a
strategy to use a spectral upsampling technique that was concieved for offline rendering in real-
time rendering, taking Jakob and Hanika’s work as our starting point. We have created our
own implementation of it in order to validate it, and we have combined it with other spectral
rendering techniques (explained in Section 3.4) to prove that it can be extended and that we
can build other techniques on top of it, further improving the results with respect to using those
techniques separatedly.

First, we are going to explain the most relevant theoretical concepts behind each step of our
implementation, and later (see Section 4) we will offer more low-level details on how everything
works under the hood, like how the data is loaded and passed, which textures we need to create
and use, as well as the tools we chose and the reasoning behind several design decisions.

3.1 Wavelength sampling

Spectral rendering implies integrating the spectral radiance contribution for each wavelength
over the visible light spectrum, but in practice sampling infinite wavelengths is impossible.
Instead, it is common practice to discretize the spectrum into several wavelengths that will be
summed and weighted together to compute the final response. Logically, the more wavelengths
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3. Our approach to real-time spectral rendering

we use in the process, the more accurate our results will be.

The spectral sampling process is an open area of research [vdRE21]. It would be ideal to
select the wavelengths that will give the best possible final result, or minimize the required
number of samples, without introducing error in the synthesized images. There are several
techniques and strategies that aim to achieve this goal, as we have mentioned in Section 2.2.
First, we need to determine the number n,,;s of wavelengths to use, and then we need to devise
a strategy to carry out the actual wavelength selection (also referred to as sampling).

For our pipeline, we had in mind that we wanted the parameters to be modifiable, so we
decided to allow for the number of wavelengths to be changed dynamically, to allow for better
visualization of the effects of the number of samples over the final result.

For the actual wavelength sampling, we chose to go for the most obvious option and perform
uniform sampling through the spectrum, which means that we select our wavelengths in a way
that they are equidistant between them. After evaluating the spectral functions with those
wavelengths, we integrate the obtained Spectral Power Distribution with a middle Riemann
sum.

We also allowed users to change the wavelength interval at will by specifying minimum and
maximum wavelengths, A\, and Ajpez.

In equations 3.1 and 3.2 we show how to select the i-th wavelength sample from a total of
Nyis wavelengths by performing uniform sampling between Ay, and Apaq:

)\max - )\mm
A
Ai = Amin + Ai+ — (3.2)

We will discuss more about the impact of the chosen number of wavelengths on performance
in Section 5, Results. We also make some comments on extending our wavelength sampling
strategies in Section 6.

3.2 Spectral upsampling

We aimed to create a real-time spectral rendering approach that mitigates some of the most
common problems that spectral rendering presents. Omne of those problems is the difficulty
presented by the creation of assets with materials ready to be used in spectral contexts. Usually,
RGB materials and textures are much easier to use and create, given that an artist can just paint
them, or use pictures as reference. This is not the case for spectral materials, where it is much
harder to obtain tabulated measurements of the material’s repsonse at different wavelengths,
with the desired wavelength resolution (separation in nanometers between samples in the table),
and so on.

Another option could be converting RGB textures from existing materials into spectral
textures, where instead of getting three primary values for each pixel in the image, we would have
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one spectral response for each wavelength per pixel. Taking for reference a sampling resolution
of 1 nanometer and a spectrum where our wavelengths A € [300..700] nanometers, that’s a x100
increase in storage costs for spectral textures. We would also have to take into account the fact
that performing such a conversion would be a data-hungry process, and probably quite time
demanding, especially if artists need to have some kind of control over the results.

We considered that this was a great entry point for our work from a real-time rendering point
of view; and thus, we determined that spectral upsampling was the most appropiate technique
to incorporate first into our pipeline.

Among the different techniques that we have presented (Section 2.4) and evaluated, we
consider that Jakob and Hanika’s work [JH19] can be a promising candidate to build upon. We
dedicate the next section (Section 3.2.1) to introduce the theoretical basis behind their approach,
to delve deeper into its particularities and to better understand the consequent challenges we
faced to integrate the method in our work. We follow with our conclusions and some of the
challenges that our implementation would have to solve in Section 3.2.2.

3.2.1 The optimized look up tables

As we explained, the spectral upsampling method we are going to use is based on Jakob and
Hanika’s work [JH19]. This method aims to generate smooth spectra for the entire sSRGB gamut.
Since spectral upsampling is an ill-posed problem where an infinite amount of reflectance combi-
nations can produce the same final colour, some constraints were imposed for the optimization
step, for a given RGB colour b:

e The composition of mappings from RGB to spectra and its inverse should be an identity:

rgb(spec(b)) =b (3.3)

e If not possible, the error should be minimal:
| rgb(spec(b)) = b~ 0 || (3.4)
Where || - || represents a perceptual error metric.

e Generated spectra should present a smooth appearance.

Additional considerations were made regarding the practicality of the approach, but we focus
on the theoretical formulation of their approach for now.

With those constraints in mind, the optimization problem is posed as finding a smooth
spectrum f(\) that maps to an RGB colour b € [0, 1]? in a colour space, which in our case is
the sSRGB one. Mathematically, it is described as follows in Equation 3.5:

f—argmin||b—T / FOOW (\)xyz(\)dA | (3.5)
f A
Where:
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e W represents the SPD (spectral power distribution) of the white point for the desired
colour space. Since we are using sRGB, this corresponds to the D65 illuminant.

e xyz(\) denotes the CIE 1931 colour matching functions that we introduced in Section
2.2.1.

e T is the colour transformation matrix that allows mapping from the XYZ space to the
RGB one, as introduced in Equation 2.7.

e The integration domain A is defined to range from 360 nanometers up to 830, covering the
entire visible spectrum.

e For the perceptual error metric || - ||, the CIE AE 2000 perceptual error metric [SWDO05]
is used.

e f()) is the spectral representation function used.

For representing the spectrum, a simple analytic model was used, requiring three coeflicients
co, ¢1 and c¢o of a second-degree polynomial and a sigmoid function:

F) = S(cod® + 1A + ¢2) (3.6)
1 T

This representation for spectra ensures that they will have a smooth appearance. Thus, the
real target of the optimization problem is to find the ¢; coefficients for any given RGB colour in
the sSRGB gamut. Additionally, equation 3.7 has a direct translation into shader code, which can
be obtained by using highly optimized instructions like fma (full multiplication and addition) or
inversesqrt.

Due to problems with the error obtained in the optimization, an additional change is done:
Discretizing the sSRGB colour space into three, easier to optimize regions.

This disrcetization yields three 2D textures for every maximally bright colour in the sSRGB
colour space. For non-maximally bright colours, an initial coefficient scaling by é was proposed,
but introduced too much error. Instead, an iterative optimization is proposed where first a
colour ¢ with a stable solution is optimized, and then brighter and darker colours ac are solved
in both directions, using the solution of the previous iteration as a starting guess.

This returns three 3D cubes of a 642 resolution, instead of 2D textures. A last change was
made to those 3D cubes. For the third dimension in the cube that encodes the brightness «,
it was observed that there was a lot of variability in the stored coefficients ¢; near the 0 and
1 values. Thus, a remapping was made, delinearizing that dimension in a way that gave more
resolution to the regions near both 0 and 1. We show the extreme changes in the coefficients
before the remapping and the smoother transition after it, in Figure 3.2.

3.2.2 Challenges of integrating this spectral upsampling

As we just explained, we take this work as the starting point to build upon in our search for a
real-time performant spectral rendering pipeline, due to the following reasons:
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(11

(e) Discretization (unwarped)

Figure 3.1: Obtained error after optimizing for all the sSRGB gamut, shown for coefficients co (a), c¢1 (b), and ¢z (c).
The proposed discretization is shown in (d). By unwarping the projection over the chromaticity plane, the final
look of the originally proposed 2D textures is unveiled, along with the corresponding sRGB colour coordinates
they map to (e). Image reproduced from the original work [JH19].

—_ —_—
—_— —

200-— ¢ 200 =—— ¢

100 - 100 -

—100 - —100 -

—200 - —200 -

0.0 0.2 0.4 0.6 0.8 1.0 0 10 20 30 40 50 60

Figure 3.2: At the left we can see how fast the optimized ¢; coefficients in the 3D tables change as the o parameter
gets too close to the 0 and 1 values. To mitigate this, Jakob and Hanika increase the resolution in those areas by
delinearizing their mapping for this parameter. Image reproduced from the original work [JH19].

e Their work generates 3D coeflicient tables that can be easily loaded in a shader inside a
real-time rendering engine as look up textures.

e The generated tridimensional cubes are pretty lightweight, since they have 3-(643) elements

each, which for 3 tables and 4 bytes per element, translates into &~ 9.2 megabytes of size.
Modern GPUs and hardware can allocate space for textures in the order of gigabytes, so
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the memory footprint is kept small.

e The look-up cubes only need to be loaded once. After that, only a few look-ups are needed,
along with the sigmoid that recovers the wavelegnth response from the coefficients.

e We can still use assets created with RGB rendering systems in mind, saving lots of time
that would otherwise be employed in converting them into a spectral representation. By
enabling the use of RGB assets and material we also enable saving the additional space
that spectral assets require in comparison to the RGB ones.

e The final conversion step that returns a spectral response can easily be vectorized for
leveraging SIMD (single instruction, multiple data) instruction sets, like those present in
GPU devices.

The main challenge we would have to tackle for implementing this upsampling technique into
our pipeline was that it has been designed for an offline rendering context (as en example, Mit-
suba 3 [JSR*22b], a Monte Carlo-based offline renderer, uses this exact method for performing
its spectral upsampling [JSRT22a].)

We had to devise a way to make it work in our real-time pipeline for the wavelengths we
have selected, according to the strategy we just explained in Section 3.1 without compromising
too much the final performance, making sure that the impact with respect to RGB rendering
wasn’t too excessive. Since we are targetting real-time performance, the first step would be to
correctly load the coefficients in a texture that can be passed to a GPU shader.

