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Abstract

In Computer Graphics, research on caustic can be divided into two categories: caustics
rendering and inverse caustics. In general, caustic computations are expensive. Therefore,
one of the main challenges in caustic computation is on the scalability issue. Firstly, it is
challenging to render real-time caustics of scenes under environment illumination as we
must consider all light from environment. Secondly, it requires a very high computational
cost to render spectral caustics (rainbow-like colour effects) since we must consider the
whole range of visible wavelengths. Lastly, in the inverse caustic computation, i.e. com-
puting the geometry of a caustic object (an object that reflects and/or refracts light) given an
input caustic pattern, most work focus only on a single input caustic pattern. For multiple
caustic patterns, it is a challenging problem due to the shape and size differences among the
input caustic patterns which are difficult to satisfy. In this thesis, we address these scalabil-
ity issues in caustic research. Our main idea in solving these issues is adjustment of inputs
such that the problems are tractable. We present our solutions as follows.

Real-time caustics under environment illumination In this research, we compute real-
time caustics of a rigid caustic object under environment illumination (represented as an
environment cube map). To achieve this, we precompute the caustic patterns on the sur-
rounding space of a caustic object based on several predefined directional lights. In the
rendering, we adjust the environment light source by approximating it as several directional
lights by using our proposed environment cube map segmentation technique and integrate
their contributions in the rendering. Our technique is able to render cast and volumetric
caustics under environment illumination in real-time by using GPU.

Spectral caustic rendering We propose a two-step acceleration scheme by consider-
ing spectral characteristics of the scene elements, such as index of refraction distribution
of caustic objects and spectral reflectance of surrounding surfaces. In our first acceler-

ation step, instead of spawning rays for every visible wavelength, we adjust the visible

xXviii



wavelength inputs by clustering them based on the similarity of the refraction angle such
that we can represent several wavelengths as one light ray. In the second acceleration step,
we compute a scene-dependant importance level of each wavelength cluster in order to de-
termine the refinement iteration amount. Our scheme can achieve speed up of up to around
100 times while maintaining the rendering quality.
Inverse caustics We compute the geometry of a caustic object that can reconstruct a set of
input caustic patterns with each caustic pattern is located at an user-input distance from the
caustic object. The inputs pose difficult constraints due to the differences in the caustic pat-
terns to be satisfied. To solve this problem, we propose a two-step optimization technique
in which we adjust the position and size of the caustic regions in the first step and we adjust
the caustic shapes in the second step. We also present an additional step to improve the
intensity of caustic patterns. Our technique is able to construct a caustic object for various
types of input patterns and we validate the results by using mental ray rendering.

Our work has several applications, such as accelerated rendering for various multimedia
applications (e.g. computer games and simulations), and arts (computer-generated movies

and pictures, and physical installation of caustic objects).

Keywords: caustics, photorealistic, real-time rendering, environment illumination, spectral

rendering, inverse problem, optimization.
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Chapter 1

Introduction

1.1 Background and Motivation

Caustics are bright patterns visible on surfaces due to the presence of refractive and/or
reflective objects (caustic objects) in a scene. Emitted light that hits a caustic object is
reflected and/or refracted by the caustic object. Reflection event occurs because the light
is reflected by a surface and refraction event occurs because the light transmits to another
medium which has a different density which causes the changes in phase velocity (this
characteristic is described as index of refraction). Consequently, the light paths change
and some of them may converge on points on the surrounding surfaces and those points
become relatively brighter compared to other points on the surfaces. This phenomenon is
mainly caused by the geometry structure and the material properties of the caustic objects
that redirect the light. For example, as shown in an example diagram of caustic formation
in Figure 1.1, the incoming directional light is refracted by the spherical caustic object.
The refracted light converges in the other end of the caustic object. If we put a surface
around the light convergent region, we will see caustic patterns. As we can observe in real
life, caustic patterns are prevalent in the scenes that have caustic objects. Figure 1.2 shows
photographs or real-life scene containing caustic effects.

In the real world, we may also notice colourful caustics even though the light source
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Figure 1.1: Illustration of caustic pattern formation.

Figure 1.2: Photograph examples of real-life caustic patterns formed on surfaces because
the caustic objects (with the shapes of religious figures (a and b) and a fruit (c)) are illumin-
ated from behind.

is a plain *white light’ and the caustic object is colourless. This phenomenon occurs due
to the index of refraction difference of the caustic object across the wavelengths. In this
case, white light that hits the caustic object will be split into several colour lights (with each
corresponding to a wavelength). As a result, we see caustic patterns that are colourful and
rainbow-like. We show some examples of real-life spectral caustics in Figure 1.3.

The complicated and interesting caustic patterns may generate the need to have con-
trolled caustic pattern shapes. For example, people may consider producing caustic pat-

terns with certain desired shapes. In this case, the question is not ’how to generate caustic
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Figure 1.3: Photographs of real-life spectral caustics.

patterns’, but *what is the caustic object shape that can produce the desired caustic pattern
shapes’. In order to solve this problem, we have to perform inverse caustic computation,
that is computing the geometry of a caustic object such that when it is illuminated it can
produce the desired input caustic patterns. This interesting problem has some applications
such as in visual arts and security.

Let us now move our discussion on caustics in computer graphics. Caustics are import-
ant factor for visual realism in computer generated images of scenes with caustic objects.
The reason is that, in order for the audience to consider the rendering result to be realistic,
they should see the caustic patterns which are caused by the reflection and refraction char-
acteristic of caustic objects. As an analogy, the audience may expect to see sky reflection
effect on a glossy car surface, or subsurface scattering effect on a glass of milk.

The most straightforward way to generate caustic patterns is by spawning and tracing a
set of rays over the hemisphere of a visible point in the scene. The rays are traced (and in
turn many rays will be spawned every time a ray hits a surface) to the light source. If any of
the traced ray hits the light source, then the irradiance or brightness of the said visible point
in the scene is increased. This technique is also illustrated in Figure 1.4a and is similar to
the distributed ray tracing [1, 2].

This rendering technique has a major drawback, i.e. wasted ray intersection computa-
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Caustic Caustic
Obj ect b Obj ect 0
(a) Distributed Ray Tracing (b) Photon Mapping

Figure 1.4: Two basic techniques for computing caustics.

tion since many of the spawned rays are not guaranteed to hit the light source, especially
if the size of the light source is small. We will discuss in more detail the related rendering
techniques based on this ray propagation idea in Section 2.1.1.

In order to make caustic computation more efficient, we can use the photon mapping
technique [3]. In photon mapping, photons (packets of light energies) are traced and
spawned from a light source (instead of toward a light source as in distributed ray tra-
cing). As a result, the caustic computation becomes more efficient. The emitted photons
are deposited on surfaces and in the later step (photon gathering), for each visible point on
a surface, the nearby stored photons are gathered in order to approximate the irradiance or
brightness of the caustic patterns. Photon mapping is illustrated in Figure 1.4b.

Even though the photon mapping technique can improve the efficiency of caustic com-
putation, however, it is still expensive. This is due to several factors: intersection computa-
tion between photons and geometries, storage for photons, and searching of nearby photons
in the photon gathering step. Nevertheless, photon mapping is still a favourite technique
to compute caustics (Section 2.3). We will also provide a review on some photon mapping
work in Section 2.1.2.

Photon mapping is also used to generate caustics in established rendering engines such

as mental ray [4]. Several scene properties related to caustic rendering can be set by users.



Section 1.1. Background and Motivation 5

For example, some basic caustic rendering parameters such as photon power and number of
photons emitted by light sources, refraction indices of caustic object, number of gathered
photons and maximum number of gathered photons in caustic receiver surface (generally a
diffuse surface). It also provides additional parameters to enable artists to tune further, such
as shininess and transparency of the caustic object. As mental ray is an established renderer
and it is used in movie industry, hence we use it to generate reference images in several
occasions in this thesis. In terms of accuracy, because mental ray uses photon mapping
which is a biased method, its rendered results are biased.

For real-time caustic rendering, due to the computational cost as explained above, sev-
eral compromises have to be made. For instance, only considering the first refraction,
approximating multiple refractions, or precomputing the caustic patterns. We provide some
review on the related work on real-time caustic rendering in Section 2.3.2.

In the pursue of ultimate realism, it is important to generate spectral caustic effects.
In many implementations of spectral caustic rendering, it is common to consider only
wavelengths that correspond to red, green, and blue colours during rendering. However,
as shown by Lai and Christensen [5], this approach is not able to produce accurate results.
Thus, it is necessary to take into account the visible wavelengths (from 380 nm to 780 nm)
for physically-based rendering (spectral rendering). In this case, each parameter used in
rendering such as light power, index of refraction, and surface reflectance is not represented
by a single value or three values (each corresponds to red, green, and blue colour), but by a
set of values over the visible wavelengths.

A straightforward way to perform spectral caustic rendering is to render the interaction
between densely sampled wavelength with caustic objects and combine the results (we call
this a "Brute Force method"). The obvious problem of this approach is its high computa-
tional cost. One recent implementation of spectral caustics is provided by Hachisuka [6].
He performs spectral caustic rendering by using the Stochastic Progressive Photon Mapping
(SPPM) technique [7]. In his implementation, he randomly chooses a visible wavelength to

be processed in each SPPM iteration. He assumes that all wavelengths share the same stat-
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(a) Scene configuration

(b) Brute Force, F10 light (c) Random, F10 light

Figure 1.5: Comparison of Brute Force and Toshiya’s random sampling method. (a) Scene
configuration. (b) Brute Force. (c) Random sampling. All the experiments are done with
the same total number of 802000 iterations.

istical information (i.e. gathering radius and flux). However, by doing so, the wavelength
that is chosen randomly in the beginning will have different amount of contribution com-
pared to the wavelengths chosen in subsequent iterations.

In Figure 1.5, we show a comparison between SPPM Brute Force rendering and SPPM
rendering with random wavelength selection (Hachisuka’s approach). The implementations
of both approaches are based on Toshiya’s implementation [6]. The renderings were done
using the F10 light source [8]. As we can see in the figure, the rendering results based on
Hachisuka’s random wavelength sampling are generally noisier due to several peaks in the
light Spectral Power Distribution (SPD, a function of light power over wavelength) that are

chosen only a few times in the random wavelength selection. To render spectral caustics,
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we have to compute the caustic pattern for every visible wavelength. For instance, we
perform separate or independent photon mapping pass for each wavelength. Consequently,
it is computationally expensive to generate such effect. Thus, there is also the need to
be able to render spectral caustics in a relatively faster speed. We discuss several related
work in spectral rendering in Section 2.2. Most of the work improve the computation by
compressing or representing the spectral information with fewer values. The existing work,
however, is for general rendering and it is not optimized specifically for caustic rendering.

Research on inverse caustics in computer graphics emerges recently. Existing work
solves inverse caustic problem only for a single caustic pattern, i.e. computes the caustic
object shape which can reconstruct the single input caustic pattern. They employ various
algorithms or techniques to achieve the goal, such as Direct Search Algorithm [9] and Sim-
ulated Annealing [10]. Non-linear optimization technique, such as Simulated Annealing,
is preferred due to the non-linearity nature of the problem. The inverse caustic problem is
basically a combinatorial problem that requires finding the optimized combination in the
solution space that can yield the best caustic reconstruction.

The existing work can reconstruct the input caustic pattern pretty well, all frequencies in
the input caustic pattern are mostly preserved in the reconstruction. As they only consider
a single caustic pattern, there are no shape differences between several caustic patterns that
can physically prevent the reconstruction feasibility. Hence, their optimization focuses on
rearranging the caustic object surface such that it is smooth and at the same time it can
reconstruct the input caustic pattern.

Despite numerous work in caustics, caustic computation is still expensive especially if
the problem is scaled up. The followings are three challenges in scaling up caustic compu-

tations:

e Light source In most of the work on real-time caustics, caustic object is illumin-
ated by one or few point or directional light sources. The main challenge in scaling
up this computation is caustic rendering under environment illumination. In the en-

vironment illumination, the caustic object is illuminated by many lights from every
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direction in the environment. Solving this problem will enable us to generate real-
time caustics under environment illumination in some real-time applications such as

computer games.

e Wavelength Given an incident light to a caustic object, due to the differences in the
index of refraction of each wavelength, the light (which physically is a combination
of light power over the visible wavelength range) is split. As a result, sometimes we
can observe rainbow caustics in real life. In many of the work, the caustic object is
always assumed to have a constant index of refraction value, with at most only three
with each corresponds to red, green, and blue light wavelengths because typically our
rendering framework and image storage are RGB-based. A more accurate rainbow
caustic computation is slow and difficult as we have to take into account the whole
visible wavelength range (380 nm to 780 nm). By tackling this problem, we can
accelerate spectral rendering in some applications such as product design involving

glasses, diamonds, etc.

e Single input caustic pattern In the inverse caustics, we compute the caustics object
geometry that can produce the input caustics pattern. The problem becomes difficult
if we have to reconstruct multiple input caustic patterns by using only one caustic
object. This is due to the differences among the input caustic patterns which constrain
the optimization process. By obtaining solution of this problem, we can produce

interesting art pieces, perform information encoding and validation tests.

In this thesis, we propose methods to solve the scalability problems mentioned above.

We present the overview of our work in the following Section 1.2.

1.2 Overview and Contributions of Our Research

Our research work aims to solve the scalability issues in caustic computation. Our main

strategy in solving these issues is by adjusting the inputs. For instance, for the case with
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many lights (environment illumination), we cluster the lights. Similarly, in spectral caustics
rendering, we cluster the wavelength based on refraction similarity. In inverse caustics, we
adjust the input parameters (such as position of input caustic patterns) in order to mitigate
the input caustic pattern constraints. In the following sections, we present our contributions

in more detail.

1.2.1 Real-Time Approximate Caustics under Environment Illumina-
tion

In this first work, our contribution is the efficient way for generating real-time caustics
under environment illumination. Our proposed technique can achieve real-time rendering
with visual quality which is comparable to the offline rendering results produced by mental
ray.