After loading them, we retrieve the coefficients as follows in Algorithm 9:

Algorithm 1 Look up table coefficient fetching algorithm

function FETCH(colour)
i < colour.argmazx() > Find the largest component of the RGB colour
col_r < colour|[(i + 1) mod 3]/colour.max()
col_g «+ colour[(i +2) mod 3]/colour.max()
col_b < colour.max()

colour_norm <« [col,, colg, colp]
return table[i, colour_norm]| > Trilinearly interpolated table lookup
end function

The other challenge we faced while adapting this spectral upsampling technique is related to
the non-linearity of the mapping for one of the dimensions in the 3D tables that we mentioned
earlier. Since we are using tables with a resolution of 643, some kind of interpolation is needed to
get more precise coefficients and avoid introducing error in our upsampled spectra. But since we
can’t rely on automatic interpolation methods because of this remapping, we had to manually
implement our own version for the interpolation in a way that the remapping was considered.
This has several consequences on our implementation and its performance, which we will discuss
later, in Section 4.4.
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3.3 Material models

After implementing the wavelength sampling and the reflectance upsampling steps, we had to
implement different material models, along with the underlying material system to support
them. Since we are going for a physically based renderer, we tried to go for already validated,
commonly used physically based materials, in order to have similar results when testing against
offline renderers like Mitsuba [JSRT22b], a physically based renderer designed and built for
scientific and research purposes.

Please note that when we say Physically Based Materials, we aren’t trying to say they are
100% physically accurate and follow the Laws of Physics, but instead, they are inspired by them.
In real-time Computer Graphics it is common to label a material model as Physically Based if
is based on microfacet theory, but doesn’t have to necessarily follow some core principles, like
energy conservation (for example, Disney’s BSDF [MHH 12, HMB™15] fails to conserve energy
but is considered a physically based model and is widely used in industry settings like Disney’s
Hyperion renderer [BAC*18], Blender 3D [RF24], or Mitsuba itself [JSRT22b]).

Most of the coefficients that are part of these material models are obtained from textures,
which, after all, are RGB images with different sizes (they can also be sSRGB, but everything we
have stated so far still holds). Some of the coefficients might model properties like specularity
to control which areas reflect light more than others, while others control reflectances, which is
one of the most relevant parameters over the final colour in most material models.

Thanks to our implementation for real-time spectral upsampling, we are able to evaluate
these material models in a wavelength-dependent context, while still using the widely extended
and lightweight RGB textures. We manage to enable their use in spectral rendering contexts,
without the need to perform any conversion over the original material textures, as we mentioned
at the beginning of Section 3.2. Furthermore, we can combine spectrally uplifted materials with
other techniques for wavelength-dependent phenomena, reducing even more the colour error in
our scenes. We will show an example of this in Section 3.4.

3.3.1 Lambertian diffuse material model

The first model we wanted to implement was the Lambertian diffuse, since we wanted to be
able to test some behaviours under a simple, validated model. Also, its only parameter is the
diffuse reflectance, and since it can be passed as a texture, it matches perfectly our upsampling
approach for reflectances, making this material ideal for testing purposes.

For mode complex models, like the Cook-Torrance, we might find some discrepancies with
respect to a baseline renderer’s results (i.e Mitsuba) that are caused by factors external to our
spectral upsampling process (for example, the Fresnel-Schlick approximation doesn’t take into
account incoming light’s spectral information, as we will explain in the section after this one),
which is the main contribution we want to test in a real-time rendering environment.

Lambertian diffuses are characterized by their equal reflectancy of light among all directions,
independently of the direction the light’s coming from. Their mathematical formulation for this
BRDF is the following, expressed in Equation 3.8 (we don’t include the dot product n - w; here):
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Figure 3.3: Diagram showing the reflectance distribution of lambertian materials, uniform among all directions.

albedo
fr= (3.8)
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3.3.2 Cook-Torrance material model

Inspired by the work of Brian Karis at Epic Games [Kar13], we decided to follow his implemen-
tation for a second, more complex physically based material. This PBR material is essentially an
adaptation of the Cook-Torrance [CT82] material BRDF, choosing specific distribution functions
to approximate some of its terms, which we explain through the current section. His adaptation
of the material model has become widely used and popular, being the default PBR material for
Unreal Engine 4 [Epia] and its latest iteration, Unreal Engine 5 [Epib].

The Cook-Torrance BRDF has two terms, a lambertian diffuse where light gets reflected
evenly among all possible directions, and a specular one, where we take into account small
surface imperfections, like microfacets and rugosities, that make light reflect in very different
directions within a small patch of surface, depending on the tiny surface normals that appear
as a consequence of these imperfections.

m

Figure 3.4: Two different surfaces where the geometric normal points in a different direction than the one of
the microfacets in the surface. This affects the way light propagates, generating small interactions across the
material’s surface. In the Cook-Torrance shading model we can control the amount of displaced microfacets with
the roughness parameter. Image courtesy of Matt Pharr, Wenzel Jakob, and Greg Humphreys under the Creative
Commons License.

We can approximate that microgeometry with several models and functions that depend on
few parameters and are easy to understand, making this material model ideal for commercial
renderers aimed at the general public, like 3D artists.

Both terms in the BRDF (equation 3.9) fit our approach since we can easily upsample the
RGB reflectance into spectral responses for the former, and the latter doesn’t explicitly depend
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Figure 3.5: Graphical comparison of the halfway vector (H) and the normal vector (N). The halfway vector can
be calculated with the average between the point-eye vector and the point-light source vector. Courtesy of Joey
de Vries, under the Creative Commons License.

on wavelength, as it can be seen on equations 3.10 and 3.11.

The diffuse term is the same we explained in the previous section, we only need to divide
the albedo reflectance by pi, since the dot product between surface normal and light direction
gets accounted for later in the calculations (as seen in the Rendering Equation section, 2.1.1).

fr = kdflambert + kstookaorrance (39)
albedo

flambert = (310)

DFG
fC’ook—Torrance = 4(Wo : 7’L) (Wi : n)

(3.11)

For the specular term, we have three different coefficients in the enumerator and a normal-
ization term in the denominator. These coeflicients are approximations for different terms that
depend on the view direction vector v or w,, the incoming light direction vector w;, the halfway
vector h, the normal vector n and other parameters, which we are going to explain in the next
paragraphs. The three terms correspond to:

e D, the Normal Distribution Function: Describes the distribution of surface micro-
facets that are aligned to the halfway vector h (See Figure 3.5 for more details on the
halfway vector). We use the Trowbridge-Reitz GGX [TR75] approximation for this term
(See equation 3.12), where « represents the roughness of our surface. The more rough, the
more chaotic the distribution of the microfacets will be, leading to diffuse-like results.

e F, the Fresnel equation approximation: In his work, Karis chose to use the Fresnel-
Schlick approximation [Sch94] for the Fresnel equations, as shown in Equation 3.14. This
approximation allows to save many computing cycles and instructions, and it is optimal
for RGB rendering [Hof19], while spectral rendering would benefit from using the original
equations, at the cost of a higher computing time. Nevertheless, we considered that fol-
lowing the original material model as it was proposed was the better option for us, since it
would be more comparable to other implementations of this Cook-Torrance PBR material.
This approximation relies on the halfway vector h, as well as a parameter called Fy, which
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represents the normal incidence at a 0 degree angle, which at the same time depends on
the material’s metalness, another parameter for the model. We chose to use a base value
for Fy of 0.04, which produces good results for most materials. In practice, Fy acts as our
ks coefficient for equation 3.9, and we should remove it from there in order to avoid taking
it into account twice. We show it in the equations, since other Fresnel approximations
might not take it into account and it could be left there. For completeness, kg is simply
calculated as the complementary value of k.

G, the Geometry function: This distribution function attempts to model the self-
shadowing and occlusions caused by the surface’s microfacets, reducing the total amount
of reflected light. We are going to use the Smith’s Schlick-GGX function to approximate
this term [Sch94, Smi67], as seen on equation 3.13. Since we want to model two different
phenomena, masking occlusions and shadowing (see left and middle diagrams in Figure
3.6), we need to compute this term twice, once for the view-point direction (masking)
and once for the point-light direction (shadowing). This is known as Smith’s method,
which we illustrate in equation 3.15. Additionally, it can be noticed that there’s an addi-
tional parameter k we haven’t explained yet. This parameter is related to the material’s
roughness parameter we introduced earlier, .. It is some sort of remapping, which for our
implementation (with no IBL [Deb02]) is the one in equation 3.16.

{3
7

Figure 3.6: Three graphical examples of interactions of light with the microfacets in a surface (from left to right):
Masking and shadowing, where a microfacet essentially blocks the view to the light our to our eyes, and in the
right, interreflection, where light bounces among microfacets. The normal distribution function and the geometry
function model these phenomena. Image courtesy of Matt Pharr, Wenzel Jakob, and Greg Humphreys under the
Creative Commons License.

2
8]
n-v
Gseniickcax (n, v, k) = o)1 —F) +k (3.13)
Fsentick(h, v, Fo) = Fo + (1 — Fo)(1 — (h-v))® (3.14)
G(n,v,l, k) = Gsentickaax (1, v, k)Gsentickaax (n, 1, k) (3.15)
2
k= (O‘gl) (3.16)

3.4 Participating media

Up until this point, we have applied and adapted spectral upsampling techniques for real-time
rendering, and we implemented some material models that can benefit from this upsampling
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process, allowing us to render scenes spectrally by using only RGB assets in real time. Our
approach can also be paired with other real-time spectral rendering techniques, benefiting the
overall results thanks to being able to render most of the scene in a spectral manner, instead of
combining spectral with RGB rendering. To show the potential that extending this technique
by combining it with others might have, we implemented participating media in our spectral
rendering pipeline, where scattering can be dependent on wavelength (elastic scattering), a
phenomenon that traditional RGB rendering can’t handle properly.

We devised a few ways to showcase this. We first took a look at conventional videogame fog
rendering, based on a simple parameter-controlled mix between a predefined fog colour ¢y and the
colour of that pixel ¢; after evaluating the corresponding material model on it, ¢ = fec;+(1— f)cy.
Usually, the parameter f that controls the fog is equal to the linear depth of the object in that
image pixel, even though it can also be obtained with an inverse exponential.

As it can be easily deduced, this is not a physically based approach, but an artistic-driven
one. Hence, we determined that we should go in a different direction for our participating media.

After that, we took a look at the work of Monzén et al. [MGAM24] There, they propose a
method for performing spectral rendering of oceanic underwater scenes in real time, which fits
most of our desired purposes for our pipeline and could benefit from our spectral upsampling
implementation. We take a deep dive into it in the next Section (3.4.1), and we later show the
results of combining both approaches into our pipeline, in Section 5.

3.4.1 Oceanic underwater rendering

The work of Monzén et al. [MGAM24] devises a manner to use previously existing measurements
done by oceanographers, to render oceanic water in real time while approximating single and
multiple scattering in an analytical manner.

Their method is robust and highly performant, but it’s only focused on the oceanic water
volume and completely ignores any possible reflectances in the scene, like the ones of the oceanic
floor models. Extending this method with our real-time upsampling allows to still use traditional
lightweight RGB textures, while performing more accurate lighting computations, reducing the
error with respect to using the RGB coefficients, or applying naive upsampling strategies on
them.

This combination of both techniques also allows us to showcase the flexibility and usability
of our work in all kinds of contexts, proving its robustness for several purposes, be it industry
or research. We will later show some of the results we obtained, along with the appropiate error
and perceptual error metrics.

In their work, two main assumptions are made: isotropic behaviour for the medium (this
means that light gets scattered evenly across all possible directions at any point under the
water) and homogeneous attenuation across the medium. For the sake of completeness, we
need to briefly introduce some key concepts of their implementation that completes those we
previously introduced about the VRE, in Section 2.1.2.

In oceanography, several properties of the water bodies are measured and evaluated. One of
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these properties is the diffuse downwelling attenuation coefficient K, a function that character-
izes the decay in irradiance as a function of depth, and is wavelength-dependent [Mob94].

Oceanographer Nils Gunnar Jerlov measured this property for several water bodies and
oceans around the world [JER51, JF60, Jer76, Jer77|, giving birth to a classification of water
types based on absorption, extinction and this K coefficient. Those types are what we know
as the Jerlov water types.
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Figure 3.7: The 10 existing Jerlov water types, along with their measured coefficients and properties. In the top
row, the open sea waters, and in the bottom row, the coastal types, ordered in decreasing scattering to absorption
ratio (single scattering albedo).

Our version for their approximation accounts for attenuation and multiple scattering, both
in the light ray that reaches the surface and in the ray that goes from our camera to the surface.
It is worth mentioning that both in their original formulation and in our implementation, we
are assuming that there is a single light emitter, which is perpendicular to the water surface
(and thus, to the scene), pointing from above. This makes sense, since we are simulating oceanic
underwater scenes. We also assume that the scene materials (which would represent the oceanic
floor) are comlpetely diffuse, which is where our real-time spectral upsampling can benefit their
method the most, generating spectral responses instead of having to work with rough translations
from RGB values of the model’s textures. The formula for our approximation of their method
can be seen in equation 3.17:

o e KdOy o
1(0.) = R Km0 | 1)) Seos)] (37

There are several terms in this equation, which we proceed to explain in detail:

O: The position of our sensor.

y: Point in the oceanic surface where light gets reflected into our sensor or camera. Its
depth with respect to the water surface is noted as ys;.

w: The direction from the point in the surface to our camera sensor, normalized.

os: The per-wavelength scattering coefficient, in meters™!.

Jerlov water type.

This is measured for every
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Figure 3.8: A quick overview of the in-scattering approximation in underwater scenes.

e F(0): Incoming irradiance at depth 0, i.e the water’s surface. Oftenly uses a standard
emitter (the single light source in this type of scenes), like the D65 illuminant, meaning
that its irradiance depends on wavelength.

e K;: The aforementioned diffuse downwelling attenuation coefficient. Depends on the
Jerlov water type we are trying to render, as well as on the wavelength.

e O,: The depth our camera is currently submerged at. It can be seen as the y component
of the sensor position vector O.

e wy: The depth (height) difference in the direction pointing from the surface point to the
sensor. Can be seen as the y component of the (before normalization) w vector.

e 0;: The per-wavelength extinction coefficient, in meters™!.

Jerlov water type.

This is measured for every

e S: The distance along direction w that separates our sensor’s position O from the surface
point y.

e T'(point): Transmittance between the sensorand a point in the scene. We compute it using
the Beer-Lambert law, as seen on Equation 2.4.

e E(ys): Incoming irradiance at depth ys after attenuation, which stands for the depth of
our surface point. The formula for E(-) can be found in Equation 3.18.

e «: The albedo of our surface at point y. We use our uplifted spectral values.

e cosf: The cosine between our surface point y’s normal and light’s incoming direction.
Since we assume light coming always from the world’s up direction, this term can be
directly substituted by the y component of the normalized normal n vector.

E(y) = E(0)e Kav (3.18)

With this approximation for the VRE, we are able to render underwater scenes without
almost impacting our application’s framerate at all.

We will discuss further details in the performance and accuracy of our solution for underwater
scenes rendering in Section 5, where we talk about the results of our rendering process and show
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(a) Jerlov water type III. (b) Jerlov water type 9C.

Figure 3.9: Example of an oceanic scene rendered spectrally in real time with our pipeline under two different
Jerlov water types. To the left, type III water, turbid, open sea. On the right, type 9C water, very turbid, coastal.
Both are assuming an average human eye observer.

different comparisons in order to validate its functionalities and applicability to different industry
contexts.

3.5 Sensitivity curves

As a last note on our renderer’s implementation and details, we wanted to mention that we
enabled the ability to simulate different spectral response curves for our cameras.

We take advantage of the fact that spectral rendering produces an SPD (Spectral Power
Distribution) that we can multiply by any set of spectral response curves, like the CIE colour
matching functions, as we explained in Section 2.2, to achieve this.

We preload a set of spectral response curves for different sensors, including the CIE 1931
colour matching functions and other commercial cameras, mostly those popular in oceanography,
thanks to the work by Grigory Solomatov and Derya Akkaynak [SA23], who created a dataset
for the estimated response curves of over a thousand cameras. By preloading them, we can swap
them at runtime with no impact on performance, allowing for faster debugging times and better
visualization for the final users, avoiding the need to rerun the renderer when needed.
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) CIE standard observer. b) Sony DSC RX100-M7.
) Canon 40-D2. ) Canon 400-D2.

Figure 3.10: Comparison among different observers for the same underwater scene, rendered with our pipeline
implementation in real time. The camera response curves have been obtained from the work of Solomatov and
Akkaynak [SA23].
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mentation

So far we have offered a look into the theoretical foundations behind our proposed real-time
spectral rendering pipeline. In this chapter, we are going to dive deeper into the details of how
we managed to implement our rendering pipeline based on spectral upsampling.

We have named our final implementation of the renderer ”sRAT-RT”, which stands for
?Spectral Renderer for All-Purpose Tasks, in Real Time”. As the name suggests, we tried to
go for an implementation that could be used in different contexts, with a wider scope than just
this thesis. However, this is still an early version that would require more work to truly achieve
its purpose.

We will offer details on the design, the most relevant parts of the implementation, and all
the thought process and the decisions that we had to take during development, always trying to
make the renderer scalable to prove that it could grow into a production-ready software.

4.1 Tools selection

We began the project with a decent amount of experience in rendering, although almost all of
it was in offline rendering, mostly related to Monte Carlo path tracing algorithms. Real-time
rendering was a completely new landscape for us at the time of starting this thesis a few months
ago, which is also the reason we chose to dive into it. Fortunately, part of the knowledge is
transferable, like some material shading models, while other things like rasterization and the
different passes that are performed in the rendering process had to be learnt from zero.

Thus, the selection of the correct tools for developing the project was a critical task, since
making a wrong choice would cost more time than if we already had some experience. We had
two main options:

e Using a preexisting 3D engine, like Unity 3D [Tec05b], Godot [Fou07], Unreal Engine
[Epia, Epib] or Panda3D [Dis02].

e Building a rendering engine from scratch, using modern rendering APIs like OpenGL
[Gro92], Vulkan [Grol6] or DirectX [Mic95].

Both options presented many pros and cons. While using a preexisting engine can be seen as
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faster and more desirable, it is a double edge sword, since the codebase isn’t necessarily designed
to be modifiable to fit specific needs. Unity 3D has what it calls the Scriptable Rendering
Pipeline (SRP) [Tec05a], and Godot is free and Open Source, but still young, slightly unstable
and needs better documentation. Also, 3D engines have lots of features that aren’t required
for this project, like audio or physics engines, unnecessarily increasing complexity and potential

Q unity ¥ copor

w Game engine
UNREAL

ENGINE

b SirectX @ PANDA3D
(Vulkan penGL.

Figure 4.1: Some 3D engines, frameworks and APIs that we considered for our spectral rendering pipeline.

€error causes.

On the other hand, building from scratch a 3D engine is time consuming and it is necessary
to have knowledge on the chosen API. Furthermore, some of them aren’t compatible with every
system. For example, DirectX is only available for Windows platforms. The same happens with
Nvidia’s Falcor [KCK™22], a 3D framework designed for research, but unluckily only Windows
computers that have ray-tracing capable GPUs can use it. Additionally, in order to reduce the
workload in trivial tasks like 3D model loading or user interface and window management, we
would need to find libraries compatible with our tools of choice, in the case of opting for building
a 3D engine from scratch.

It was decided that we would go for an implementation in OpenGL, given that it’s one of
the oldest standards in the industry and could provide a good foundation for learning thanks
to the immense documentation and resources available online [dV16]. We also decided to use
C++ [Str79] as the language to operate the OpenGL API, given our experience on it.

4.1.1 OpenGL

OpenGL (Open Graphics Library) can be referred to as an API or a library, but it is a standard
specification that defines a graphics API and its behaviour. It is up to the manufacturers and
drivers developers to implement that behaviour in the way the find the most appropiate.

It is designed to behave as a great state machine that programmers can use or set as they
want, in order to enforce one behaviour or another.

Shaders that are executed in the GPU must be written in GLSL (OpenGL Shading Lan-
guage), a language designed for OpenGL shaders which has a similar syntax to basic C, adding
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penGL.

Figure 4.2: The logo of OpenGL.

some features like vectorial and matrix data types, and also enforcing many limitations related
to GPU architecture and memory layout.