We precompute the caustic patterns of a caustic object for several directional light
sources. The precomputed caustic patterns are recorded on a set of concentric spheres
(caustic spheres) surrounding the caustic object. It is important to precompute caustic pat-
terns in order to avoid expensive photon tracing and photon gathering in the rendering. In
the rendering, given the direction of the light source, we choose and interpolate the caustic
patterns of several nearest precomputed directional light sources.

Our technique can be extended to multiple directional lights by repeating the techniques
of the single light source rendering for several directional light sources. One extension of
our rendering technique is to render approximate caustics under environment illumination.
In the straightforward rendering using environment illumination approximated as a cube
map, each pixel in the map acts as a single directional light source. It is inefficient to render
by iterating through all pixels. To solve this, we approximate the input environment illu-
mination as several directional light sources. We determine the approximate light sources
by segmenting the environment map using our proposed segmentation technique.

Using our technique, it is also possible to render volumetric caustics. We render the
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volumetric caustics using ray casting and we sample the caustic spheres for every sample
point in the cast ray.

Applications Some of the main applications are photorealistic caustic rendering in interact-
ive applications. For instance, we can generate convincing caustic rendering under environ-
ment illumination in computer or video games, in product demo, or in old/heritage building
walkthrough simulator. Our work is suitable for these applications as most real-time or in-
teractive computer graphics applications nowadays illuminate scenes using an environment

map instead of just a single or few point light sources.

1.2.2 Spectral Caustics Rendering

In our second work, our contribution is a two-step acceleration scheme for spectral caustics
rendering that can achieve rendering results close to the reference result with huge acceler-
ation magnitude.

Our proposed two-step acceleration scheme for full spectral caustic rendering is as fol-
lows. Firstly, to reduce the computational cost of handling visible wavelengths, we cluster
them based on the similarity in refraction angles. This clustering takes into account the
characteristics of a caustic object, i.e. index of refraction. The benefit of the clustering is
the reduced intersection test during the ray tracing and photon tracing, as a bulk of rays
of several wavelengths is reduced to a single ray. It is also worth mentioning that our
proposed clustering is similar to the recent trend in ray tracing acceleration by packeting
coherent light rays [11]. Basically, the ray packeting approach exploits coherency of the
light ray direction in the spatial domain whereas our acceleration scheme exploits the index
of refraction similarity in the spectral domain. Secondly, we compute the importance level
of each wavelength cluster based on its perceptual and geometrical factor. In computing the
perceptual factor, we take into account the spectral property of material reflectance, light
power, and human eyes sensitivity. As for the geometrical factor, we sample the materials

surrounding the caustic object in order to know approximately how much each of surface
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material may receive caustic patterns. In our experiment, we perform the rendering us-
ing Stochastic Progressive Photon Mapping (SPPM) technique [7] implemented in a GPU
ray tracer engine called OptiX. We determine the number of SPPM iterations based on the
computed importance function.

Applications Our two-step acceleration scheme has an application in the offline spectral
rendering of caustics. By using our two-step acceleration scheme, we can improve the
rendering speed. Our work can be used in caustic object design and visualization software.
Moreover, our second acceleration step is also applicable to general global illumination

rendering as it considers the reflectance of the caustic receiver surface.

1.2.3 Caustic Object Computation based on Multiple Caustic Patterns

We propose a two-step optimization method augmented with an intensity correction step for
solving inverse caustic problem based on multiple caustic patterns. Our result is validated
by rendering caustic patterns of the generated caustic object by using mental ray rendering
software.

Computing the geometry of a caustic object given a set of input caustic patterns such that
the computed caustic object can reconstruct the input caustic patterns is generally difficult.
This is due to the differences among the caustic patterns in terms of shapes and intensity.
Hence, our final contribution in this thesis is a technique for solving this problem.

As the constraints are too difficult, we propose a two-step optimization method in order
to solve this problem. Basically, we relax the input constraints by allowing slight adjust-
ments to the inputs. In the first optimization step, we iteratively adjust the positions and
sizes of the input caustic patterns and in the second optimization step, we adjust the shapes
of the input patterns. In these optimizations, we use simulated annealing. After these two
optimization steps, we add an additional computation step, called intensity correction. The
intensity correction improves the caustic pattern intensities by iteratively adjusting the re-

constructed caustic pattern intensity.
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Applications There are several possible applications of this work, such as in art, (e.g. gen-
erate interesting caustic effects), information encoding (the secret information is encoded as
caustic patterns), and validation tests (to validate the quality of produced caustic objects by
comparing the similarities between the real-world caustic patterns and the simulated caustic

patterns). We will discuss the applications in more detail in Section 5.6.

1.3 Thesis Organization

The organization of this thesis is as follows. In Chapter 2, we provide a literature review
which explains some related work in computer graphics, i.e. general rendering techniques
(ray propagation and photon mapping), spectral rendering, caustic-related research (offline
and real-time caustic rendering, and inverse caustics). We discuss our research including
the implementation and results of real-time caustics rendering under environment illumin-
ation in Chapter 3. In Chapter 4, we present our work in spectral caustics rendering. In
Chapter 5, we present our contribution in caustic object computation based on multiple

caustic patterns. Finally we provide conclusions and propose future work in Chapter 6.



Chapter 2

Literature Review

2.1 Rendering Techniques

In real life, light arriving at our eyes undergoes many reflections and/or refractions between
objects beforehand. This multiple reflections and/or refractions phenomenon is generally
known as global illumination. In contrast, illumination due to only a single reflection is
called local illumination (e.g. the basic phong reflection model rendering in openGL fixed
pipeline). Some examples of global illumination effects which are not possible to be simu-

lated using local illumination :

e Caustics Caustics are formed due to the radiance of multiple light paths converge
into a point on a surface. The light paths which are originally uniformly distributed

are redirected due to the refraction and reflection caused by the objects (Figure 2.1a).

e Colour bleeding When two surfaces are near to each other, the colour transfer
between these surfaces can be seen due to light reflection. In the reflection, the first
surface reflects light with certain wavelength and the light then arrives at other surface

(Figure 2.1b).

e Subsurface scattering Subsurface scattering effect is noticeable inside a translucent

or partially transparent solid object. It happens due to the material of the object which

13
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(a) Caustics (b) Colour Bleeding (c) Subsurface Scatter-
ing

Figure 2.1: Example photographs of real-life global illumination effects.

allows some light to enter and exit the object and at the same time scatters the light

inside the object (Figure 2.1c).

Rendering global illumination typically involving solving Kajiya’s rendering equation [12];
Lo(X,wo) = Le(X,wo) + / Li(x,w;) fr (X, wWo, wi) cos(Ny, w;)dws, 2.1
Q

where L, is the outgoing radiance from a point x on a surface with direction w,, L. is the
emitted radiance from point x to direction w,, L; is the incoming radiance to point x from
direction wj, f, is the Bidirectional Reflectance Distribution Function (BRDF), and Ny is
the normal at point x on the surface.

The outgoing radiance from a point on a surface is the sum of the emitted radiance of
that point and the integration of the reflection from the incoming radiance from the upper
hemisphere. Each incoming radiance may come from other point in the scene, thus Equa-
tion 2.1 is basically a recursive equation. Note that in Equation 2.1 there is a BRDF term.
The BRDF term specifies the amount of light reflected to a direction given an incoming
light from a certain direction since typically light does not reflect equally to all directions.

Using the regular expression notation proposed by Heckbert [13], the overall light paths
in global illumination are typically L(S|D|V)*E (with L is the light source, S is specular

surface, D is diffuse surface, V' is 3D volume with light scattering property such as open
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air space with participating media or the inside of a solid object, and E is the eye/camera).
In this section, we present two categories of related work that solve the Kajiya equation
or generate global illumination effect, work that based on ray propagation (Section 2.1.1)

and based on Photon Mapping (Section 2.1.2).

2.1.1 Ray Propagation Rendering Techniques

Solution of Kajiya’s rendering equation [12] (Equation 2.1) generally involves recording
the ray propagation and its interaction in the scene. One of the earliest techniques is the ray
casting method proposed by Appel [14]. In ray casting, for each pixel he shoots a ray and
computes the intersection between the ray and solid objects. The colour for that particular
pixel is computed as the colour of the surface weighted by the cosine between the normal
of the surface and the light direction. His technique is only able to compute simple shading
of the visible surface, and many effects are not computed (such as shadow, reflection, and
refraction). Figure 2.2a shows the illustration of the ray casting, where the black rays are
viewing rays and orange rays are the shadow rays. As seen in Figure 2.2a, refraction,
reflection, and occlusion from the light source are ignored. Moreover, the surface colour
is shaded only according to the material colour of the surface and the angle between the
normal of the surface and the direction to the light source.

The ray casting is improved by Whitted [15] by generating three additional rays on the
intersection point, which are reflection ray, refraction ray, and shadow ray. The improved
ray casting is widely known as ray tracing. The reflection ray is computed as perfect reflec-
tion by assuming the surface material is a specular surface. Refraction ray is computed by
using the classic Snell’s Law if the material is a transparent/glass material. The shadow ray
is basically a testing ray to check if the light source is occluded or not by shooting a ray
from a point on the surface to the light source. For secondary reflection and refraction rays,
once those rays intersect other points, another secondary rays might be generated again.

Thus, the colour of a pixel is the product of radiance of all rays spawned by the primary
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Figure 2.2: Comparisons between ray propagation rendering techniques. The scene consists
of a point light source (on the left), a camera (on the right), a glass box (with diagonal
shading), two mirror walls (with horizontal shading), and a diffuse wall.
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rays shot through that pixel. Figure 2.2b illustrates the ray tracing technique. It traces ad-
ditional reflected ray if the viewing rays hit specular (e.g. mirror and glass) surfaces, and
it traces refracted rays if the rays hit glass surfaces. Shadow rays drawn with dotted lines
show that the surface is occluded by something, thus it is in shadow and there is no light
contribution calculated for the surface.

For every intersection, however, ray tracing only computes the direct contribution from
the light sources and it always assumes every reflection to be a perfect reflection (as in mir-
ror reflection). In Kajiya’s equation (Equation 2.1), the irradiance contribution for every
point in the scene is not determined by only light from one light direction, but from the
whole hemisphere. Cook et al. [1, 2] propose the distributed ray tracing which is the ex-
tension of the Whitted ray tracing. In distributed ray tracing, for every point on the surface
intersected by primary or secondary rays, they generate a number of secondary rays cover-
ing the hemisphere. Distributed ray tracing results with more accurate computation but with
a significant increase in computational cost. Figure 2.2c shows an example of distributed
ray tracing. Every time a ray intersects a surface, it randomly generates secondary rays in
order to compute the contribution from the whole hemisphere.

Another option for distributed ray tracing is path tracing [12]. Instead of generating
many rays for every intersection, path tracing only randomly traces a single new secondary
ray for every intersection point. As an analogy, distributed ray tracing is a Breadth First
Search (BFS) traversal and path tracing is a Depth First Search (DFS) in tree structure with
every node in the tree corresponds to a ray. Path tracing is essentially an unbiased and
consistent rendering technique, as the value of each pixel is an average of the radiance of
all rays shot through the pixel, and the result converges to an accurate result as the number
of generated rays are increased. Since path tracing requires a large amount of rays, this
technique generates noisy results with less rays. Figure 2.2d presents an example of path
tracing. Path tracing randomly generates new set of paths passing through a pixel as shown
in Figure 2.2d (the first path segments of the set of paths are assumed to be near to each

other since they pass through the same pixel, thus they are drawn as only a ray).
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In the scene in which the light source is heavily occluded, many rays in path tracing may
fail to sample the light source. Bidirectional path tracing was developed concurrently by
Lafortune and Willems [16] and Veach and Guibas [17] in order to solve this problem. In
bidirectional path tracing, besides tracing a viewing ray from the camera, they also trace a
light ray from the light source simultaneously and they attempt to connect both of these two
rays. Figure 2.2e shows the segment connecting viewing ray and light ray as a two-edged
red arrow.

As the paths of viewing rays and light rays are recomputed every time a new ray is cast
through a pixel, the bidirectional path tracing might fail to sample the light source, thus still
exhibiting high variances in the result. To reduce the variance, Veach and Guibas [18] pro-
pose metropolis light transport technique. Similar to bidirectional path tracing, metropolis
light transport trace both viewing and light rays. Once the paths are connected, they adapt-
ively mutate the existing paths by removing and inserting new path vertices. As a result,
metropolis light transport generates results with lower variance. Moreover, metropolis light
transport reduces the ray tracing cost as it uses existing paths (Figure 2.2f).

In all of these techniques, it is essential to be able to check the intersection between
rays with objects (or primitives forming the objects in the scene). However, the brute force
approach which is checking the intersection with all the objects (or primitives) in the scene
costs much of the rendering time. For example, in a scene which consists of 3 million
primitives, all these primitives are checked in order to determine the nearest intersection for
every cast ray. Thus, in order to accelerate the intersection tests, the 3D scene is partitioned
and the primitives belonging to every partition are recorded in acceleration structures. Dur-
ing the ray traversal, only primitives stored in the partitions passed through by the rays
are checked for intersections. Several acceleration structures have been proposed, such as

uniform grid [19], octree [19], kd-tree [20], and Bounding Interval hierarchy [21].
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2.1.2 Photon Mapping

Photon mapping is an approximate solution of the rendering equation which is biased and
consistent [3]. Additional processing will yield results that converge (consistent), but not
necessarily correct (biased). Similar to bidirectional path tracing, the photon mapping tech-
nique traces viewing rays (from camera) and light rays (from light sources). Instead of
connecting the viewing rays and light rays, photon mapping separates the tracing into two
passes. In the first pass, the photon mapping technique shoots photons (in this case, light
rays are represented as packet of energy called photons) into the scenes. The photons are
reflected and/or refracted (with the path as L{S|D|V }*D) (Heckbert’s notation) and their
energy are stored on the surface they hit. In the second pass, viewing rays are traced from
the camera to compute the visible points and the irradiance on those points. Since the visible
points most likely might not have photons stored on those points, it is necessary to gather
the photons stored around the visible points. In this photon gathering, a fixed amount of
photons are gathered within a given maximum searching radius. Thus, the rendering qual-
ity mainly depends on two parameters, the number of photons to gather and the maximum
gathering radius. Figure 2.3 illustrates the photon mapping technique.