As we foreshadowed, additionally to OpenGL and C++ we incorporated into our project
several libraries to reduce work on tasks that were orthogonal to the main point of the renderer,
which is spectral rendering. These tasks include 3D model loading, OpenGL function wrapping,
creating and managing windows, and creating a small user interface to control the test programs.

The list of libraries we used is the following:

4.2

mINT for reading and writing .ini configuration files [Dur24].
Tinydir for quickly traversing directories and reading their contents [tin24].
Assimp for quickly loading 3D models in different file formats [ass24].

Glfw was our choice library for window creation and management, specifically targetted
at OpenGL [glf24].

GLAD is a library that helps managing some of the low-level work behind OpenGL. Since
OpenGL is technically a specification, several slightly different implementations exist for
the same version, depending on the hardware and software manufacturers. GLAD helps
making those differences transparent to us [gla24].

STB Image is a library targetted at loading and saving images in different file formats.
We used it to manage texture loading, as well as saving screenshots of our results [sth24].

GLM, also known as OpenGL Mathematics, is a mathematical library that allows us to
use different basic types like 2D, 3D and 4D vectors and matrices. It is specifically designed
to be used with OpenGL code and GLSL shaders [glm24].

Mitsuba 3, a research-oriented, multi-purpose offline renderer available for free that is
physically based and oftenly used as ground truth for performing validation and compar-
isons [JSRT22b].

RenderDoc, a debugging program that allows to profile the rendering process, as well
as enabling visualization of some intermediate rendering stages and their partial results.
With this program we performed most of the debugging tasks [Kar24].

Forward and deferred shading pipelines

When designing the rendering pipeline, we wanted to make it flexible and capable of offering
the same range of features a modern one. In real time rendering, there are two main ways of
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rendering objects in a scene: Forward shading and deferred shading [DWS*88]. Each one has
its own positives and negatives.

Forward shading has been for long the traditional way of shading objects, performing all
the calculations in a single pass and directly offering a final pixel colour as a result. It also
allows for easy implementations of algorithms like those focused on anti-aliasing [JESG12]. Its
main downside is that it doesn’t get any information about the scene’s geometry, which results
in wasting lots of time doing lighting calculations for fragments (potential final pixels in the
image) that are not going to appear in the final image. Additionally, its cost is around O(f *1)
for a scene with f fragments and [ lights.

Deferred shading, on the other hand, handles lighting differently. As its name indicates,
it defers those lighting calculations to a second pass. Its first pass collects information on the
scene’s geometry on a data structure called the G-Buffer, and does so on a per-fragment basis.
This way, we can have access to the position, normals and other variables of the fragments that
are going to be shaded on the second shading pass, having discarded the rest on the first, cheaper
pass. Lighting cost is decreased to our rendering resolution times the amount of lights, O(px *1),
with pr being the number of pixels in our screen. There are some downsides to this approach,
like for example having only one shader for all the materials. We can have different materials by
implementing an ID system in any buffer, such as the stencil buffer, a programmer-controllable

buffer that can store arbitrary information. As we explain later, we implemented this ID system
in the G-Bulffer.

Vertex Fragment
Shader SEGE —

Forward Shader Final Screen Buffer Screen-Space Quad

Vertex = Fragment
Shader Shader |

Vertex Fragment
mad Shader Shader [am g

Material Shader Lighting Shader Final Screen Buffer

Figure 4.3: Comparison between forward (top) and deferred shading (bottom). Each shader (program that lives
in the GPU composed of two stages called vertex shader and fragment shader) execution represents what is known
as a pass or draw call. Deferred shading only requires rendering two more triangles than forward shading due to
the second pass being in screen-space one, which is a negligible cost.

Given that our rendering process needs to upsample the reflectance for every fragment, it
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makes more sense to do it only for the actual fragments we need to render, instead of the
ones we will have to discard for being occluded by other fragments. Since spectral upsampling
comes with an associated temporal cost (see Section 4.4 for details on texture lookups), heavily
reducing the number of fragments we have to compute lighting for is a great optimization by
design that we can use.

With this information, we decided to go for a deferred shading approach, resulting in at least
2 passes over the scene’s geometry. We detail in the following sections anything necessary to
understand our implementation for the rendering pipeline itself, including the material models
and the contents of our G-Buffer.

4.2.1 Our rendering pipeline: Render passes

We have already discussed that we would use the deferred shading technique in order to reduce
the costs associated to our upsampling process. Now, we offer more insight into the implemen-
tation of our final rendering pipeline. Please, note that when we refer to a render pass, we
are referring to the process of passing the scene through the entire rasterization pipeline, for
a different purpose each time. Some passes are destined to collecting geometrical information,
while others only perform colour corrections over the results of previous passes.

Most of this work could be done in a big, single rendering pass, but we elected against this
approach since it would hurt modularity and extending some rendering techniques would be
extremely difficult. Most industry renderers also perform several rendering passes with this in
mind, effectively combining deferred and forward rendering depending on the intended appear-
ance for each material.

First pass: Filling the G-Buffer As we have implemented it, we have the first two passes:
In the first one, we process all the geometry in the scene to fill the contents of the G-Buffer
with the necessary geometric and positional information that the next pass will need in order to
carry out the actual rendering. The contents that we allocate in our G-Buffer are the following:

World-space positions for each fragment.

World-space normals for each fragment.

Albedo reflectance (sampled from the corresponding textures) for each fragment.

Other relevant per-material information (See Section 4.5 for details).

A visualization of the contents of our G-Buffer can be seen in Figure 4.5.

Second pass: Shading proper It is not until the second pass that we carry out any spectral
rendering. Here we can read all the information we deposited into the G-Buffer during the
previous pass and carry out the rendering as we know it. In this stage of rendering, we get other
data passed into our shaders, like the look up tables we use for performing the upsampling step,
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Figure 4.4: Diagram of our 4 render passes and the functions performed in each one. As we show, the actual
rendering takes place in our second pass (in blue), which is where most of our explanations focus on. The first
pass (in pink) is needed for geometrical information in deferred shading, while the fourth pass (yellow) exists for
RGB to sRGB gamma () conversion and further post-processing techniques.

information about the response curve we want to apply, which wavelengths we want to select
for the spectral rendering, and so on.

After getting all that data passed, we carry out the spectral rendering as explained through
the last Chapter. The implementation details for the most relevant rendering steps (material
models, underwater rendering, etc.) are detailed in the following sections.

It is worth mentioning that, since we have all the information we need, we can omit the
geometry, saving lots of processing time and power. For that end, we render a screen-space
quad composed of two triangles on which we project the final render. We don’t even need to
create a mesh with two triangles and store it somewhere, since we can create it on the fly in our
vertex shaders.

Third pass: Forward pass We aimed for a renderer that was able to reproduce industry-
level results. For that end, we also allow for an additional render pass that uses forward shading,
in case that the need for implementing a technique (i.e antialiasing) that works better under
forward rendering.

In order to correctly perform a forward pass after the deferred ones, we needed to copy the
contents of the depth buffer from the first two passes into the buffer for this new pass, so that
depth gets accounted for and we don’t draw some objects on top of others, producing incorrect
results, as we illustrate in Figure 4.7:
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(a) G-Bufffer texture that stores the world-space position of (b) G-Bufffer texture that stores the world-space normals of
fragments in our renderer. fragments in our renderer.

(c) G-Bufffer texture that stores the albedo reflectances of
fragments in our renderer.

Figure 4.5: Reference figure for our G-Buffer when rendering a scene in our implementation. We store in it
per-fragment geometrical information of the models to render, as well as other information like the IDs of the
material associated to the model appearing in each fragment.

(a) Incorrect depth information leads to objects rendering on  (b) Copying depth buffer information from the deferred light-
top of each other when they shouldn’t. ing pass to the forward pass returns correct results.

Figure 4.6: Comparison between renders with incorrect depth and correct depth information. On the left, we
don’t consider the depth information of the deferred pass for the forward pass, while on the right we copy the
contents of the depth buffer, resulting in a correct results where lights are rendered on top of the objects only
when necessary.
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However, we ended up not needing to perform any forward shading and deferred shading
sufficed for all our needs in our final implementation. However, we chose to leave it for future
extensions of the code, to make it easier supporting new features like the already mentioned
antialiasing.

Fourth pass: Postprocessing pass After being done with the rendering, we obtain an image
in RGB colour space. The main problem is that usually displays need the images to be encoded
in SRGB colour space. The sSRGB colour space is an alternate version for the RGB one, where
colours are gamma corrected to account for nonlinearities in human perception of brightness.
This is, for a given colour ¢ with channels r, g, and b, we obtain the gamma-corrected colour ¢’
as ¢ = {c.r, c.g,c.b}/7. Common values for v are 2.2 or 2.4.

(a) Result of our rendering pass, in linear RGB colour space. (b) The same render in perceptually-linear sSRGB space.

Figure 4.7: Comparison between the output of the spectral rendering before and after performing gamma correc-
tion in the postprocessing pass. We use a value of 2.2 for our correction parameter +.

We perform this step in an additional render pass, that we can also use for other colour
correction and postprocessing operations, like Reinhard tone-mapping [RSSF02] if we have HDR
values in the image, posterization, dithering, and so on. Keeping it separate from the rest of our
rendering process allows us to obtain a clean and modular code that will be more mantainable
and extendable in the future. In our implementation for this thesis, we only need to apply the
sRGB mapping and no other colour correction operands have been applied to our final images.

4.3 Wavelength sampling implementation

We discussed the main details of our uniform wavelength sampling in Section 3.1, and now we
offer some details on how we made it work within our renderer.

Since we are aiming for real-time performance in our implementation while keeping the high-
est possible precision in our results without impacting the framerate, being able to experiment
with some parameters is vital. The parameter with the biggest influence over both our final
framerate and the quality of the final image is the number of wavelengths we want to use for
rendering our scenes, n,,s, as we mentioned when explaining the use we gave to the rectangle
rule in Section 2.2.1.

Thus, our implementation should be able to dynamically change the number of wavelengths
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we use for rendering if the users want to. It would also allow us to prototype and debug faster,
and during the validation and data recollection stage of development. We control this 7,
parameter from the user interface we added into the application.

The main challenge we faced when implementing this part of our pipeline is that GLSL
shaders don’t allow allocating a varying number of elements (array of n,,s floating point numbers
representing wavelengths in this case) as a uniform variable. We had two choices to circumvent
this:

e Assign a fixed size to our wavelengths array, at the risk of overshooting and keeping that
memory unusable for other textures and variables, or undershooting (even though this is
unlikely if we want real time performance).

e Allocate the wavelengths in a texture, since they don’t present any size limitations.

The second option made more sense, in order not to misuse memory space. This way, at
the beginning of the execution and every time users change the number of wavelengths (n,s
as we mentioned in Section 3.1) they want to render with, a new one-dimensional texture gets
generated in the CPU side of the program with as many texels (texture pixels) as wavelengths we
want to sample, storing the resulting wavelengths (in nanometers) in the red channel, GL_RED.
We also need to disable texture interpolation in order for this workaround to work properly
(otherwise it wouldn’t behave as an array). This is not slow, as it could appear at first sight,
since we are generating at most 200 texels and 8 to 24 in average, and we only do so every time
users want to change the parameters, instead of doing it every frame.

37468 404.06 43343 46281 43218 521.56 55093 580.31 609.68 78593 815.31

Figure 4.8: An example showing 16 wavelengths chosen uniformly in the range of 360 to 830 nanometers.

For now we only allow performing uniform sampling (as explained in Section 3.1), but we
have prepared our program to allow for other strategies in case we extend our work in that
direction in the future. We are conscious that performing uniform sampling in the CPU might
be slower than letting the shaders in the GPU handle everything, but for other more complex
strategies that might need to take into account temporal information it’s the better choice. So,
it is a design decision looking into the future of our implementation instead of its current state.

As a final note, we should mention that we locked the number of wavelengths to be always
a multiple of 4, in order to leverage the SIMD (single instruction, multiple data) nature of
GPU instructions that allow using vectorial types, like vec4 in GLSL. In figure 4.9 we show an
example on how the uniform wavelength sampling behaves over the visual spectrum (in this case
the CIE 1931 colour matching functions).
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Figure 4.9: Example of how the uniform wavelength sampling behaves over the visible spectrum. The two lines
in purple represent our thresholds for spectral rendering, wlm:in and wlmq., while the white lines represent our
chosen wavelengths for varying values of n,,s. From top to bottom: 4, 8, 12 and 16 wavelengths.

4.4 Spectral upsampling implementation

In Section 3.2 we explained the basic concepts behind spectral upsampling. To sum it up,
spectral upsampling allows us to go from RGB reflectance values in regular material textures to
spectral coefficients that we can use in a spectral rendering environment.

We also mention that we take as a starting point previous work by Jakob and Hanika [JH19],
where they present a method to optimize the upsampled spectra to minimize error, generating
smooth spectra from 3 coefficients that encode the smooth spectra via a sigmoid function. Those
3 coeflicients are the values they optimize, storing them in 3D look up tables.

Our main contribution consists in validating the usability of their optimization for real-time
rendering, enabling the use of RGB assets in real-time spectral rendering. For that end, we load
those coefficient cubes into 3D textures, a native type offered by OpenGL.

Since OpenGL supports 3D textures as a native type, we only have to care about reading
the files that store the coefficient tables correctly for the texture creation step, something we
only do once at the beginning of the renderer’s execution, and sampling them appropriately in
our fragment shader at each frame. Most of the GLSL shader code we use for our upsampling
process is actually a direct translation from the original C code and the pseudocode in the paper.

There is, however, a small catch; a direct consequence of Jakob and Hanika’s design, as
we mentioned in Section 3.2. Since the brightness («) dimension in the 3D tables presents
a nonlinear mapping, we can’t rely on OpenGL’s automatic texture interpolation. We had to
disable it and manually perform a trilinear interpolation, which means that we need to perform 9
texture lookups in the fragment shader instead of relying in OpenGL’s interpolation, which most
likely is much more optimized than our manual method but can’t know about this dimension’s
nonlinearity, introducing additional overhead.
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Figure 4.10: A visual depiction of trilinear interpolation, for which up to 8 texture evaluations are necessary,
which in the figure would correspond to points Cooo, C100, C110,Co10, Coo1, Cir01, C111 and Coi1.

This problem could be mitigated by modifying Jakob and Hanika’s table generation imple-
mentation so that the colour brightness o dimension is linear, at the cost of losing precision in
the extremes, which present a bigger variability (as we told in Section 3.2. Additionally, this
could be mitigated again by increasing the resolution of their tables, currently set at 64x64x64
triplets of 3 floating point values (4 bytes each). As it can be easily seen, this option would
increase in a cubic manner the memory usage within the fragment shader, and since we want
the uplifting step to be as lightweight as possible, we chose against modifying the resolution. In
the end, we would have to make sacrifices and reach a compromise.

It could be interesting to benchmark the impact on performance of varying resolutions, to
try and find the best possible compromise between time lost in texture lookups and memory
usage due to the texture’s resolution, but for now we are not interested in getting a perfectly
optimal implementation, instead we focus on getting a working one that shows that this uplifting
technique is usable in real time and that it can be used along other spectral rendering techniques.

4.4.1 Rendering with the upsampled reflectances

In practice, we first fetch the 3D textures with the RGB albedo values we saved in our G-Buffer
and save the obtained coefficients, and then we begin the spectral rendering. During it, we
iterate through all our chosen wavelegnths that we stored in a 1D texture previously. For each
wavelength we apply the sigmoid reconstruction to the coefficients we computed in order to get
the spectral response to a specific wavelength. After that, we evaluate the corresponding material
model with the current wavelength, we multiply the resulting radiance by its corresponding
spectral response (we discuss the implementation of response curves in Section 4.7), and we
accumulate that final value in a sum.

When we’re done iterating over all the necessary wavelengths, we perform a last division on
the accumulated value that completes our Riemann sum. Internally, we convert everything into
the XYZ colour space, so the last step in this render pass is converting back to linear RGB. We
detail this process later, after explaining the implementation of the process of applying sensitivity
curves, since both are dependent on each other. We describe the process in Algorithm 2.

43



4. Real-time spectral rendering pipeline implementation

4.5 Material models implementation

In Section 3.3 we discussed the material models that we would use in our renderer. We also
discussed that we found their use appropiate, since we could enable the evaluation of these
material models under spectral contexts even though the materials themselves are authored
using RGB resources.

Now, we offer more insights on the implementation details. More concretely, we are going
to discuss the G-Buffer layout, and how we managed to support different materials with a
screen-space deferred pass that is common to all of them through the use of material IDs.

4.5.1 Lambertian diffuse material model in our renderer

As we introduced in Section 3.3.2, this is a rather simple material model, and for implementing
it we only require a single albedo texture along with the corresponding material ID (which we
have decided to set as 3 for this material) for our lambertian BRDF’s implementation. We store
the albedo RGB texture and the material ID in the G-Buffer in our first pass, and later we do
the lighting calculations in our screen-space shader, according to equation 3.8. The G-Buffer
layout for this material looks like the representation in Figure 4.11.

WORLD POSITION ID=3

WORLD NORMALS -

ALBEDO -

Unused

Unused

Unused

Unused

Unused

Figure 4.11: Data layout inside the G-Buffer upon evaluating a diffuse material model. Less parameters are used
than for Cook-Torrance materials. We’re also multiplexing some textures so that they hold different information
depending on the colour channel. Parameters in black are common for all materials, and no specific parameters
are required for this material. The material ID is fixed to 3. We leave space in the G-Buffer for possible future
extensions that might need to use those textures.

4.5.2 Cook-Torrance material model in our renderer
As we have shown in its theoretical section (Section 3.3.2), this material model is extremely

useful and powerful, and can be used to model the appearance of several materials and surfaces,
while depending on few parameters. As a reminder, these are:

e Albedo, its diffuse component colour, can be RGB or spectral after uplifting it.
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e Metalness, which is oftenly referred to as metallic.
e Roughness, which determines the microfacet distribution.

e Fp, which in our case is always equal to 0.04, since it adjusts well to most cases.

These parameters (except Fj) can be passed to our shader as textures, so that they are
positionally dependent inside the G-Buffer on the model we want to render. This is the standard
for most PBR pipelines. As we mentioned in Section 4.2.1, we also include information on the
screen space normals of the geometry, to save in detailing that otherwise should be included in
the model’s geometry.

We the necessary textures in our G-Buffer in the geometry pass, and render the final image
in the second lighting pass. This means that we need to have two shaders for this material.
One, corresponding to our PBRMaterial model class that sets the G-Buffer textures and values
accordingly, and another shader to light the scene. As it commonly happens with deferred
rendering, the second shader, the one responsible for doing material lighting, has to deal with
not knowing which material it’s lighting. Therefore, it has to be a single shader for every type
of material, and not a per-material shader. In industry settings it is called a supershader or
ibershader. We handle this by storing a material ID in the alpha (transparency) channel of our
world positions texture in the G-Buffer, which is normally unused.

WORLD POSITION ID=2

WORLD NORMALS Metallic

ALBEDO Rough

Unused

Unused

Unused

Unused

Unused

Figure 4.12: Data layout inside the G-Buffer upon evaluating a Cook-Torrance material model. More parameters
are used than for Lambertian diffuses. We’re also multiplexing some textures so that they hold different informa-
tion depending on the colour channel. Parameters in black are common for all materials, while in red are specific
for this one. The material ID is fixed to 2. We leave space in the G-Buffer for possible future extensions that
might need to use those textures.

4.6 Oceanic Underwater Rendering Implementation

Earlier, in Section 3.4.1, we talked about how we built upon the previously existing work of
Monzén et al. [MGAM?24] for spectral rendering of underwater scenes in real time. In this
case, by combining their technique with our real-time spectral upsampling we can achieve better
results by being able to also render spectrally the models in the scene which are assumed to
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4. Real-time spectral rendering pipeline implementation

be diffuse when underwater. Since we assume them to be diffuse, their main property is the
reflectance we are upsampling into the spectral domain.

For implementing their analytical approximation of volume rendering along with our spectral
upsampling pipeline, we needed to load and pass some data into our shader:

e The absorption coefficient o, corresponding to the desired Jerlov water type.

e The extinction coefficient o; corresponding to the desired Jerlov water type.

e The diffuse downwelling attenuation coefficient K; corresponding to the desired Jerlov

water type.