The irradiance estimate in the photon gathering is computed by summing up the power

of all of the gathered photons and divided by the gathering area (Equation 2.2).

1 n
L0<X) ~ ﬁ Z Aq)z (X), (22)
i=1

where L, is the total irradiance at the visible point x, r is the gathering radius, n is the
number of gathered photons, and A®; is the photon power. By using this approximate,
some points may become blurry due to the uniform averaging. Thus, Jensen [3] proposes
using filtering which gives more weight to the photons nearer to the visible points, such as
cone filtering and Gaussian filtering.

Jensen and Christensen [22] extend the photon mapping technique for computing il-

lumination in participating medium (such as smoke). Instead of storing the photons on
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Figure 2.3: Several photons are emitted from the light source and deposited on the surface.
In order to compute the irradiance at a visible point, several photons around the visible
points are gathered. In this simple example, three photons are gathered within a specified
maximum gathering radius. On the horizontal wall, three photons are gathered. However,
on the vertical wall, only two photons are gathered as the third photon is outside of the

maximum gathering radius.

diffuse surfaces, they store the photons in the participating medium. (hence the light path is
L{S|D|V}*V). The irradiance estimate (Equation 2.2) is modified by introducing a scat-
tering term and changing the averaging term from a circle area (77?) to a sphere volume
(37r3).

By emitting photons equally, some invisible points in the space might have a large dens-
ity of photons whereas visible points might a have small density. This results in inaccuracy
on the visible points and redundant storage or processing for invisible photons. Peter and
Pietrek [23] introduce a new step before the photon emission, which is importon emission.
The importons are basically photons emitted from camera which are used to determine the
visibility of the points in the scene. In the next step in the photon emission, as the photons

hit a point in the scene, importons around the hit point is gathered to determine the import-

ance of that point. By using the importon, the photon emission can be refined such that
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more photons are shot to the visible parts of the scene.

Schjeth et al. [24] trace the photon differentials instead of the regular photon paths.
Similar to the ray differential, during the tracing they also compute the divergence of the
photon path. The spread of the photon divergence for each photon is stored in the surface. In
the photon gathering, for each visible point they collect the surrounding photons and weigh
the contribution radiance based on the distance between the visible point and the centre of
the photon differential. This technique is able to reduce noise significantly. However, they
need to store additional information, which is the divergence of photons. The photon dif-
ferential becomes much more complicated on subsequent reflections and refractions. Thus,
this technique works well for single reflection or refraction, such as caustics caused by the
reflection of a metallic object or by refraction of a water surface.

Instead of shooting all photons and gather them in two passes, Hachisuka et al. [25] split
the photon mapping passes into many passes with each pass they only shoot a small amount
of photons. For every visible point, they gather the surrounding photons and adaptively ad-
just the gathering radius based on the amount of photons gathered. Afterward, the photons
are discarded, they then shoot another batch of photons and do the photon gathering again
whilst at the same time they adjust the gathering radius. By discarding and generating a
small amount of photons in every pass, their technique uses a smaller amount of memory
and is able to generate high quality results comparable to the traditional photon mapping.

Purcell et al. [26] present the first GPU implementation technique of photon mapping.
They store photons in uniform grid in order to accommodate the limitation of GPUs in
2005 which prohibit creation and traversal of kd-tree used in the general photon mapping
technique. They propose using the bitonic merge sort in the fragment shader to index and
pinpoint the photon locations in the grid. However, this is quite expensive since it requires
O(log® n) rendering passes. As such, they propose another approach that uses vertex shader
to decide in which location the photon is stored in the grid. Since each cell can contain mul-
tiple photons, they suggest dividing each cell into sub-cells, and every photon is stored in

a different sub-cell. To decide which sub-cell, they use stencil buffer to route the photon
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to an empty sub-cell. In the photon gathering, they propose a kNN-grid method in which
they firstly search photons in a cell and then search photons in the nearby cells, gradually
increasing the gathering radius. Since they use uniform grid to store photons, their tech-
nique suffers from redundant memory allocations as some cells might not have photons.
Moreover, they do not use any acceleration structures to compute intersection, thus it will
benefit more if they store the scene in an acceleration structure.

Spencer and Jones [27] store photons in a balanced hierarchical kd-tree structure and
they adaptively traverse the kd-tree to cut down the photon gathering time. They stop
the traversal if the density of the photons are already low in a node and does not make
a difference if they traverse further down. To speed up the kd-tree traversal during photon
gathering, they cluster photons first before storing the cluster or only the cluster centres into
the kd-tree. Budge et al. [28] cluster photons in 6D space (comprise 3D final hit locations
and 3D normal of the surface hit by the photon), Wang et al. [29] cluster photons based on
only the 3D final hit locations, and Chen et al. [30] cluster photons based on the photons
traversal history. Mara et al. [31] conclude that storing photons in screen space tiles yields
the best performance and quality.

As photon mapping technique is very expensive to be computed in a single workstation,
Giienther et al. [32] present a photon mapping implementation in a distributed environ-
ment which consists of multiple workstations. In order to reduce the bottleneck in the
network transfer, each workstation computes separately a smaller photon map, which is
then combined with the photon maps computed by other workstations. In order to improve
the performance, they filter the photon in image space instead of 3D space. By using 9 to
36 workstations, their implementation is able to reach up to six times speed improvement.

To solve the storage problem, Hachisuka et al. propose a progressive method called Pro-
gressive Photon Mapping (PPM) [25]. In PPM, instead of emitting and storing all photons,
they iteratively re-emit a fraction amount of photons (and discard the photons afterwards)
and progressively refine the flux and gathering radius. Fu and Jensen extend the work

slightly by performing refinement locally for each visible point [33]. Hachisuka et al. then
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extend their work into Stochastic Progressive Photon Mapping (SPPM) [7] for rendering
visual effects that requires multiple samples per pixel. The SPPM is a slight novel exten-
sion of PPM that in addition to re-emit photons for each iteration, they also reshoot the
camera ray through each pixel. All samples of each pixel share the same statistical in-
formation such as flux and gathering radius. Hence, SPPM can achieve faster convergent
compared to PPM. The SPPM convergence is then further enchanced by combining it with
Metropolis Sampling [34] or by using deterministic approach (quasi-Monte Carlo) [35].

Stopping criteria in PPM-based techniques are mostly based on the number of iterations
or the rendering time. It would be better if the stopping criteria is based on the convergent
and error. Hence, Hachisuka et al. propose an error estimation framework that can compute
the statistical error of each iteration [36]. If the error is below a threshold, then the rendering
process is stopped.

Knauss and Zwicker later proves that the local statistics information of each PPM itera-
tions, which is the gathering radius, does not need to be stored [37]. Hence, the memory us-
age in PPM can be reduced further. On the contrary, Kaplanyan and Dachsbacher still con-
sider the gathering radius and they propose a technique for automatic gathering radius [38]
computation.

PPM has several extensions such as for rendering animation and volumetric effect. One
of the main disadvantages of PPM is the inefficiency when it is applied to dynamic scenes
due to the recomputation in every animation frame. Weizz and Grosch mitigate this problem
by recording the intersection points [39]. Another improvement work in analysing the
geometrical property of the scene was proposed by Hachisuka et al. [40]. They analyse the
path visibilty in the scene in order to accelerate the computation.

As with the photon mapping technique, PPM can also be extended to render volumet-
ric effect. Instead of reducing the gathering radius as in the original PPM, Jarosz et al.

iteratively reduce the beam radius [41].
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2.2 Spectral Rendering

Spectral rendering takes into account the spectral information of densely sampled visible
wavelengths and thus it produces more accurate results compared to the general RGB-
based rendering [42, 43]. The wavelength factor incurs costs in performance (processing
every visible wavelength) and storage (storing the result for each visible wavelength). Due
to these factors, RGB-based rendering is more commonly used. For example, Shi et al.
convert the necessary spectral information to RGB representation when they render polluted
water [44]. Dong [45] proposed a rendering framework for a scene mixed with a different
material representation, i.e. spectral (for objects with thin films) and RGB (for objects with
simple materials that can be rendered using a traditional RGB approach).

By taking spectral information into account, interesting effects, such as light interfer-
ence on a thin layer [46, 47, 48, 49, 50, 51, 52, 53], diffraction [54, 55, 56], chromatic lens
aberrations [57], and rainbow [58, 59], can be produced. Another interesting work by Xing
et al. [60] can perform relighting of photographs. Spectral information is also useful in
volume rendering [61, 62].

The bottleneck in spectral rendering is the integration of the information over the visible
wavelengths. There is existing work in optimizing this computation. For example, the spec-
tral information can be compressed by using a linear transformation over a set of linear basis
functions [63]. Also, it is possible to compress the spectral information using the wavelet
transform [64, 65]. Afterwards, progressive integration is done from one level to another
level. Xu and Sun compress the surface BRDF by using Fourier transform and spherical
harmonics [66]. Another approach is to minimize the spectral information by simplifying
it while keeping the error to a minimum. For example, Zeghers et al. suppress/simplify
spectral information over nearby wavelengths by connecting their two suppressed local
peaks [67], Iehl and Peroche [68] represent a range of wavelengths as a constant value.

Spectral computation can be optimized by analysing the spectral information and per-

forming subdivision or decomposition as necessary. For example, Deville et al.’s approach
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(which is the improvement of Meyer’s work [69]) takes into account discontinuities and
peaks in the spectral domain and they subdivide the spectral information so that it is pos-
sible to integrate analytically each of the subdivided range [70]. Meanwhile, Sun et al. take
a different approach by decomposing the spectral information into smooth parts (that are
transformed using Fourier basis) and spiky parts [71, 72]. They consider the spiky parts
as light sources such as CIE Standard Illuminant F11 which have peaks in some of the
wavelengths. If they compress solely using Fourier basis, then the spiky parts will incur
large errors.

Radziszewski et al. define a probability distribution function of the visible wavelengths
based on their trial-and-error experiments [43]. They use the probability distribution func-
tion to sample wavelengths to be combined into a cluster in their photon mapping-based
spectral rendering. However, they do not take into account light Spectral Power Distribu-
tion (SPD, a distribution of light power over wavelength domain), material reflectance and
the index of refraction. Instead of using a trial-and-error probability distribution function,
Evans and McCool sample a set of stratified random wavelengths [73] based on the SPD of
the light source and put them inside a cluster. In this case, they do not take into account the
material property of the caustic object. As a result, light rays with wide angular refraction
difference might be grouped into a cluster.

It is also possible to perform spectral rendering by using photon mapping. However,
the storage of the photons will become a big issue since we have to store the photons of
all wavelengths. Lai and Christensen shoot photons for each wavelength, and they store
the photons in RGB representation [5]. During photon gathering, they convert the photons
energy back from RGB to spectral. However, due to the metamerism phenomenon, the
conversion from RGB to spectral might not yield correct results. In a spectral rendering
framework proposed by Iehl and Peroche [74], they shoot and deposit photons with ran-
domly chosen wavelengths. They also save the first intersection of these photons with
caustic objects. In the rendering during photon gathering, if the nearby visible point con-

tains these photons, they then spawn photons from the first intersection but with different
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wavelengths.

In the GPU implementation [6] of the Stochastic Progressive Photon Mapping [7] by
Hachisuka, he randomly selects a wavelength for photon shooting in each iteration and
converts the photons into RGB format for photon gathering. In addition, the input for ma-
terial reflectance is in RGB format. When a photon hits the surface, he converts the material
reflectance from RGB to spectral representation by using Smit’s proposed technique [75].
He also approximates the CIE XYZ by using gaussian quadratures [76], hence he does not
need to save the eye response function for each wavelength.

Elek et al. propose a spectral ray differential rendering technique [77]. They consider
the difference of refraction direction with respect to wavelength changes. They use the dif-
ference in refraction direction as photon spread/differential (instead of based on the emitted
light spread as originally proposed by Schjgth et al. [24]). By applying their technique to
an existing approximate caustic rendering technique (proposed by Wyman and Davis [78]),
they can achieve real-time rendering. Due to the nature of their proposed spectral differ-
ential (1D spread over the wavelength for each photon), their caustic reconstruction result
exhibits line patterns.

For more review on spectral work, readers are advised to read Devlin et al.’s state-of-
the-art report on spectral rendering [79]. Their report covers various spectral rendering
techniques and systems as well as visual effects that are generated with spectral renderers
such as polarization and fluorescence effects. As noted by Devlin et al., there were still
limited spectral renderer systems as of 2002. From some post-2002 related work we provide

in this section, we can see that spectral rendering work is still growing.

2.3 Caustic Rendering

Caustics are formed by light rays focused on surfaces caused by reflective and/or refractive
objects. Several techniques of caustic rendering have been proposed, ranging from offline

rendering to real-time rendering. In order to generate caustics in real-time, some tech-



Section 2.3.1. Offline Caustic Rendering 27

niques assume only a single reflection and/or refraction (eg. underwater caustics). Some
later techniques are able to handle real-time caustics with more than a single reflection
and/or refraction. Moreover, some offline spectral caustics work and real-time rendering of

caustics caused by non-homogenous caustic objects are also presented.

2.3.1 Offline Caustic Rendering

One of the most commonly used techniques to compute caustics is photon mapping [3].
It computes photons in L{S|D|V }*D and stores in a global map. However, caustics are
less visible in the rendering using the global map as global map stores not only caustic
photons, but also diffuse interreflection photons. To generate more pronounced caustic
patterns, another photon map called caustic map is used. In this technique, the photons
are shot directly to the reflective/refractive surface and they are recorded in the caustic
map when they hit a diffuse surface (hence, the photon path is LS* D). Jensen extends the
technique for generating caustics on non-lambertian surface by also storing the incoming
photon direction [80]. In this case, he takes into account the BRDF of the non-lambertian
surface (in the original photon mapping, the BRDF of a diffuse surface is always 1, thus he
does not need to store the incoming photon direction).