As a reminder, all this data is wavelength-dependent, so we encoded everything in textures
for our OpenGL implementation. We also enabled rendering an RGB version of the scenes and
the water types, so we also passed the same data as RGB triplets.

We also allow users to increase and decrease the values of these coefficients in the scene from
the graphical interface, as well as allowing them to change the depth we are simulating, making
the scene appear clearer or darker, depending on how close to the water surface we want to
simulate our scene to be.

render_mode

ngths

power_rmulE_light

Absorption multiplier
atkering multiplier

multiplier

Water depth

Reload all sh

Figure 4.13: Our graphical user interface for controlling several parameters of our scenes, including multipliers
for the water scattering, absorption and diffuse downwelling attenuation coefficients.

There was one main issue with our implementation for underwater rendering, however. Since
the scenes in this renderer aren’t the real world, we can be staring into the void, which with our
deferred shading pipeline would mean that we can get [0,0,0,1] as our fragment position’s vecs
value in the respective texture in our G-Buffer. This means that we can’t recover a position for
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4. Real-time spectral rendering pipeline implementation

those fragments in the infinity, when it should be our camera’s far plane (the plane that sets
the limit of how far our camera can see). We had to find a workaround for this specific case.
Our solution was to use the depth buffer from the first deferred pass to recover the fragment’s
positions only when they were in the void (and with fog toggled on, since it’s the only time we
care about them). For this, we needed to recover the depth buffer from the deferred geometry
rendering pass, and pass it as a new uniform variable to our shader. We also needed to pass the
inverse view and the inverse projection matrices of our camera, which we can get by inverting
the original ones that we compute at each frame.

4.7 Applying sensitivity curves

One of the last steps in our spectral rendering process is applying a sensitivity curve to our
obtained spectral distributions, in order to get a final set of RGB values for our pixels, which we
later convert to SRGB (See Section 4.2.1) in the post-processing pass, our actual last step. We
have commented the theory behind this step in Section 3.5. This way we can simulate how our
scenes would look like if they were being seen from different observers, like different cameras or
the average human eye.

In order to allow users to swap observers at runtime for visualization purposes, we decided to
load several . csv files containing the aforementioned response curves (See Section 3.5 for details
on these curves), and let them decide which one to use from the application’s user interface.

To make this approach work, we had to convert every response curve into a one-dimensional
texture with 3 components that represent the response for red, green and blue at each wavelength
(we also consider the case that the curves are in the XYZ colour space) that we can send into our
spectral rendering pass. We also have to enable linear interpolation in these textures, otherwise
we’d be introducing error in our results.

Once we have loaded all the data we need, the actual process looks like the following;:

Algorithm 2 Overview of our spectral rendering algorithm, including application of sensitivity
curves, outputing a linear RGB image. Runs in the fragment shader of the deferred shading
pass. See figure 4.4 for details on our rendering pipeline.

lut_coef fs < fetch_table(gbuf fer_stored_albedo) > Algorithm 9
fori = 0; i < nys; i++ do
A« fetch_tex(wavelengths_tex)
upsampled_spectral_response < Sigmoid(lut_coef fs, \) > Equation 3.7
L, + material_model _eval(X\, upsampled_spectral _response)
{Z,9,z} < fetch_tex(response_curve, \)

Lo+ L, -{z,y,z} > Equation 2.6, part 1
end for
colourxy 7 + LOWM > Equation 2.6, part 2
colourxyz < normafige,Y(colour XyZ) > This way we get LDR colours
colourpap < XY Z to_RGB(colourxy z)
return colourpgp > Gamma correction to sRGB in postprocess pass
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4. Real-time spectral rendering pipeline implementation

In summary, we perform our spectral rendering and right after computing each wavelength’s
spectral radiance, we multiply it by the curve’s response at that same wavelength, taking ad-
vantage of our iterative implementation. After accumulating this responses for all the n
wavelengths we're integrating over, we perform the final division for our rectangle rule integra-
tion. By applying the responses as we accumulate reflectances across the visible spectrum saves
us from accumulating twice in two different loops.
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So far we have presented both the basis of our approach to real-time spectral rendering and
our implementation for it, giving details and explaining some of the decisions we made during
design and development.

Now, we validate our implemented pipeline. For this, we devised several test scenarios
and that will help us in getting a grasp of the performance of our approach, as well as its
strengths and weaknesses. Through this section we present several tests we made, to validate
our pipeline’s performance and results, by employing both quantitative and qualitative metrics.
We will provide insights and discuss our findings through this chapter, as well as the methodology
we followed and the concepts it’s based on.

5.1 Quantitative validation

Our first step was performing a quantitative validation to confirm that our obtained synthesized
images had the necessary quality to be used in real industry-level contexts. To perform such
a quantitative validation, we needed to establish both a baseline to compare us to, as well as
performance metrics that could give us an idea of how our real-time version behaves with respect
to the baseline. We explain both of them before diving into our results and findings.

Mitsuba 3 [JSR*22b] is a non-biased, Monte Carlo-based path tracer commonly used for
scientific purposes, such as testing new methods and approaches, or for acting as a ground
truth. That, added to the fact that it employs exactly the same spectral upsampling method
as we decided to adapt to real-time rendering (Jakob and Hanika’s approach [JH19]), it is the
perfect baseline for our measurements. With it, we can obtain stochastic analytical solutions to
the render equation (See Section 2.1.1 )that will act as our ground truth images.

We are going to use Mitsuba’s spectral variant results to compare against our real-time
spectral implementation. To offer more perspective on the obtained measurements, we also
implemented in our renderer the ability to perform RGB rendering. We will also compare those
results against Mitsuba’s baseline results.
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5. Results and discussion

5.1.1 Naive upsampling strategy

Additionally, to offer more ground for comparison with the results obtained by performing
spectral upsampling, we also devised a straightforward but naive upsampling strategy, which we
will compare against the other results. For a given reflectance r = {ryed, I'green; I'blue } in RGB,
the returned spectral reflectance £(\) for a given wavelength A is determined as in equation 5.1:

Towe — if A € (=00, A1)
f'(A) = T'green it A S [)\thly )\th2] (51)
Tred if e ()‘th27 OO)

Where A1 and Ay are two thresholding values. Instead of performing some optimization to
find the optimal values for them, like Jendersie did for volumetric coefficients [Jen21], we set them
in an arbitrary manner to Asp1 = 495nm and Ao = 570nm, values that map approzimately to
the threshold between our perception of blue and green, and green and red colours, respectively.

a) Scene rendered using the naive upsampling technique tak- (b) Scene rendered using our regular upsampling method tak-
mg 8 wavelength samples. ing 8 wavelength samples.

) Scene rendered using the naive upsampling technique tak- (d) Scene rendered using our regular upsampling technique
mg 140 wavelength samples. taking 140 wavelength samples.

Figure 5.1: Comparison between spectral rendering with our naive upsampling and regular upsampling in our
real-time renderer. Some discrepancies in coulours can be spotted if observed closely, especially by looking at
the two topmost green spheres, the three blue spheres in the top left corner, or the four spheres in the top right
corner. It can also be seen that, as we increase the number of wavelengths, energy isn’t conserved with the naive
approach, take for example the orange sphere in 5.1c.

The idea behind this is that this upsampling should perform decently in regular situations,
when presented with smooth and uniform spectra, but when presented with peaked spectra its
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5. Results and discussion

results should crumble. In Section 5.1.3 we delve deeper into this matter.

5.1.2 The CIE AE*2000 perceptual error metric

For this quantitative validation step we propose the use of several metrics, such as MAE (Mean
Absolute Error), which are computed for each pair of pixels between the reference and the real-
time techniques. However, these metrics are computed in the final colourspace, so a different
more perceptual metric can help build a better understanding of the perceived difference by a
human.

Hence, we introduce the usage of the CIE AE*2000 metric [SWDO05]. It is a perceptual error
metric built on top of its previous iterations over the years, indicating that its maturity, validated
by the wide use it’s given in colorimetry and colour sciences. This metric works on L*a*b*
colour space and mainly aims to correct some inconsistencies on its predecessors (CIE AE*76
and CIE AE*94). Those inconsistencies include some brightness perceptual nonlinearities and
adjustments for certain shades of blue by introducing new parameters and coefficients.

The CIE AE*2000 metric ranges from 0 to 100 depending on perceptual colour similarity,
or how alike or different two given colours look to the human eye. More precisely, the scale is
as follows:

o If the resulting value is less or equal than 1, the two compared colours are indistinguishable
from one another. This is what it’s called a just noticeable difference (JND).

e For values in between 1 and 2, the difference is barely perceptible through very close
observation.

e For values ranging from 2 to 10, the colour difference is considered to be perceptible at a
glance. The closer to 10, the faster it is to distinguish both colours from one another.

e For values from 10 to 49, the colours are more similar than opposite.

e Values greater than 50 and up to 100 indicate that those colours are almost opposites, or
complete opposites.

5.1.3 Obtained results and findings

After explaining the basics of our testing environment and the error measurements we aim to
compute, it is time to move on to the experiments themselves, along with discussion of the
obtained results.

Scene 1: Underwater coral reef We compared our implementation against Mitsuba’s path
traced ground truth across different scenes, trying to simulate different relevant scenarios. We
start our set of comparisons with an underwater oceanic scene, where we simulate different
increasing depth values to check the effect of it on the reflectances of the scene models. A scene
with high scattering dependency will help us understand the impact of this type of participating
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5. Results and discussion

media over the reflectance values that lie within the volumes. In this particular case, the impact
of the water scattering over the ocean floor’s upsampled reflectances. We can see the results in
Figure 5.2, along with two histograms for the average AE*2000 and MAE in Figure 5.3.

Reef scene, Jerlov | water, XYZ response Curves

depth=1m depth=5m depth=10m depth=20m depth=50m

Spectral
Path Tracer (GT)

RGB

50

difference

(Ours)

50

Absolute Spectral Uplifting Absolute
difference

Naive
Upsampling

50

Absolute
difference

Figure 5.2: Our reef scene (CIE XYZ response curves simulating the human eye, D65 illuminant for the directional
light, water is Jerlov type I, 200 wavelength samples used), compared against Mitsuba’s path traced ground truth
(top row) for varying simulated depths within the water body, increasing from left to right. We show our renderer’s
real-time computed RGB renders (second row), spectral renders obtained with our real-time spectral upsampling
technique (fourth row), and finally spectral renders obtained with the naive upsampling technique (sixth row).
Third, fifth and seventh rows show the image absolute difference values between the row on top of them and the
corresponding ground truth in the first row, ranging from 0 to 255. We also offer the average MAE and CIE
AE*2000 between image pairs.

As the third and fourth columns in 5.2 show, RGB rendering is unable to handle correctly
the wavelength-dependent behavior of scattering and extinction that takes place within the
water body. In the fifth column the effect is attenuated due to both images being darker as
a consequence of depth and absorption, and not because the RGB rendering method regains
accuracy.

Regarding spectral upsampling, our real-time approach beats the other two options in MAE,
followed closely by the naive upsampling, and the opposite for the CIE AFE %2000 metric, where
there’s almost a tie. Since our upsampled reflectances only apply to materials in the scene, we
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(a) Average CIE AE 2000 for the image comparisons we (b) Average MAE values for the image comparisons we per-
performed in Figure 5.2. formed in Figure 5.2.

Figure 5.3: Averaged perceptual error (left) and MAE (right) for the images rendered with our pipeline, compared
to the path traced ground truth. As a reminder, image differences range from 0 to 255.

have no control over the behaviour of the water body that partially occludes the space between
the camera and the models to which we apply the materials. This means that the medium will
hide the final colours in the scene, affecting the measurements. The more turbid the water, the
more tinted with its colour the final scene will be, instead of those colours of the objects behind
it, which in this case are the coral and the ocean floor. For example, a type 9C water according
to the Jerlov classification would need much shallower depths to completely hide the oceanic
floor in our scene.

If we take a look into the histograms in Figure 5.4, we can see that for shallow depths the
distribution of the errors looks similar among the 3 techniques. For 5, 10 and 20 meters deep,
RGB distributions adopt a completely different shape, while the ones for both spectral rendering
techniques present similar shapes. We also notice that, given a sufficiently high value of depth,
such as 50 meters, error distributions begin to converge towards the same distributions. This is
probably due to the scattering and extinction that take place in the water body, as we mentioned
earlier.

Scene 2: Lambertian spheres under the standard illuminant Given that our first
test scene was highly dominated by wavelength-dependent phenomena like scattering, RGB
rendering was unable to correctly reproduce the colours in the medium, while both upsampling
methods could match more faithfully the ground truth. For our second scene, we used a modified
version of the spheres scene we’ve shown in previous figures (for example, Figure 5.1). Since
our implementation doesn’t support shadow mapping because it was not the focus of our work,
we wanted to prevent the floor and back wall planes from showing any shadows in our ground
truth render, knowing that path tracing can naturally account for occlusions and shadows.

The target of this scene is to validate how far can our upsampling be from our ground truth
under almost ideal conditions. With this in mind, we rendered the scene simulating an average
human eye response (using the CIE XYZ response curves), under a standard D65 illuminant,
which, as a reminder, acts as the white point for the RGB colour space. Figure 5.5 allows for
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Reef Scene, RGB Images
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(a) Histogram for the Mean Absolute Error (MAE) values between our RGB renders and the baseline path traced render.
Reef Scene, Spectral upsampling Images
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(b) Histogram for the Mean Absolute Error (MAE) values between our spectral renders that use our spectral upsampling
and the baseline path traced render.
Reef Scene, Naive Upsampling Images
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(c) Histogram for the Mean Absolute Error (MAE) values between our spectral renders that use the naive upsampling
technique and the baseline path traced render.

Figure 5.4: Histograms showing the Mean Absolute Error distribution for the images we rendered for comparison
in Figure 5.2. On the top row we show the RGB renders, while in the middle row we show the spectral renders that
employ our spectral upsampling approach, and the bottom row presents those that leverage the naive upsampling
approach. Depth increases from left to right.

visualizaiton of the image differences, while Figure 5.6 shows in a more data-oriented manner the
average values for the errors. We have a look at the histogram distributions for mean absolute
errors in Figure 5.7.

With the comparison in Figure 5.5 we see that in this case, our spectral rendering method
handles the scene better than the other two approaches. This might be due to the fact that it is
an ideal scenario with perfectly diffuse materials with only one RGB colour, and the illuminant
for the scene is the white point for the RGB colour space. RGB rendering behaves in an erratic
manner, since it returns the best values for CIE AFE % 2000 among the three images (even
though it’s pretty close), but its MAE metric is too high, indicating numerical imprecision in
the method.
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Spheres scene, D65 Illuminant, XYZ response Curves

RGB

Spectral Uplifting (Ours)

Naive Upsampling

Our result Image absolute difference

Figure 5.5: Our scene with 3 rows of 5 spheres each, rendered under the D65 illuminant and assuming a camera
response equal to the average human eye (CIE XYZ response curves). We take 200 wavelength samples for our
renders. Each row in the plot represents a comparison with our ground truth image, rendered with Mitsuba. In
the left columns we can see the real-time renders we obtained for (from top to bottom) RGB rendering, our real-
time spectral upsampling and the naive real-time upsampling method. On the right column, the image absolute
differences between the images in the left column and Mitsuba’s ground truth. We also show the per-image values
for the MAE and CIE AFE % 2000 error metrics.

Looking at the other two upsampling strategies, we see that our approach behaves better
in general, but the average values are brought down by a single colour, corresponding to the
yellow sphere in the middle of the image. Regardless of this, our method can still outperform
the naive upsampling approach both in CIE AFE % 2000 by a small margin, and in MAE by a
highly representative one.
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(b) MAE values for the image comparisons we performed in

Figure 5.6: Perceptual error (left) and error (right) for the images rendered with our pipeline for Figure 5.5,
compared to the path traced ground truth we obtained with Mitsuba. In this case, RGB beats the other two
methods, mainly thanks to our choice of illuminant and the lack of wavelength-dependent phenomena in the scene.
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traced render we obtained with Mit-
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(b) Histogram for the Mean Abso-
lute Error (MAE) values between our
spectral renders that use our spectral
upsampling and the baseline path
traced render.
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(c) Histogram for the Mean Abso-
lute Error (MAE) values between our
spectral renders that use the naive
upsampling technique and the base-
line path traced render.

Figure 5.7: Histograms showing the Mean Absolute Error distribution for the images we rendered for comparison
in Figure 5.5. On the top row we show the MAE distribution corresponding to the RGB renders, while in the
middle row we show it for the spectral renders that employ our spectral upsampling approach, and the bottom
row presents it for those renders that leverage the naive upsampling approach, or RGB rendering.

Upon more detailed inspection of the mean absolute error distributions in the histograms in
Figure 5.7, we see that MAE appears to be clustered around 4 groups in each of the approaches.
This makes sense, since it’s most likely correlated with the incidence angles of light in the surface
of the spheres. We can also appreciate that in the RGB render there’s more pixels that present
either very low or very high values for MAE, suggesting a higher variance. Hence, it is advised
to take the results with a grain of salt.
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Scene 3: Blue LED As we commented, RGB outperforming both spectral upsampling tech-
niques (even though it’s by a small margin) on the second scene might be due to the fact that
the D65 spectral power distribution (See Figure 5.8) presents a smooth (with no spikes), rather
uniform appearance, which can also explain why the naive upsampling strategy hasn’t behaved
poorly on this experiment, since this approach thresholds the spectrum and a mostly uniform
illuminant can help mitigating the negative effects of such thresholding.

Relative spectral power distribution of CIE standard illuminant D&5

Wavelength / A (am)

Figure 5.8: Spectral power distribution for the D65 illuminant. As it can be seen, it doesn’t present big irregu-
larities like spikes that could hurt the naive spectral upsampling approach.

Spiked spectra are a difficult case to handle within spectral rendering. Hence the design
for this third scene, where we tried to go for any possible weaknesses in the rendering methods
with an extreme setting. We modified our second scene so that the light emission pattern would
correspond to a blue LED spectral power distribution, featuring a single thin spike. We chose the
Globe-A19 LED for domestic use from LSPDD, a database for spectral distributions of different
lamps and light emitters [RA24].

Wavetength (nm)

Figure 5.9: Spectral power distribution for our chosen blue light, corresponding to a Globe-A19 LED.

As we show in Figure 5.9, the LED spectral power distribution we chose features a prominent
spike in the area surrounding the 450 nanometers mark, corresponding to blue wavelengths. We
show the image comparison, as well as the relevant error metrics in Figures 5.10, 5.11 and 5.12.

As we foresaw, RGB lighting does a bad work when handling this type of illumination in
comparison to the other two options. In this scenario it becomes evident why discretizing over
the visible spectrum can be a bad idea, resulting in highly inaccurate results. It is also worth
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Spheres scene, blue LED Illuminant, XYZ response Curves

Spectral Uplifting (Ours) RGB

Naive Upsampling

Our result Image absolute difference

Figure 5.10: Our scene with 3 rows of 5 spheres each, rendered under a blue LED illuminant and assuming a
camera response equal to the average human eye (CIE XYZ response curves). We take 200 wavelength samples for
our renders. Each row in the plot represents a comparison with our ground truth image, rendered with Mitsuba.
In the left columns we can see the real-time renders we obtained for (from top to bottom) RGB rendering, our real-
time spectral upsampling and the naive real-time upsampling method. On the right column, the image absolute
differences between the images in the left column and Mitsuba’s ground truth. We also show the per-image values
for the MAE and CIE AFE % 2000 error metrics.

noticing that, despite half of the colours being completely wrong, MAE still shows the best
values among the three images. We believe this might be caused by an overflow in the RGB
final values, and since MAE doesn’t understand colour perception and only works with numerical
distances, the obtained values are low even though the render is pretty much useless.

On the other hand, both of our spectral approaches behave appropiately, returning once
again similar results. The fact that the naive upsampling approach holds relatively well and
performs closely to our real-time upsampling is a bit of a surprise.
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(a) CIE AE %2000 values for the image comparisons we per-
formed in Figure 5.10.

(b) MAE values for the image comparisons we performed in
Figure 5.10.

Figure 5.11: Perceptual error (left) and error (right) for the images rendered with our pipeline for Figure 5.10
under a blue led illuminant, compared to the path traced ground truth we obtained with Mitsuba.