L Zn: fr(X, wo, wi) AD; (x, wi), (2.3)

2
r i—1

Lo(x,wo) =~

where L, is the total irradiance at point x which is viewed from direction w,, 7 is the
gathering radius, n is the number of gathered photons, f, is the BRDF at point x on the
surface, wj is the incoming photon direction, and A®; is the photon power.

In photon mapping rendering, isolated photons can produce unpleasant polka dot pat-
terns. To remove this effect and noise, Spencer and Jones [81] relax and redistribute the
photons stored on the surface based on the blue noise distribution. As a result, they can
reduce the noise and at the same time maintain the sharpness of the caustic patterns.

As PPM is an extension and enhancement of photon mapping, most rendering methods
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based on PPM can render caustics with significant acceleration compared to the traditional
photon mapping. Similar to the caustic rendering in the original photon mapping technique,
Dodge et al. also separates the computation between diffuse radiance and caustics [82]. To
achieve this, they perform path tracing and analyse the path. Based on the path, they decide
to compute the diffuse radiance of caustics. Georgiev et al. [83] and Hachisuka et al. [84]
took another approach by combining path tracing and photon mapping. Their proposed

method try to connect the light paths from the eye with the scattered photons.

2.3.2 Real-Time Caustic Rendering
Single Reflection and/or Refraction

One of the most common caustic effects caused by single refraction is underwater caustic
effect due to the refraction by water surface. Generally, underwater caustics are easy to
compute since it only require single pass photon tracing. To achieve this, water surface
is represented as a height field and the photon tracing (each photon is represented as a
point) can be done easily by rendering the water surface from the light source position in
which the photon is traced in the fragment shader [85, 86]. If the underwater surface is a
simple object (e.g. flat surface), then the intersection can be computed analytically [87].
Figure 2.4a illustrates how to render caustics using this technique. By representing each
photon as a point, this technique may suffer from noisy caustics due to the undersampling.

In underwater we see not only caustics on the surface, but also god rays/light shafts that
travel to the seabed. In order to visualize the god rays/lightshafts, the underwater photon
path can be rendered as line primitives [88]. Generally, by using fragment shader, the
rendering is done from two directions, one from the light source (viewing the water surface
to compute refracted photon paths) and one inside the underwater (to render all the photon
paths as line primitives.) Similar approach has been used recently to render single scattering
volumetric caustics in general scenes [89, 90].

Considering the fact that in general water surface is rendered as a triangle mesh, it
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Figure 2.4: Two examples of real-time caustic rendering techniques.

is possible to compute the refraction direction of the photon on each vertex of the water
surface triangle. Afterwards, an illumination volume is built by sweeping every triangle
down the underwater with the sweeping direction determined by the refraction direction of
the photon on each vertex. By using this approach, asides from preventing noisy caustics, it
is also possible to generate underwater caustics and the underwater god rays/light shafts [91,
92,93, 94, 95, 96, 97]. Instead of sweeping the triangles based on the refraction, they can
be swept based on the reflection direction in order to generate caustics formed by metallic
surface [95, 98]. This approach is feasible to be implemented in GPU since every vertex of
the water surface mesh corresponds to each fragment. Figure 2.4b shows the basic idea of
this approach.

Wand and StraBler [99] propose a real-time single reflection caustics method. In their
technique, for each point on a specular surface, they generate a caustic cube map by render-
ing the light source. The cube map is re-projected to the diffuse surface in the scene. Thus,
caustics on every diffuse surface is the accumulation of the cube map projection of many
points on the specular surface. As a result, this technique requires huge storage in order to

store the cube map of many points on the specular surface.
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Multiple Reflections and/or Refractions

Achieving caustics arising from multiple reflections and/or refractions in real-time (using
GPU) is an ambitious attempt as the photon direction coherency breaks down after first
reflection and/refraction. One possible approach for rendering caustics caused by multiple
reflections and/or refractions is by precomputing the caustic information for each caustic
object. In the rendering, based on the relative position and orientation of the caustic object
to the light source, the precomputed data is sampled and applied the precomputed caustics
to the scene.

Iwasaki et al. [100, 101, 102] precompute a table storing the final outgoing direction
of a photon from a point on a caustic object, given the incoming direction to a point on
a caustic object. In the precomputation, they compute accurate multiple reflections and/or
refractions, that may involve photons exiting and re-entering caustic object. The exiting
and re-entry is not saved in the precomputation. Hence, their proposed method works best
for convex caustic objects.

For caustics under a directional light, Wyman et al. [103] precompute the caustic pat-
terns of a set of predefined directional lights. For each light, they compute its photon paths
and record their intersection with the space surrounding the caustic objects. In this case,
they discretize the surrounding space into a uniform grid or a set of concentric shells with
uniform radii between consecutive concentric shells. Since in a scene, the incoming light
mostly does not coincide with the light directions in the precomputation, they choose the
three nearest precomputed light directions by using sorting and continue by rotating the
three chosen light directions along with their caustic patterns such that they coincide with
the incoming light direction. Their technique, however, is inefficient in the storage since
they store the irradiance uniformly in the space. Since light attenuates quadratically, more
information should be stored in the space near the caustic object. Moreover, their tech-
nique only supports single light and they do not take into account light occlusion, and in

the rendering they need to use several workstations.



Section 2.3.2. Real-Time Caustic Rendering 31

Liu et al. [104] precompute light loci by using several directional lights. Instead of stor-
ing the entry and exiting (along with incoming and outgoing) photons direction, they firstly
identify the points in the space which has high density of photons based on the number
of photons passing through those points. Based on this information, they parameterize the
focused points as light loci and store them as the precomputed data. Compared to Iwasaki
et al.’s precomputation [100, 101, 102] and Wyman et al.’s precomputation [103], Liu et
al.’s precomputation require less memory storage. However, due to the parameterization on
a few selected points in space, their precomputation data might miss some caustic patterns.

Computing photons paths in GPU for the second and subsequent reflections/refractions
is not a trivial task. Thus, for computing caustics caused by two or more reflections
and/or refractions in real-time, the approximate intersection can be computed by using
line-search technique. In this method, caustic object surface is approximated by using
several heightmaps, and the intersection is computed by finding a point along the refracted
path that intersects one of the heightmaps. Mostly current real-time GPU-based caustics
(caused by two or more reflections and/or refractions) are based on this approximation
technique [105, 106, 107].

Using the aforementioned GPU approximation refraction techniques some real-time
GPU-based caustic rendering techniques with multiple reflections and/or refractions are
proposed [78, 108, 109, 110]. As with other GPU based caustic rendering, photons from
each fragment are shot by rendering the scene from the light source (light space). In this
approach, photons are represented as polygons [78, 111] or points [78, 108, 109, 110].

In the polygonal representation [78, 111], they represent photons as points. When the
photons leave the caustic objects, they are used to construct caustic polygons. The photons
used to form a caustic polygon are the photons which are adjacent to each other in the ori-
ginal light space. In this approach, they cannot use the illumination volumes from the begin-
ning since after one reflection and/or refraction the coherency of photon directions breaks
down which make the subsequent illumination volume tracing become difficult. Instead,

they form the caustic polygon (in other word, one infinitely thin slice of an illumination
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volume) on the photons leaving the caustic object. In this representation, they can reduce
noise in caustics (since they render caustics as polygons rather than points). However, this
representation might lose some caustic details and suffer from high fill rate.

The point representation suffers from noisy caustic pattern due to undersampling (less
photons). To reduce the noise, Wyman and Dachsbacher [112] propose splatting the photons
with varying radii. However, with large splat the caustics will become too blurred and
with small splat noise will appear. Wyman later proposed splatting the photons in multi-
resolution caustic maps [113] or adaptively refine the photon shooting by using deferred

shading [114].

Caustics of Non-Homogeneous Caustic Object

So far, the proposed caustic generation techniques assume the caustic object to be homo-
geneous (index of refraction is uniform inside the caustic object). Consequently, the photon
paths inside the object are straight since there is no difference in index of refractions in-
side the caustic object. Thus, once knowing the photon hit location and direction on a
surface of the caustic object, we only need to compute the exiting point. However, for non-
homogeneous caustic object, the photon path will be bent due to the difference of the index
of refractions inside the caustic object. Generally, solution for this rendering consists of
three passes, which are voxelization of the caustic object (with each voxel stores an index
of refraction), photon or light tracing for storing the irradiance in the voxel, and viewing
ray tracing for computing visible points in which we are going to sample the irradiance.
Ihrke et al. [115] use an uniformly voxelized caustic object and they trace light as wave-
front patches formed by several light particles. Since the caustic object is non-homogeneous,
they propagate the wavefront in n (index of refraction field) by using an equation based on

the Eikonal equation (Equation 2.4).

ni <n2dx> = un, (2.4)
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Figure 2.5: Thrke et al.’s solution for real-time non-homogeneous caustic rendering [115].

where ¢ is the time and x is the position in the space.

As the wavefront particles visit each voxel, the wavefront particles deposit the irradi-
ance into the voxel. Lastly, they trace the viewing ray which is also based on Eikonal equa-
tion since the viewing ray is likely to be bent due to the difference of index of refractions
between the voxels.

Their technique is able to render caustics of non-homogeneous object in real-time.
However, the tracing in each voxel is very expensive and they need to pre-compute again if
the relative orientation and position of the caustic object to the light source is changed.

Instead of voxelizing the caustic object uniformly, Sun et al. voxelize the caustic object
in multiresolution voxels in which several voxels which have almost the same index of re-
fractions are grouped together [116]. By using this, they are able to speed up the photon and
viewing ray tracing considerably. For the photon tracing path, similar to Ihrke et al [115],

they compute the photon paths based on the Eikonal equation.

2.3.3 Inverse Caustics

Given only a caustic pattern, the caustic object that can produce such output is computed.
This is a hard problem since the a priori knowledge of the input is not available. One
example is the work presented by Bottino et al. [117] and Mitra et al. [118]. They compute

a 3D geometry that can satisfy the inputs which consist of a set of silhouettes or shadow
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patterns. In the inverse caustics research, the main goal is to compute the shape of the
reflective or refractive caustic object in order to reconstruct the input radiance distribution
(or caustics).

Patow and Pueyo [119] compute the reflector shape in an optical set (consists of a re-
flector, light source, and diffusor) given the radiance distribution as an input. They represent
the reflector as grids and they iteratively adjust the grid vertices such as positions and num-
ber of vertices based on the similarity with the intended radiance distributions. The whole
process took many days even though they can obtain radiance distribution similar to the
input. They improve the work by allowing users to set the range of the solution space [120]
(the lower bound and the upper bound of the reflector shape). Hence, a user has more
control in determining the reflector shape. They later increase the performance by using
GPU [121] and they can reduce the processing time into magnitude of hours. In real life
we might need a reflector system which consists of a multiple reflector. Oliker present a
solution for such system, but with the assumption of only two mirrors in the system [122].

In parallel with the aforementioned work, there are some work in representing the
reflector surface as a parametric surface such as a Bezier surface [123], a NURBS sur-
face [124], and a B-Spline surface [125, 126]. As a result, during the optimization they
optimize the control points instead of grid vertices which in the end can produce smooth
reflectors in a relatively fast speed (due to the small number of parameters to be optimized).
However, as Papas et al. mention [127], the parameterized technique has a difficulty with
highly complex caustic images, and they show that Finckh et. al’s method [126] cannot
reproduce all frequencies of the caustic pattern.

Weyrich et al. generate a microgeometry reflector given a single reflected caustic pattern
input [128]. The caustic object is subdivided into uniform cells (facets), and they compute
the optimized orientation of each cell that can produce a caustic pattern similar to the input
pattern. Similarly Kiser et al. [129] also subdivide the caustic object into uniform cells.
Papas et al. [127] improve the work of Weyrich et al. [128] by generating a refractor caustic

object on a larger scale. Moreover, they are able to prevent noise on the reconstructed
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caustic pattern by computing the surface of each facet based on the Gaussian distribution.
Similar to Weyrich et al. [128], they employ several optimization costs in order to generate
the caustic objects. The generated caustic object can be smoothened by applying a post-
processing computation, i.e. solving poisson-based equation [128, 127, 130].

In the aforementioned work, almost all cells have different shapes compared to each
other. On the other hand, Yue et al. [131] emphasize on modularity by reconstructing an
input caustic pattern from a caustic object which consists of many smaller pieces of caustic
object cells with predefined shapes. Their caustic object cells are divided into ten types
with each type refracts light to a predefined direction.

In the similar spirit as inverse caustic research, Papas et al. improve their work further
to the reconstruction of intended refraction effects [132]. Given a seemingly random image
pattern, they compute the shape of the uniformly subdivided caustic object such that the
viewed refraction of the random image pattern through the caustic object is meaningful (i.e.

has a certain distinct shape recognized by our brain).

2.4 Comparison with Our Work

2.4.1 Real-Time Approximate Caustics under Environment Illumina-
tion

Our proposed technique performs real-time caustic rendering under environment illumina-
tion. Our proposed technique precomputes the caustic patterns and uses them in the render-
ing. The following is the comparison between our work and the previous work.

We firstly compare the precomputation. Iwasaki et al.’s precomputation [100, 101, 102]
does not store light path of the light which exits and re-enters caustic object. Hence, if a
plain diffuse surface is placed on that path, no caustic pattern due to that light path will
be formed. Our precomputation approach, however, precomputes caustic pattern on the

empty space surrounding caustic object, hence can handle such situation. Our approach is
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similar to Wyman et al.’s precomputation [103]. However, we specify the radii of concent-
ric shells (that store caustic patterns) taking into account light attenuation. As we show in
Section 3.5.2, our results show closer quality to the mental ray rendering. Liu et al.’s pre-
computation involves approximation of the precomputed bulk light path [104]. Our caustic
pattern precomputation, however, does not involve approximation of the caustic patterns.
As our caustic precomputation is done by considering multiple refractions, the computation
1s more accurate than the work that approximates multiple refractions [78, 108, 109, 110].
Compared to the previous work, our work supports rendering under environment illu-
mination thanks to our preprocessing step that performs environment cube map segmenta-
tion. Each cube map segment is treated as a directional light source and we integrate caustic
patterns of all light directions (from environment cube map segmentation). Our work also

handles occlusion caused by objects around the caustic object.