However, we can see that for certain combinations of illuminant and reflectances (mostly
those that fall near or at both sides of the thresholds we commented in Section 5.1.1) this
approach lacks precision. Upon closer examination, it can be seen that in Figure 5.10 the
(originally) yellow sphere that is placed in the middle of the scene, along with the (originally)
orange ones in the top right corner, almost disappear in the darkness. This behaviour is related
to the arbitrary thresholding that is performed in this method.

Spheres D65 Scene, RGB Images Spheres D65 Scene, Spectral upsampling Images Spheres D65 Scene, Naive Upsampling Images

Our result Our result Our result
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(c) Histogram for the Mean Abso-
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line path traced render.

Figure 5.12: Histograms showing the Mean Absolute Error distribution for the images we rendered for comparison
in Figure 5.10. On the top row we show the MAE distribution corresponding to the RGB renders, while in the
middle row we show it for the spectral renders that employ our spectral upsampling approach, and the bottom
row presents it for those renders that leverage the naive upsampling approach, or RGB rendering.

Looking at the MAE distributions on the histograms we find that for RGB rendering, even
though the overall error is huge, there are not many extreme values per pixel, and instead is
a general accumulation of moderately high errrors. For both spectral approaches, we find that

99



5. Results and discussion

the MAE values for our upsampling mehods are slightly more uniform, with the naive approach
falling apart in some specific pixels that report very high errors, most likely those pixels belong
to the yellow sphere in the middle of the image, or the two rightmost ones in the top row.

With those 3 test scenes, we can extract some conclusions: First, RGB rendering is unre-
liable in most contexts. As a general rule, any dependence on wavelength can be considered a
good enough reason to reject RGB rendering as a solution. Secondly, we expected the naive
upsampling approach to perform worse than it did, but under most conditions its upsampled
reflectances behaved decently enough. However, under heavy wavelength dependencies (like the
LED case) where reflectancies and spectra power distributions seem to be complementary in-
stead of similar, this method becomes unreliable too. (Recall the middle yellow sphere in the
blue LED scene, in Figure 5.10.) Additionally, spectra obtained with this method will have a
squared box-like appearance, while smooth shapes are appreciated for different purposes.

5.2 Qualitative validation

Lastly, we offer some insights on performance. Since one of the main points of our work is
having an approach that works in real-time rates, it is vital to characterize and conduct a
proper analysis on the rendering times, as well as the subsequent framerates. We conducted a
study on average performance across a varying number of wavelength samples for our real-time
spectral upsampling approach.

5.2.1 Testing environment

To put the results that will follow in the next section into perspective, we disclose the specifica-
tions of the machine we used to carry out the testing process:

CPU: Intel Core i5-11400H @ 2.70GHz

Memory: 16.0 GB DDR6 @ 3200MHz

GPU: NVidia Geforcce RTX 3050 Laptop, 4.0 GB VRAM

Operating System: Windows 10 Pro x64, Version 22H2

It is also noteworthy to say that, for this test, we set the compilation flags to Release mode.

5.2.2 Computational cost analysis

We measured the frame rendering times (and thus, the framerates, since both are the inverse of
each other), taking into consideration several amounts of sampled wavelengths n,;s each time.
We took measurements for as low as n,;s = 4, and up to n.s = 1000. As a reminder, we have
mentioned earlier (Section 2.2) that we only allow for n,,;s to take values that are multiples of 4,
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in order to enable vectorization and hardware acceleration purposes, as well as encoding some
spectral values (such as emission spectra) in four channel textures.

In practice, using such a high amount of wavelength samples isn’t recommended since the
benefits of increasing the amount of samples would soon get outnumbered by the computational
costs, but we do so regardless of practical consideration, only for this theoretical characterization
of render times in our system.

Theoretically, the time cost associated to performing spectral rendering to obtain a single
frame in our renderer’s implementation (Recall Algorithm 2) should be:

tf'r‘ame (nwls) = tmemory,access + 75fetch,LUTs + Nowis (tsigmoid + tlighting) (5.2)

Where temory_access Can be seen as a constant that encompasses almost all the memory
reads and writes during the process of rendering a frame, ttcen LuTs is the time we employ in
fetching the look up tables that will return the coefficients we need for spectral upsampling,
tsigmoia is the time employed in evaluating the reconstructed spectra via the sigmoid function
we presented in equation 3.7, and finally, ¢;gnting can be seen as the time employed in evaluating
all necessary material models (and oceanic water models) for any lights in the scene.

Thus, we estimate a linear cost for our approach with an execution time of O(n,s). After
taking the necessary measurements, we present the results in Figure 5.13.
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Figure 5.13: Plot showing variations in frametime depending on the number of wavelength samples used for
spectral rendering. We also fitted the obtained data within a linear regression, and plot the obtained coefficients
and correlation.

By just looking at the plot it can be seen that the relationship between the amount of
wavelength samples and rendering time per frame is extremely linear, only presenting some noise
for the first few values, where frametime was stable on 6.94 milliseconds (144 FPS, the maximum
that our testing computer’s display could handle). Thus, the frametime can be approximated
by the following linear function:

t frame (Mts) = 0.11457n,,5, + 4.3010 (5.3)
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We have obtained highly interactive framerates (higher than 60 FPS) for reasonable amounts of
samples 1,5, even when in the hundreds of wavelength samples our system stayed responsive at
real-time framerates, which formally validates our approach to adapt this spectral upsampling
technique into a real-time rendering context.

The time measurements and characterizations we have discussed here don’t include a vector-
ized version of our shader code, since the only optimization we did for our development version
of the program was to move the coefficient fetching process out of our main rendering loop, since
it wasn’t necessary and only introduced an enormous memory overhead, consequence of fetching
the spectral upsampling coefficient look up tables, if left unoptimized. It could theoretically be
possible to achieve a speed-up of nearly four times our actual rendering speed, but in practice
it would be slightly less.
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Throughout this thesis, we have succesfully proposed a spectral real-time rendering pipeline in
which we adapt a spectral upsampling technique for reflectances to make it work in real time,
without producing a noticeable impact on performance. Being able to use this technique in real
time helps tackling two of the main problems concerning spectral rendering:

e The cost in terms of time and effort of producing spectral textures, materials and assets
by measuring spatially-varying reflectance data from the real world is exponentially higher
than that of simply authoring those assets in RGB and sticking to that traditional type
of rendering, which is one of the reasons behind the popularity of RGB rendering.

e Spectral assets can require copious amounts of memory with respect to their RGB counter-
parts depending on their resolution, occupying space both in disk and in memory during
runtime, with the performance slowdowns that come associated to the memory overheads
caused by moving such big amounts of data between memory, CPU and disk storage.

Our proposed technique now allows for using lightweight RGB assets in spectral rendering
for real-time environments, like architectural visualizations, videogames or interactive learning
applications, among others. All this comes at the single cost of one texture look-up per screen
pixel, and six floating-point operations per wavelength sample.

We have created an implementation of our proposed pipeline in order to validate its correct
functioning and exemplify how it could be implemented on an industry-level renderer. For that,
we took into consideration the principles of Physically Based Rendering, and implemented one of
the most common PBR material models, the Cook-Torrance model [CT82]. One issue with this
material model is that it requires several coefficients, from which some encode a simplification of
wavelength-dependent phenomena. It could be interesting to try and adapt this material model
in a way that the Fresnel equations account aren’t completely simplified, and account for the
wavelength without excessively hurting performance [Hof19].

Another consequence of taking PBR into consideration for our pipeline is that we can sim-
ulate different spectral responses in our scene observers, effectively allowing to simulate several
cameras with different spectral response curves. Final users can interactively control a wide ar-
ray of parameters from a graphical interface, ranging from the integration range to the camera
spectral response.

Our resulting implementation for this proposed pipeline is flexible, and leaves room for
future expansions of the work we have done so far. In order to prove the extendability of our
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real-time approach with previously existing techniques for spectral rendering, we integrated a
second spectral rendering method in our pipeline, an analytical approximation for real-time
underwater rendering by Monzén et al. [MGAM24]. In their method, the authors offer a real-
time performant approximation for performing spectral rendering of underwater scenes.

Among other assumptions, in their technique the authors assume the ocean floor to have a
diffuse behaviour, yet they don’t try to obtain spectral reflectance values for that diffuse material
and limit themselves to performing spectral rendering on the water volume itself, ignoring the
rest of elements. Thanks to our real-time spectral upsampling, techniques like this one can be
combined to enable full spectral rendering of those types of scenes, enhancing the final results
and avoiding RGB rendering, which in wavelength-dependent contexts can be highly inaccurate.

We have validated our real-time spectral rendering pipeline by comparing it against a path
traced ground truth for several situations that modeled no wavelength dependency, and wave-
length dependency in the iluminants of the scene. To put the obtained values into perspective,
we compared our approach with traditional RGB rendering and a naive upsampling strategy.
In most situations, our method performed the best and introduced the least amount of error
with respect to the ground truth. In general, it showed the best behaviour whenever there was
a wavelength dependency in the testing scenes. We have also conducted a study on rendering
times and framerate where our implementation showed great performance, effectively validating
the applicability of this approach for real-time environments.

This work can be considered the starting point for a new set of real-time works that focus
on spectral rendering.

An interesting direction would be studying possible wavelength sampling strategies, in order
to optimize the required number of them to achieve a good final image, which would ultimately
increase performance. Such an optimization poses a challenge in itself, and a sensible starting
point should be carefully considered. In this regard, screen-space multipass approaches could
be explored [vdRE21].

Since our pipeline considers the possibility of simulating several spectral responses for the
cameras in our scenes, that camera sensitivity information could be taken into account for
sampling the spectral domain, establishing some importance sampling for areas where the camera
response is higher.

As a closing thought, reflectance upsampling can be considered just the beginning of a series
of works that are waiting to be put out there. There are already works that aim to upsample
illuminances from the RGB colour space into the spectral domain [GGDG22|, or volumetric
coefficients [Jen21]. Eventually, we might reach the point where we can encode spectra for
all types of materials, lights and participating media introducing minimal error, achieving full
upsampling for RGB scenes into the spectral domain.

This work intends to be one small step towards that ambitious goal.
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