2.4.2 Spectral caustic rendering

Our proposed acceleration rendering consist of two steps that considers the caustic object,
surface, light power, and human visual properties. We also consider the geometry surround-
ing the caustic object.

One main difference between our work with the previous work is that we consider the
properties of caustic object. Our contribution in this aspect is that we analyse the index of
refraction of the caustic object over the visible wavelengths and we cluster the wavelengths
based on refraction direction similarities. In the implementation, our work process spectral
information with 1 nm spacing instead of compressing the spectral information or using
simpler representation as done by some of the previous work [63, 64, 65, 66, 67, 68, 69,
70, 71, 72]. Our implementation is thus suitable for GPU as for each light ray we can do
integration (i.e. compute the light power reflected by a surface over a range of wavelengths)
in parallel.

In our second acceleration step, we compute the importance level based on various
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aforementioned factors, unlike the previous work that do not consider those factors [73, 43,
6]. Thus, the results of using the previous work may be noisier or may take longer time
to compute, especially on the difficult case with the light source that has sharp peaks in its
Spectral Power Distribution.

Elek et al.’s approach [77] is similar to ours with some differences. Firstly, our approach
is based on ray packeting (clustering wavelengths based on angular refraction similarity)
and our result does not exhibit line patterns. In our formulation, we use angular refraction
difference instead of refraction direction difference. Note that our acceleration schemes are
applied to an offline renderer. Similar to Elek et al.’s work, our acceleration schemes can
also be applied to a real-time approximate caustic renderer. It is possible to combine our
work with Elek et al.’s work. For example, we cluster the wavelengths and pass this inform-
ation to Elek et al.’s spectral differential for deciding which wavelengths to sample. Another
possibility is using our second acceleration scheme to decide the amount of resources (such
as number of photons) in the rendering of each randomly sampled wavelength in Elek et

al.’s spectral ray differential renderer.

2.4.3 Caustic Object Computation based on Multiple Caustic Patterns

We compute the geometry of a caustic object given a set of input caustic patterns such that
the computed caustic object can reconstruct the input caustic patterns at several distances.
Similar to previous work [128, 127], we represent our caustic object as a grid of cells. We
also use Simulated Annealing in the optimization.

In all previous work, the input is only a single caustic pattern. On the other hand, we
propose a new challenge in which we compute the geometry of a caustic object based on a
set of input caustic patterns. To solve the caustic pattern difference problem that preclude
reconstruction of all input caustic patterns, we perform optimization on the caustic patterns,
namely choosing a good adjustment on their parameters (i.e. refining the positions and sizes

of input caustic patterns). We also iteratively refine the caustic object geometry in the last
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step, the intensity correction step. As such, our optimization is slightly different to the

previous work that performs optimization and refinement only on the caustic object itself.



Chapter 3

Real-Time Caustics in Dynamic Scenes

with Multiple Directional Lights

In this chapter, we present a real-time caustic and volumetric caustic rendering technique
for a scene with multiple directional light sources. The scene is assumed to contain one
caustic object and several diffuse objects which receive cast caustic. We also extend the
method to perform rendering under environment illumination taking into account light oc-
clusion. Figure 3.1 shows some examples of our rendering results. In our proposed render-
ing technique, we firstly precompute the reflective and/or refractive caustic patterns at the
surrounding of caustic objects based on a set of directional lights. Afterwards, we use the
precomputed caustic patterns during the rendering pass in order to efficiently compute the
caustic intensities at arbitrary locations. As our technique is based on precomputation, the
number of polygons only slightly affects the caustic computation during rendering. Spe-
cifically, it only affects the fillrate in rendering. In contrast, the number of polygons affects
rendering time significantly in ray tracing-based methods as we have to perform search-
ing operations. Our proposed rendering technique has some differences with the technique
presented by Wyman et al. [103] and we discuss these in Section 3.1. In order to achieve
real-time performance for the rendering under environment illumination, we approximate

the environment illumination as a set of directional lights using our proposed environment

39
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Figure 3.1: Caustic rendering using our proposed technique. First column shows caustics
under one directional light source (light direction indicated by the arrow). Second column
shows caustics under environment illumination. The first row shows only the cast caustics,
and the second row shows cast caustics and volumetric caustics.

cube map segmentation technique (a cube map is a set of six textures, with each texture
corresponds to one cube face). We show the main steps of our technique in Figure 3.2.

To evaluate the rendering quality of our results, we compare the images generated using
our technique with the images generated using mental ray (available in Maya 2010). We
use photon mapping in mental ray to generate caustic patterns. Mental ray is a well-known
renderer commonly used in movie industry to generate visual effects for some well-known
movies with outstanding visual quality. As we show in Section 3.5.2, our technique can

generate caustics which are visually similar to the caustics generated using mental ray.

3.1 Precomputing Caustic Patterns

The purpose of the precomputation is to record the caustic intensities of a caustic object
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Figure 3.2: The main steps of our technique.

at the 3D local region based on several predefined directional lights. In this precomputa-
tion, caustic patterns of only several predefined directional lights are precomputed since it
is impossible to record the caustic patterns of all possible directional lights. Hence, in the
rendering, given an input directional light, its caustic patterns are computed by bilinearly
interpolating the precomputed caustic patterns of several predefined directional lights. The
caustic intensities of each predefined directional light are recorded on a set of concentric
spheres with varying radii (caustic spheres). We use a spherical representation in storing
the precomputed caustic patterns since we record caustic intensities of all directions sur-
rounding the caustic object. Moreover, during the precomputation we can easily compute
the intersections between the reflected and/or refracted light with the caustic spheres by
using ray-sphere intersection computation. Caustic intensities are recorded on several con-
centric spheres with varying radii in order to cover the 3D space surrounding the caustic

object and we precompute the caustic intensities by using photon mapping [133].
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Figure 3.3: (a) Predefined light directions for the precomputation are computed based on
the directions from each vertex, centre of each edge, and centre of each face to the cube
centre. We show some example directions by using arrows. (b) Precomputation of caustic
patterns. The incoming directional light (implemented as photons) is reflected and refracted
by the caustic object.

We propose the following precomputation. We sample 26 light directions based on a
cube, which consist of the directions from the cube vertices (8 directions), the centre of the
cube edges (12 directions), and the centre of the cube faces (6 directions) to the centre of
the cube. The predefined light directions are illustrated in Figure 3.3a. Then, the reflective
and the refractive caustic patterns (for each directional light) on a set of concentric spheres
centred at the origin of the caustic object are computed and recorded as shown in Figure
3.3b.

Unlike Wyman et al. [103] who linearly change the radii of the spheres, we suggest a
quadratic function to determine the radii of the caustic spheres since caustics weaken non-
linearly due to light attenuation. Thus, the changes in caustic patterns are visually more
apparent near the caustic object, thus a higher priority is given to the recording of caustic
patterns near the caustic object. The benefit of using this approach is that we can densely
record caustic patterns on the space near to the caustic object than the space far from the
caustic object. We can save more space by using this quadratic approach compared to the
uniform approach. Uniform approach stores caustic pattern on equal radii, hence uniform

approach is redundant as it uses the same amount of caustic spheres to store caustic patterns
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far away from the caustic object and caustic patterns near to the caustic object. Thus we
have the advantage of reduction of the number of caustic spheres while maintaining visual

quality. The formula for computing caustic radii is shown in Equation 3.1.

Ti = Tmin + (Tmax — Tmin) ((1 — 1) /(s — 1))27 (3.1

where r; is the radius of the i-th caustic sphere, ry,;, is the minimum radius, 7., i the
maximum radius, and s is the number of caustic spheres. We set r,;, to be slightly greater
than the distance from the centre of the caustic object to the nearest surface of the caustic
object. Assuming the maximum dimension of the object’s bounding box d is max{width,
height, depth}, we set r,.« to 4d based on our experiment in which caustic patterns were
barely noticeable on the caustic sphere with the radius of 4d. If we infinitely increase the
number of precomputed caustic patterns, the radii difference between caustic spheres will
approach zero, which is essentially the same as precomputing caustic for every point in the
space surrounding the caustic object.

The caustic patterns of each caustic sphere are stored in a 2D image such that the x and
y axes of the image represent the longitude and latitude of the caustic sphere. The issues of
storing the caustic patterns in this format are the redundant storage near the poles and the
requirement of using trigonometric functions to sample the caustics during the rendering.
However, the advantage is caustic spheres in latitude-longitude format can be stacked into
a 3D texture (which contains several layers of 2D textures) and therefore we can efficiently
sample the caustics at any point on and between the caustic spheres (or layers of a 3D
texture) since GPUs can efficiently sample and interpolate texels with a single sampling
instruction. Moreover, the computations of trigonometric functions in current GPUs are
relatively cheap. Another option is to store the caustic patterns in other format such as
cube map that can provide relatively more uniform sampling compared to longitude-latitude
format. However, additional operations are needed to sample and interpolate caustic points

across cube map stack or array. Moreover, not all of the current GPUs support cube map
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Figure 3.4: Caustic patterns for gargoyle model (with refractive indices for red, green and
blue components are 1.5, 1.51 and 1.52, respectively) for two different light directions.

arrays. One possible option is to store each cube map as six separate square textures, but
this will incur additional operation in shader as we need to choose which texture side to
sample.

From experimental results, the resolution of the caustic pattern images should be at
least 512x256 in order to generate good quality caustics. The height of the caustic images
is half of the width since we sample the caustic sphere [0..27] in longitude direction and
[0..7] in latitude direction. Generally, we suggest 16 caustic spheres (s = 16), thus the total
memory needed to store the precomputed caustic patterns of one caustic object is 512 x
256 (dimension of caustic pattern image) X 3 colour channels (RGB) x 16 caustic spheres
x 26 light directions = 156 MBytes. We can precompute polychromatic caustics by setting
different refractive indices for the red, green, and blue components of the directional light.
We show some examples of caustic pattern images in Figure 3.4.

Instead of storing the precomputed data in latitude-longitude format, we may store them
by using a Precomputed Radiance Transfer (PRT) [134] technique which represents the pre-
computed data as a set of constant values (of basis functions, such as Spherical Harmonics).
One main advantage of PRT is more uniform reconstructed data, with less distortion com-
pared to latitude-longitude format. Moreover, PRT approach can save tremendous amount
of memory space. One main disadvantage of PRT is the complexity in the computation, as
we have to perform rotation and reconstruct various points of the caustic spheres in real-
time in the rendering.

The precomputation algorithm is shown in Algorithm 3.1.
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Figure 3.5: Caustic spheres interpolation. For the sake of clarity, we illustrate the process
in 2D using only two caustic spheres.

Algorithm 3.1: Precomputation of caustic patterns.

1 Sample predefined light directions;
2 foreach predefined light direction do
3 Compute caustic patterns on each caustic sphere by using photon mapping [133];

4 Save the precomputed caustic patterns of each caustic sphere as an image;

3.2 Rendering Caustics under Directional Lights

3.2.1 Single Directional Light

Given an arbitrary light direction L, caustic spheres of L can be computed by interpolat-
ing the precomputed caustic patterns since most likely L does not coincide with any of the
precomputed 26 light directions. Thus, in our approach, we propose to choose the four pre-
computed light directions nearest to L. Similar to Wyman et al. [103], in order to alleviate
the ghosting effect (transition between two patterns, with one pattern fades out and another
pattern fades in) due to interpolation, caustic spheres of the four nearest light directions are
rotated to align their directions with L. Then, we blend them using bilinear interpolation to
produce the caustic spheres of L. This interpolation scheme is illustrated in Figure 3.5.

The caustic intensity at a point on a surface is trilinearly interpolated (point A in Figure
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3.6) or extrapolated (point B in Figure 3.6) using the intensities at the eight nearest samples
in the caustic spheres of L. Using the above method for computing the caustic intensity at
an arbitrary point, we propose the following techniques to generate two types of caustics,
caustics cast on receiver objects and volumetric caustics.

Caustics cast on receiver objects To render these caustics, firstly a temporary cube map
which stores the information of receiver points (coordinates and depth value of each re-
ceiver point) is computed. The receiver point information can be computed by rendering
the surrounding scene from the centre of the caustic object. Caustic intensities at the re-
ceiver points (Figure 3.6) can then be computed based on the coordinates of the receiver
points (sampled from the temporary cube map) by sampling the caustic spheres of L. The
caustic intensities are then multiplied with the dot product between the normals at the re-
ceiver points and the directions to the centre of the caustic object (in order to take into
account the cosine term in illumination) and we store them in a caustic cube map. Every
pixel of the caustic cube map contains information about the caustic intensities in RGB
channel and the depth value (is copied directly from the temporary cube map) in the A (al-
pha) channel of the cube map. In our experiment, the resolution of the caustic cube map is
512x512x6.

The caustic cube map is then sampled in order to determine the caustics at visible points
from the camera. For every visible point, we compute its local coordinates with respect to
the caustic cube map and sample the corresponding entry in the caustic cube map. If the
depth of the visible point is the same as the depth value stored in the cube map, we add
the caustic intensity, otherwise we do not add. The sampling is based on the shadow map
technique originally proposed by Williams [135].

Volumetric caustics In the presence of participating media (assumed to be homogeneous),
the volumetric caustics can be generated by using the ray casting technique [136]. A ray
is cast to the scene for every pixel on the screen and the caustic intensity at each sample
point on the ray is integrated. Typically, we use 128 samples on the rays. In order to

check whether each sample point is blocked by occluders, its distance to the centre of the
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Figure 3.6: Computation of caustic intensities.

caustic cube map is compared with the depth stored in the cube map. If the distance is less
than or equal to the depth stored in the cube map, the caustic intensity from the caustic
spheres is sampled. Otherwise, this sample point can be skipped as it is blocked by the
occluders. In the integration, we consider the light attenuation from the sample point to the
camera and the scattering phase function (can be computed using either the Rayleigh phase

function [137] or the Henyey-Greenstein phase function [138]).

3.2.2 Multiple Directional Lights

To generate caustics under ¢ numbers of directional lights, we apply the algorithm for one
directional light to each light and accumulate the computed caustic patterns on the caustic
cube map. Then, the accumulated caustic patterns are projected to the scene. Similarly, for
volumetric caustic rendering, for every sampling point on the cast ray we sample caustic
spheres of all ¢ directional lights and integrate them. This technique is used to render
approximate cast caustics and volumetric caustics under environment illumination (Sec-
tion 3.3). The cast caustics and volumetric caustic rendering algorithm is presented in
Algorithm 3.2.

Note the weight in Line 5 of Algorithm 3.2 is set to 1.0 unless it is rendering under
environment illumination (Section 3.3). For rendering under one directional light, Lines 2

- 6 are executed only once.
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Algorithm 3.2: Rendering cast caustics and volumetric caustics.

1 Render the surrounding of a caustic object into a temporary cube map;
/* Compute caustic spheres and caustic cube map. */
foreach directional light L of all q directional lights do

Choose four nearest predefined light directions;

Rotate their caustic spheres and blend them;

Weight them and accumulate them into the caustic spheres;

Accumulate the caustic intensities to the caustic cube map;

A U A W N

/* Compute cast caustics. */
foreach visible point in the scene do

dist = distance from the visible point to the caustic object;

if dist = distance in the caustic cube map then

e e 3

10 Render the caustic point (by sampling the RGB channel of the caustic cube
o,
/+ Compute volumetric caustics. */

11 foreach pixel in the screen do

12 Shoot a ray through that pixel to the scene;

13 foreach uniform step along the ray do

14 acc =0;

15 dist = distance between the point in the current step and the caustic object;

16 if dist < distance in the caustic cube map then

17 Sample the caustic spheres of all ¢ directional lights and accumulate to
L acc;

18 Add the pixel value in the screen with acc
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3.3 Rendering Caustics under Environment Illumination

In our technique, we represent the environment illumination as an environment cube map.
Every pixel in the cube map represents a distant directional light, thus the total irradiance
at a point in a scene is the sum of radiance from all pixels in the cube map. However,
integrating the radiance from all pixels in the cube map during rendering is impractical. To
solve this issue, we segment the environment cube map into several important light regions
and represent each of them with a directional light. We then sample the important light

regions in the rendering.

3.3.1 Environment Cube Map Segmentation

Real-time rendering techniques often approximate an environment illumination with sev-
eral lights. Debevec [139] recursively segments the environment map (latitude-longitude
format) into two regions having almost equal total radiance until a number of iterations. In
our technique, to account for light occlusion, we need to represent an environment illumin-
ation as a cube map. Therefore, we cannot use Debevec’s segmentation algorithm [139].
A novel environment map wavelet sampling is proposed by Clarberg et al. [140]. The
method redistributes many sample points after doing wavelet decomposition. However, for
our rendering method we need a small number of directional lights as caustic computation
is costly. Moreover, the sample point distribution depends on how we generate the initial
random points (e.g. Uniform Random or Hammersley), and it also depends on the initial
seed. For our caustic rendering using a few sampling, the result rendering will be quite
different for every seed we use or every algorithm we use for generating the initial random
points. Recently, the algorithm for segmenting environment cube map into several area
light sources is proposed by Annen et al. [141]. For our purpose, we cannot use Annen
et al.’s method [141] since on a cube map face that has almost homogenous radiance, the
method only produces one large light region which is not suitable to be represented using

only one directional light.
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For rendering caustics under environment illumination, we propose the following en-
vironment cube map segmentation algorithm for computing important light regions. We
assume that the importance of a light region is determined by the total radiance of the re-
gion.

Given an environment cube map and the number of intended light regions ¢, our al-
gorithm divides the environment cube map into ¢ important non-overlapping rectangular
light regions. The algorithm starts with six regions, with each corresponds to one face of
the cube map. We prioritize segmenting the region having the most total radiance until we
obtain ¢ light regions. If the total radiance of a region is below a certain threshold (almost
no radiance), then it will be discarded and will not be processed further. Afterwards, re-
peatedly select the region which has the most total radiance from all faces and subdivide
that region into two new regions having the same total radiance. In the subdivision, we test
segmenting the region horizontally and vertically, and then choose the one closer to a square
shape. In the segmentation, we scan the region (up to down if horizontal segmentation, left
to right if vertical segmentation), and compute the total pixel radiance of both sides. The
scanning is stopped when the total pixel radiance of both sides are similar. The total pixel
radiance can be computed faster by using Sum Area Table (SAT).

In order to choose either horizontal or vertical segmentation, we compute which seg-
mentation yields two regions with the aspect ratios nearer to 1.0 (closer to a square). The
aspect ratio is the ratio of the dimension with the bigger magnitude (max{width, height})
to the dimension with the smaller magnitude (min{width, height}) of a rectangular region.
Regions with aspect ratio closer to 1.0 are preferable since we represent each important
light region with a directional light source. For doing so, the region is segmented horizont-
ally and vertically, and we compute their aspect ratio deviations. The deviation is computed

as the sum of the squared deviation of the new two regions (Equation 3.2).

Dev = (A; — 1.0)* + (Ay — 1.0)%, (3.2)
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Figure 3.7: Results of our environment cube map segmentation. We segment each cube
map into 24 regions. The green lines are the region boundaries and the green dots are the
light directions representing the regions. Note the brighter cube faces are subdivided more
compared to the darker faces.

where Deuw is the deviation, A; and A, are the aspect ratio of the two new regions from the
subdivision.

We select the segmentation that yields a smaller Dev and continue with performing
the segmentation until ¢ light regions are obtained. For each light region (of selected ¢
regions), we store the weighted centre (with the weight is the radiance of each pixel in the
region) of the region as the important light direction along with the region boundary (i.e.
the coordinates of the two opposite corners of the rectangular region). Figure 3.7 shows the
results of our environment cube map segmentation algorithm.

Taking into account the light occlusion effect (details in Section 3.3.2), there are three
approaches in computing the important light regions and their corresponding directional
lights during the rendering. In the first approach, given an environment illumination, we
recompute on-the-fly the directional light for each important light region based on the
unoccluded pixels of the region and in the second approach we recompute the light re-
gions (perform the environment cube map segmentation) on-the-fly. However, these two
approaches suffer from temporal incoherence and some undesirable effects such as jittering

and popping-in popping-out of caustic patterns.
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In the third approach, the light regions and the directional lights are precomputed without
considering occluders and we use this precomputed information in the rendering. By us-
ing this approach, parts of caustic patterns become dimmer or disappear in the presence
of occluders without having the temporal incoherence problems. As such, we adopt this
approach for segmenting the given environment illumination.

The segmentation algorithm is shown in Algorithm 3.3.

Algorithm 3.3: Environment cube map segmentation.

1 Generate six regions with each is one of the cube map faces;
/% total_regions = 6. */
2 Discard regions whose total radiance are below threshold;
/* total_regions becomes < 6 after discarding. */
/* Next, do the iterative segmentation until we obtain g¢q
regions. */

3 while rotal_regions < q do

4 Select the region with the most total radiance;
5 Compute Dev (Equation 3.2) for each segmentation direction;
6 Choose segmentation direction (horizontal or vertical) with the lower Dev and

segment the selected region into two regions;

7 Discard regions whose total radiance are below threshold;

3.3.2 Directional Light Radiance Sampling Taking Into Account Oc-

clusion

As the directional lights are derived from an environment cube map, the radiance of each
directional light is the total radiance of all unoccluded pixels in the important light region
(corresponding to the directional light). To compute the total radiance, we render the im-
portant light region taking into account light occlusion (by rendering the occluders as black

colour) into a texture (or a 2D image) and sum up the radiance of all pixels in the import-
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Figure 3.8: We sample the important light regions by rendering them. The sampling frustum
for the rendering is based on the boundary information of the light region with the viewing
direction is the direction to the environment cube map face containing that particular region.
The occluders are rendered as black objects.

ant light region. This computation uses the information of each important light region and
its corresponding light direction computed using our environment cube map segmentation
algorithm.

Since we represent the environment illumination as a cube map, it is easy to set up a
sampling frustum (a frustum is a 3D rendering region with the shape of a truncated pyramid
in which all visible 3D objects are inside this region) for rendering the important light
regions. The sampling frustum uses the boundary information of the important light regions
(obtained from our environment cube map segmentation algorithm). The coordinates of the
two opposite corners of the rectangular important light region are used to specify the left,
right, bottom, and top boundaries of the sampling frustum. The direction of the sampling
frustum is the direction from the centre of the caustic object to the face of the environment
cube map where the important light region lies. Figure 3.8 illustrates how we sample the
important light and Figure 3.9 shows an example of an environment map sampling.

The occlusion handling under environment illumination algorithm is presented in Al-

gorithm 3.4.



54 Chapter 3. Real-Time Caustics in Dynamic Scenes with Multiple Directional Lights

(a)

Figure 3.9: Environment map sampling. (a) shows the scene configuration with the envir-
onment map shown in Figure 3.8. (b) shows the environment map sampling by rendering
24 light regions. Note the occluders are rendered as black objects.

Algorithm 3.4: Occlusion handling.

1 foreach light direction L do

2 Render the segmented region (output of Algorithm 3) corresponding to L;

3 Render the occluders as black colour;

4 Compute the total intensity of the rendered image, which serves as the weight for
L. (The weight is used in Line 5 of Algorithm 3.2);

3.3.3 Caustic Computation

Since we approximate the environment illumination as a set of directional lights, we com-
pute the final caustics by integrating the caustic patterns of all directional lights (with each
is weighted by the total radiance of the sampled important light region of that particular

light direction).
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3.4 GPU Implementation

We present the GPU implementation of our caustic rendering under ¢ directional lights. We
use OpenGL and Cg in the implementation. At the time of this research, we focus on GPUs
which support at least OpenGL 2.1.

There are three visual effects in the rendering, namely refraction effect, caustics cast on
diffuse surfaces, and volumetric caustics. We use the image-based method proposed by Wy-
man et al. [106] to render the refraction effect of the caustic object. They approximate the
intersection points where the viewing rays exit the caustic object by using the precomputed
distance between two points on the caustic object.

The caustic rendering consists of three major stages: storing the precomputed caustic
spheres into memory, computing the directional light radiance, and computing caustic in-
tensity. Storing the caustic spheres is done only once when we load the caustic object to the
scene. We recompute the light radiance and caustics only if there are changes in the scene

(the caustic object, surrounding objects, and/or environment light are transformed).

3.4.1 Storing Caustic Spheres

We store the precomputed caustic spheres (caustic images) of each light direction in a 3D
texture, so that we can directly use the trilinear interpolation provided internally by the
graphics APl when we sample the caustic spheres. We test two alternatives to store the
precomputed caustic spheres of all light directions, multiple 3D textures and a single 3D
texture.

Multiple 3D textures The first method is to use several 3D textures and each 3D texture
stores the caustic spheres of one light direction. By storing the precomputed caustic spheres
of each direction in a 3D texture, we need to do multiple rendering passes (g passes) in order
to accumulate the caustic patterns from all light directions.

Single 3D texture The second alternative is to store the caustic spheres of all light direc-

tions into a single 3D texture by tiling. As the result, we are able to accumulate the caustic
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patterns from all ¢ light directions either in single pass or multiple passes.

3.4.2 Computing Directional Light Radiance

The caustic intensity of each light direction depends on light radiance from that particular
direction arriving at the caustic object. We can estimate the radiance in the presence of
occluders by using the technique described in Section 3.3.

To account for occlusion, we render the segmented regions of the environment map
from the centre of the caustic object to a texture array, with each slice in the texture array
corresponds to one segmented region. The rendering is done to a low resolution texture
array, i.e. 32x32xq. Afterwards, we generate low resolution textures for each slice in the
texture array by using the mipmapping [142]. Thus, we can sample the average radiance
of a light region reaching the caustic object by sampling the topmost level of the mipmap.
Since the radiance value that we obtain from the mipmapping is the average value, we
multiply it with the number of pixels in that light region in the original environment cube

map in order to get the total radiance.

3.4.3 Caustic Sampling

There are two ways for computing the caustic intensity from all directional lights (which we
obtain from environment cube map segmentation). First, for each light we sample the four
nearest precomputed caustic spheres directly (direct sampling). Second, we accumulate
the caustic spheres of all lights beforehand (compiled) into compiled caustic spheres and
then we sample these compiled caustic spheres in the rendering.

Direct sampling For each light, and for every point in the scene where caustic intensity
need to be computed, we sample the caustic intensities from the caustic spheres of the four
nearest precomputed light directions and interpolate them. This method is straightforward,
however, for every point in the scene we need to do the same operations (e.g. rotating

the caustic spheres of the four nearest light directions for every point in the scene). This
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Algorithm 3.5: Algorithm of compiled method.

1 Initialize the compiled 3D texture, set all texel values to zero;

2 foreach directional light L; of all q directional lights do

3 Choose four nearest predefined light directions;

4 Rotate their caustic spheres and blend them;

/+ Note the caustic spheres are in 3D texture

latitude-longitude representation */
5 Weight the blended caustic spheres with power of L;;
6 Accumulate the weighted blended caustic sphere to the compiled 3D texture;

becomes a bottleneck in volumetric caustic rendering since we need to do this process for
every sample point on the cast ray and it greatly decreases the performance as we need to
sample many points on the cast ray, and for every point we need to iterate through all ¢ light
directions.

Compiled In the compiled method, to avoid the redundant operations as the ones in the
direct sampling, we accumulate the caustic spheres from all light directions into a compiled
single 3D texture beforehand. For every light direction L; (i = 1, ..., ¢), we rotate and blend
the caustic spheres of the four nearest light directions (Figure 3.5), multiply the blended
caustic spheres with the radiance of L;, and accumulate them into the compiled 3D texture.
In the rendering, whether casting the caustics or rendering volumetric caustics, we just
need to sample the compiled 3D texture. We show the algorithm for the compiled method

in Algorithm 3.5

3.4.4 Rendering Passes

We can perform the rendering in either multiple passes or single passes.

Multiple passes The iteration is done in CPU, with each iteration corresponding to one
directional light. In every iteration, we pass the information of one directional light such
as the four nearest precomputed light directions and their rotation matrices to the fragment
shader. Using this technique, we can store the precomputed caustic patterns in the GPU in

either multiple 3D textures or a single 3D texture.
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Single pass The iterations for all directional lights are performed in GPU. We store the
necessary information computed in CPU in the Texture Buffer Object because of its efficient
data storing and retrieval capability in GPU. Since Texture Buffer Object is basically a 1D
array, we store the information of the lights as a series of blocks of 16x4 float numbers (for
each light, 1 block for the four nearest precomputed light indices in the 3D texture, 1 block
for the weights, 1 block for the light intensities, 12 blocks for the rotation matrices and 1
unused block). In the shader, we just need to loop through all the ¢ light directions, sample
the information from the Texture Buffer Object, rotate and blend the caustic patterns, and
accumulate them. In this technique, we can store the precomputed caustic spheres in GPU

only in a single 3D texture.

3.5 Results

We performed the experiments on a PC with an Intel Core 17 2.67 GHz and an Nvidia
GTX 285. The image size of our real-time rendering results are 1024768 pixels. We
provide visual comparisons, quantitative analysis, and rendering speed performance for
several experiment results.

The scenes we used in our experiments consist of around 5K vertices/10K triangles
to around 50K vertices/115K triangles as the GPU we used is able to handle real-time
rendering of scenes up to several hundred thousands of polygons. The scenes consist of one
caustic object and up to three diffuse objects. Basically, the effect of the number of diffuse

objects is negligible as each object is a group of polygons.

3.5.1 Rendering Results using Our Technique

Figure 3.10 shows our rendering results under one directional light (¢ = 1 and s = 16)
and environment illumination (¢ = 24 and s = 16). Since the caustics under environment
illumination are computed from many light directions, they are blurred. From our experi-

ments, the visual differences of the caustics between ¢ = {32,48} and ¢ = 24 (number of
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(a) Only cast caustics (b) With volumetric caustics

Figure 3.10: Caustics under one directional light source with the light direction is denoted
by the arrow (top row) and caustics under environment illumination (bottom row). (a) shows
caustics cast to the scene and (b) shows the result with volumetric caustics.

directional lights) were hardly noticeable.

For justification on the suggested number of light sources, we show the rendering results
for various number of light sources in Figure 3.11 and the image differences in Figure 3.12.
Note that we show the differences by using colour mapping, which ranges from blue (less
differences) to red (more differences), as we show in Figure 3.12e.

We performed quantitative analysis by comparing images generated using our tech-
niques and an image generated using mental ray. The rendered images are the images of the
scene in Figure 3.14 (consists of around 40K vertices and 115K triangles). We implemen-
ted the widely used Root Mean Square Error (RMSE) and Information Content Weighted
Structural Similarity Index (IW-SSIM) [143]. When we compute the RMSE, we firstly
convert the images from RGB representation to CIELAB space as the euclidean distance

between two colours in CIELAB space approximately corresponds to the difference accord-
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ing to human perception. The IW-SSIM computations are done in grayscale representation
which are converted directly from RGB representation, as suggested by its author in his
website [144]. When we compute the errors, we only consider the pixels on the floor as we
focus our analysis on the generated cast caustics. Moreover, due to the different renderer
used in renderings, the difference in the pixels belonging to the caustic object and the envir-
onment will affect the analysis. Hence, we discard the pixels belonging to the environment
illumination and the caustic object.

We would also like to note that quantitative analysis of image quality is still an ongoing
and active research, as it is still challenging to accurately model the human perceptual
evaluation. For example, Average RMSE is pixel-based and does not consider the structures
or features in the images, IW-SSIM improves it by using a multi-resolution evaluation and

takes into account some existing perceptual models. However, IW-SSIM only considers

(a) 16 lights (b) 24 lights

(c) 32 lights (d) 48 lights

Figure 3.11: Experiment with various number of light sources
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luminance factor and does not consider colour variation in the images. As such, image
quality analysis is only one of the considerations in judging image quality and it is still not
perfectly robust yet.

Table 3.1 and Figure 3.13 show that the average RMSE has a tendency to decrease and
the IW-SSIM has a tendency to increase as we increase the number of light sources. Because
our proposed method is an approximation and clustering technique, there might be some
noise in the quantitative result, i.e. the RMSE does not always monotonically decrease and
the IW-SSIM does not always monotonically increase. For example, we can see the average
RMSE increases for 16 light sources and the IW-SSIM similarity is decrease for 48 light
sources. Maximum RMSE shows a more consistent result by having the maximum RMSE
monotonically decrease up to until 56 light sources.

Table 3.1: Quantitative results for our various experiments with various number of light
sources for the scene shown in Figure 3.14. RMSE is Root Mean Square Error, lower
values mean lesser difference. IW-SSIM is Index similarity, higher values mean greater
similarity.

RMSE IW-SSIM
Average \ Maximum || Index

Quadratics =16¢ =28 || 26.633 | 154.863 0.8915
Quadratic s = 16 ¢ = 16 || 19.710 | 142.986 0.8990
Quadratic s = 16 ¢ = 24 || 21.500 | 141.429 0.9093
Quadratic s = 16 ¢ = 32 || 20.950 | 135.046 0.9153
Quadratic s = 16 ¢ = 40 || 20.905 | 130.513 0.9155
Quadratic s = 16 ¢ = 48 || 20.386 | 122.740 0.9144
Quadratic s = 16 ¢ = 56 || 20.511 | 113.535 0.9172
Quadratic s = 16 ¢ = 64 || 20.597 | 113.776 0.9175

Experiments

Moreover, under any number of light directions, the visual differences of s = 16 and
s = 32 (number of caustic spheres) were also not very apparent. The justification is shown
in Figures 3.14 and 3.15. From the histogram plot in Figure 3.16, we can see that the
frequency of L2 difference for Quadratic s = 16 and s = 32 are already reduced ahead of
other caustic sphere combinations at around L2 difference of 60. As rendering by using
fewer caustic spheres consumes less resources, we suggest rendering with ¢ = 24 and

s = 16.
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(a) 16 lights (b) 24 lights
(c) 32 lights (d) 48 lights

(e) Difference colour mapping

Figure 3.12: (a - d) Image difference of rendering with various number of light sources. (e)
Differences colour mapping that we use for various image differences in this chapter, from
the lowest difference colour on the left end (blue) to the highest difference colour on the
right end

3.5.2 Comparisons With Uniform Radii Caustic Spheres

Figure 3.14 shows the comparison of caustic rendering using our quadratic radii caustic
spheres and uniform radii caustic spheres proposed by Wyman et al. [103].

As seen in Figure 3.14, the quadratic radii with fewer caustic spheres achieves similar
visual results as the uniform radii which uses more caustic spheres. This is because light at-
tenuates and therefore it is sufficient to densely sample near the caustic object and sparsely
sample far from the caustic object. With few caustic spheres (s = 16) circular banding

artefact is visible near the caustic object in the rendering results using uniform radii caustic
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Average Similarity
RMSE Index
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(a) Plot of average RMSE (b) Plot of similarity index IW-SSIM

Figure 3.13: Quantitative measurement plots of our results with various number of light
sources.

Table 3.2: Quantitative rendering results for our various experiments for the scene shown
in Figure 3.14. RMSE is Root Mean Square Error, lower values mean lesser difference.
IW-SSIM is Index similarity, higher values mean greater similarity.

RMSE IW-SSIM
Average \ Maximum || Index

Quadratics =8¢ =24 || 21.707 | 173.991 0.9055
Quadratic s = 16 ¢ = 24 || 21.500 | 141.429 0.9093
Quadratic s =32 ¢ =24 || 22.449 | 164.174 0.9052
Uniform s =8¢ = 24 26.699 | 210.858 0.8881

Uniform s = 16 ¢ = 24 || 24.203 | 146.541 0.9001
Uniform s =32¢ =24 || 23.882 | 155.682 0.8968

Experiments

spheres. The zoom-in view of the artefact is shown in Figure 3.14d (Note that we slightly
adjust the zoomed-in view colour for the sake of presentation). It happens due to the in-
sufficient number of caustic spheres near the caustic object thus the difference of the bright
caustic patterns between caustic spheres is very conspicuous. This artefact does not exist
in the rendering using quadratic radii since we sample densely near the caustic object, that
is the spacing between caustic spheres near the caustic object is small. Note that the arte-
fact also does not exist in the locations far from the caustic object due to the weak caustic
patterns in those locations.

We also compare the images generated using quadratic radii and uniform radii with
mental ray result and we show the image differences between Figures 3.14a - 3.14e and

Figure 3.14f, with the brighter pixels means larger difference (Figure 3.15). The image
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(e) Uniform radii (s = 32) (f) mental ray

Figure 3.14: Rendering comparisons of the images generated using quadratic radii caustic
spheres ((a) to (c)), uniform radii caustic spheres ((d) and (e)), and mental ray (f). We
rendered (a) - (e) using 24 directional lights.
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(a) Quadratic radii (s = 8) (b) Quadratic radii (s = 16)
(¢) Quadratic radii (s = 32) (d) Uniform radii (s = 16)

(e) Uniform radii (s = 32)

Figure 3.15: Image differences between images generated using various quadratic and uni-
form caustic sphere radii and mental ray in Figure 3.14.

differences are computed by using pixel-wise Euclidean distance.

As seen in Figure 3.15, image differences rendered using quadratic radii with s = 16
caustic spheres and uniform radii with s = 32 exhibit less difference compared to the
images rendered using quadratic radii with s = 8 caustic spheres and uniform radii with

s = 16 caustic spheres. Moreover, image difference rendered using quadratic radii with
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Figure 3.16: Histogram of RMSE pixel differences between our rendering results with
various caustic spheres, quadratic and uniform, with s = {8, 13,32} and mental ray results
for the scene shown in Figure 3.11. Horizontal axis is the L2 difference bin and vertical
axis is the frequency of the pixel. Hence, higher frequencies on the left side mean the image
has overall less differences, and higher frequencies on the right side mean the image has
overall greater differences.

s = 16 has slightly less difference compared to the image difference rendered using uniform
radii with s = 32. However, the cost difference shown in Table 3.2 shows that the image
degrades for rendering with 32 quadratic caustic spheres. Moreover, it shows that its image
quality is the same as the rendering with 8 quadratic caustic spheres. However, from the
visual observation we can see that the rendering with 32 quadratic caustic spheres has same
visual quality with 16 quadratic caustic spheres. This shows that quantitative image quality
assessment still has room for improvement.

As for the case with light occlusion, we also show the comparison between our results
and the results generated using mental ray in Figure 3.17 and we can see that our results are
visually similar to the mental ray results. For example, due to the presence of the occluder
above and slightly to the left of the bunny, we can see in both our and mental ray results,

the caustics at the right hand side of the bunny disappear (please compare with the result
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(a) Quadratic radii (s = 16)

(b) mental ray result (c) Image difference

Figure 3.17: Occlusion comparison between the image generated using our method (a) and
reference image generated using mental ray (b). We scaled the pixel differences in order to
provide a better view.

without occlusion in Figure 3.14) as the light from the top left is blocked by the occluder.
We show more rendering comparisons between the images rendered using our technique
with the images rendered using mental ray in Figure 3.18. Note that we can observe some
differences in the refraction effect of the caustic object because we implemented an approx-
imate refraction algorithm proposed by Wyman [105]. As for the rendering performance,
we were able to render the caustics in real-time while mental ray took about four minutes

to render one image.

3.5.3 Performance Comparison

We performed experiments using the combinations of all possible options of the rendering

techniques described in Section 3.4 and combinations of various numbers of directional
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Figure 3.18: Rendering comparisons between the images generated using our technique
(left column) and mental ray (right column).

lights ¢ = {1,16,24, 32,48} and caustic spheres s = {8, 16,32} to determine the best
rendering performance (in average frames per second, fps). We show the performance
comparisons of rendering cast caustics in Table 3.3. In general, we achieve the best ren-
dering performance by using the combination of multiple passes rendering, multiple 3D
textures storage for the caustic spheres, and the compiled technique. As for the volumetric
caustic rendering, the performance ratios between the alternatives have similar tendency as

the performance ratios in the cast caustic rendering. For the volumetric caustic rendering
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Table 3.3: Performance comparisons of various caustic rendering techniques for cast caustic

rendering (in average frames per second, fps)(Note: #Dirs = number of directions, D=direct,
C=compiled).

Multiple Passes Single Pass
#Dirs. | #Spheres || Multiple Textures | Single Texture | Single Texture
D | C D | C D | C
8 142.3 173.1 1403 | 165.4 | 120.0 | 176.7
1 16 142.7 156.5 135.4 | 1514 | 119.6 | 1489
32 142.6 129.9 139.6 | 124.8 | 120.0 | 120.9
8 38.2 60.0 312 | 602 | 214 | 528
16 16 37.4 38.8 312 | 39.7 | 21.2 | 35.1
32 37.2 24.0 31.2 | 241 | 21.2 | 205
8 27.6 45.0 229 | 451 149 | 41.0
24 16 27.7 30.0 2277 | 299 | 149 | 250
32 27.7 17.4 228 | 175 | 149 | 142
8 22.0 37.6 17.8 | 374 | 11.5 | 327
32 16 222 235 17.8 | 237 | 11.6 | 19.7
32 222 13.5 17.8 | 135 | 114 | 11.0
8 15.5 27.0 124 | 275 7.9 232
48 16 15.5 16.4 124 | 16.7 7.9 13.1
32 15.5 9.6 12.5 9.3 7.8 7.5

with multiple passes rendering, multiple 3D textures storage for the caustic spheres, and the
compiled technique, we were able to achieve 14.6 frames per second.

We also show plot frames per second measurement of cast caustic rendering for ¢ =
{8,16,24, 32,40, 48, 56,64} with s = {16} in Figure 3.19, with the rendering technique
option of compiled multiple textures. Even though for each experiment we add the same
number of parallel lights, the rendering performance does not drop linearly. Instead, it
slowly drops to around 10 frames per second for the experiment with GPU Nvidia GTX

285 and around 40 frames per second for the GPU Nvidia GTX 690.

3.5.4 Limitations of Our Technique

Our technique can produce approximate caustics under environment illumination in real-
time, however there are some limitations. First, our technique requires a large amount

of memory to store the caustic spheres. Second, since we perform precomputation, the
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caustic objects cannot be deformed during the rendering. However, many caustic objects in
real-world such as glass objects are actually non-deformable. Therefore, we can apply our

method to render caustics of such objects.

3.6 Summary

We have presented a GPU-based technique for real-time rendering of caustics and volu-
metric caustics in dynamic scenes under multiple directional lights. Our technique can be
applied to render approximate caustics under environment illumination taking into account
light occlusion from the surrounding objects.

Our proposed technique precomputes caustic patterns of several predefined light direc-
tions and we interpolate them in the rendering. In order to render caustic patterns under
environment illumination, we perform environment cube map segmentation and obtain sev-
eral directional lights which represent the environment illumination. Our work can be ex-
tended to handle volumetric caustics. We compare our rendering results with the mental ray
rendering results and we show that our rendering results are close to the mental ray results.

One of the main aspects in our proposed method is the storage of caustic patterns. We

store the precomputed caustic patterns in 3D texture memory in GPU. The sampling is effi-
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Figure 3.19: Plot of Frames Per Second (FPS) measurement with various number of light
sources.
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cient as we sample the 3D texture in shader and we obtain the trilinearly interpolated result.
The storage can be improved by compressing the caustic patterns such as by using spherical
harmonics. As the representation of precomputed caustic patterns is a set of constant val-
ues, instead of storing them in 3D textures, they can be stored in an alternate storage such
as Uniform Buffer Object (UBO) or Shader Storage Buffer Object (SSBO) that is available
in the recent GPU architectures. Moreover, by using CUDA and OpenGL Interoperability
feature, we can precompute and/or compress the caustic patterns on-the-fly and pass them
in the said buffer object to OpenGL for rendering.

As our work involves precomputation of caustic patterns, it currently only supports non-
deformable caustic object. One possible approach to handle deformable caustic object is by
precomputing caustic patterns of several deformation states and interpolating them in the
rendering. Another possible approach is analysing the deformation and updating the photon
map accordingly.

Finally, our technique can be extended to support caustic rendering under several local
area lights, since each area light can also be approximated with fewer number of lights by
using our segmentation technique (Section 3.3.1). However, care must be taken with respect

to the relative position and orientation between the area lights and the caustic object.






Chapter 4

Spectral Caustic Rendering

In our work, we aim to accelerate spectral caustic rendering while maintaining its render-
ing quality. Specifically, we render spectral caustics effects on a surface due to the light
splitting event (over the spectral domain) when the light encounters a caustic object. The
caustic object is assumed to be homogeneous and non-scattering (for the subsurface scat-
tering rendering work, readers are advised to check related literatures such as the work by
Frisvad et al. for heavily scattering materials [145] and the work by Gutierrez et al. for
thinly scattering materials such as underwater sea [146]). Our work supports scenes that
have one or more caustic objects that have the same index of refraction profile. One of
the main applications of our work is to assist caustic object design and visualization. The
designer can design the caustic object (e.g. a gemstone, crystal vase, glass bracelet, crystal
pendant, glass chandelier, etc.) and use our method to render it to observe the refraction
and caustics effects, which is similar to the application of Guy and Soler’s work [147].

We propose a two-step acceleration scheme for spectral caustic rendering. The first step
of the acceleration scheme takes into account caustic object characteristic, i.e. the index of
refraction over the wavelength 7(\). Our basic idea is that the refraction angles of some
wavelengths can be similar (within a certain threshold). Thus, we cluster those wavelengths
into a single cluster and represent them as a single light ray in the rendering. In the second

step, we take into account the Spectral Power Distribution (SPD) of the light source, the

73
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surface reflectance in the scene, and the eye’s sensitivities toward light stimulus of each
visible wavelength [148] in order to determine the importance level of each wavelength
cluster obtained from the first step. Moreover, we also take into account a geometrical
factor, i.e. the surface area of each material where caustic patterns might be generated.
We then adaptively allocate resources for rendering each wavelength cluster based on its
importance level. By doing this, we cut down the rendering time of wavelength clusters
that contribute less to the final rendered image.

We perform the rendering using the Stochastic Progressive Photon Mapping (SPPM)
technique [7]. The main reason for choosing SPPM is its iterative refinement nature which
allows us to adaptively adjust the number of iterations for rendering each wavelength cluster.
Another important reason is that SPPM does not require large memory footprint compared
to the traditional photon mapping technique [133].

We would like to mention that our acceleration scheme itself is not a rendering method,
but an acceleration method that is applied to a spectral caustic rendering algorithm based
on several considerations (index of refraction, light power, etc.). Hence, after applying our
method to the SPPM (which is actually a biased and consistent method [6]), the rendering
method will still be a biased method.

From the experimental results, our scheme can accelerate the rendering significantly
while preserving its rendering quality. We compare the rendering results using our acceler-

ation scheme against the Brute Force rendering result in Section 4.2.

4.1 Proposed Spectral Caustic Rendering

The basic idea of our spectral caustic rendering is as follows. We first cluster the visible
wavelengths, based on their refractive behaviours with respect to the caustic object, into
several clusters (first acceleration step, Section 4.1.1). Then, for each cluster, we determine
its refinement amount, based on the perceptual level and geometrical factor of surround-

ing surfaces, and decide the number of refinement iterations during the rendering (second
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acceleration step, Section 4.1.2). We then perform spectral caustic rendering using the
Stochastic Progressive Photon Mapping (SPPM) technique [7] (please refer to the begin-
ning of this chapter for the reasons of choosing SPPM). SPPM rendering algorithm contains
many iterations compared to the traditional photon mapping rendering algorithm. In each
iteration, a set of photons are emitted from the light source and stored on surfaces. After-
ward, we reshoot camera rays through every pixel. The camera ray passing through each
pixel is computed by sampling a random position on a pixel. Based on the shot camera ray,
we sample the visible surface in the scene. For each visible point on the surface, we perform
photon gathering and update its statistical irradiance information (e.g. number of gathered
photons, accumulated irradiance). In SPPM, we assume all local areas hit by all camera
rays passing through the same pixel share the same statistical irradiance information. We
then discard the emitted photons, and in the next iteration we redo the photon emission and
camera ray emission, and update the statistical irradiance information.

Integrating our proposed approach to SPPM is straightforward. Before the rendering
starts, we do preprocessing which consists of computing the clusters (first acceleration
step), and number of refinements (second acceleration step). For each cluster, we per-
form a separate SPPM rendering. The photons and camera rays consist of information of
each wavelength (such as power) of the current processed cluster. Since we only consider
caustic objects during the clustering, in each rendering iteration, each photon will store the
same amount of information and will perform a similar amount of workload. This factor
is beneficial to GPU which favours coherent workload between threads. When a photon
hits a surface, we multiply the photon power with the reflectance of the surface for all the
wavelengths in the cluster. On the other hand, when a photon hits a caustic object, we re-
fract the photon based on the average index of refraction of the wavelengths in the current
cluster. The number of iterations for the SPPM rendering of the current cluster is the result
from the second acceleration step. After we have finished rendering all clusters, we then

accumulate them into a single image.
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Figure 4.1: Plot of IOR of a real-world material N-SF66, with the x-axis represents
wavelengths A (in nm) and the y-axis represents IOR 7. We also show the clustering results,
with each cluster denoted by a colour line. Note that in the areas where the changes of IOR
are rapid, the clusters have less number of wavelengths (smaller clusters). For visualiza-
tion purpose, we use a higher threshold value in this plot, i.e. 0.1, and the total number of
clusters is 17.

4.1.1 First Acceleration Step

The input to our wavelength clustering is the Index of Refraction (IOR) curve of the caustic
object. This information can be obtained from a real-world material or can be designed
by users. In general, the IORs of real-world materials are monotonously decreasing with
respect to wavelengths. Figure 4.1 shows an example of IOR values (y-axis) of a real-
world material N-SF66 [149] with respect to wavelengths (x-axis). This information is
obtained from the Schott Data Sheet [149]. We also take into account materials with non-
monotonously decreasing IOR, such as real-world materials which have absorption proper-
ties [150] (we show an example of IOR and its rendering result in Figure 4.2) or artificial
materials designed by users (Figures 4.3a and 4.3b). For these materials, the curve can be
of any shapes. Thus, we first sort the wavelengths with decreasing IORs before we perform
clustering. This is important since some wavelengths (that are not next to each other) might
refract the incoming light to the same direction. For instance, n = 2 in Figure 4.3a intersects
the IOR curve five times. Hence, by sorting the wavelengths based on their [ORs before
clustering, we can cluster non-neighbouring wavelengths with similar refraction behaviours
together and as a result we can obtain less number of clusters. For example, if we cluster the

artificial IOR curves used in our experiments (shown in Figure 4.3) without sorting, we ob-
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400 500 600 700
(a) IOR (b) Rendering result

Figure 4.2: IOR and a rendering result of a diamond caustic object with Rose Bengal 10%
solution material.

tain 247 clusters for the two curves. On the other hand, if we first sort the wavelengths, we

obtain less number of clusters, 202 clusters for Figure 4.3a and 204 clusters for Figure 4.3b.

400 500 600 700 A 400 500 600 700 A
(a) Arbitrary 1 (b) Arbitrary 2

Figure 4.3: User’s designed IOR curves used in our experiments. (a) Clustered into 202
clusters (b) Clustered into 204 clusters.

The clustering is done by firstly computing the absolute amount of change of refraction
angle with respect to the change of wavelength |df/d\| for all possible incoming angles for
each 1 nm of visible wavelengths. Next, each wavelength is considered as an individual
cluster, and then we group neighbouring wavelengths if their sums of change of refraction

angles are below a threshold h.
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Change of refraction angle It can be computed as follows. We start with Snell’s law in

Equation 4.1.
12(A) sin(fa) = n1(A) sin(61), (4.1)

where 7; is the IOR of air, 7, the IOR of caustic object, #; the incoming angle and 6,
the refraction angle. Both 7; and 7, are functions of wavelength A since we take into
account varying IOR across the wavelengths. The equation is then rearranged since we are
interested in computing the refraction angle 6,. Hence, the refraction angle 6 is a function
of the incoming angle #; and wavelength \. We assume that the IOR of air to be constant

over the wavelength, i.e. 1.0. The rearranged equation is shown in Equation 4.2.

02(61, \) = sin™" (S;:Eil))) . 4.2)

We can then compute the derivative of Equation 4.2 with respect to the wavelength by using

the chain rule and we obtain the result as shown in Equation 4.3.

dbs(\, 0,) — sin(01)7(A) 4.3)

A SO (V? — sin(6,)?)

where 7, () is the first derivative of the caustic object’s IOR with respect to wavelength.

will al-

Since we have sorted the wavelengths beforehand (with decreasing IOR), d9( )\0 1)

ways result in greater than zero values.
We show an example plot df,(\, 0;)/d) of a real-world material N-SF66 [149] in Fig-
ure 4.4. The total amount of changes in refraction angle a wavelength range ©(\) is com-

puted as the sum of changes for incoming angles (from 0° to 89°), as shown in Equation 4.4.

89° A+1nm
O\ = / / dQQ(dAA ) indo,. 4.4)

Referring to the example in Figure 4.4, we compute the volume below the surface.

Volume computation To compute ©()\), we firstly subdivide the surface into patches with
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Figure 4.4: Example plot of |df2(\,6;)/dA| (in degree/nm) for a real-world material N-
SF66. The 6;-axis represents the incoming angle (in degree) and the A-axis represents
wavelength (in nm).

each patch covers 1 nm by 1 degree and then we compute the values inside a patch by using
bicubic interpolation. We use bicubic interpolation because we intend to achieve a smooth
interpolation of the surface as we observe the IOR curves are smooth to begin with. Hence,
it is not really suitable to use a simple one such as bilinear interpolation, which can produce
peaks in the corners of each cell in the grid. The ©(\) can be computed by performing an
integration over the bicubic patches from 0 degree to 89 degrees. In detail, the computation
is as follows.

For the sake of clarity, we firstly assume (), 61) to be a point in one of the patches of
dfy(A, 61)/d\ surface. To interpolate the patch, we define the bicubic interpolation (in A

and 0, directions).

3 3
WX, 0,) ZZ N0, 4.5)
7=01=0

where each a;; is the coefficient of each term in the equation. To compute the integration,
each of the coefficient a;; has to be computed first. In order to achieve this, we have to define
the ¢)(\, 0;) values on the four corners (A, 61), (A+1 nm, 6,), (X, 0;+1°), (A+1 nm, 6,+1°),
including its first and second derivatives (Equation 4.6). Since the dimension of every patch
in A and 6, axes are the same, in order to simplify the computation, we assume one corner

of every patch to be at (0 nm, 0°) (for clearer reading, we omit the units in Equation 4.6).



80 Chapter 4. Spectral Caustic Rendering

1/1<07 0) = ap,0,
P(1,0) = app + a1,0 + azp + as,

P(0,1) = app + ap1 + ap2 + ao 3,

3 3
= ZZ%

§j=0i=0
¢A(O, 0) = al,Oa
¥A(1,0) = a1 + 2a20 + 3azp,

PA(0,1) =a19+a11 +a1p+ a3,

3 3
=D iai,

j=0i=1

Q7091 (07 0) = aop,1,

(4.6)

o, (1,0) = ap1 +a11 +as1 +asy,

9, (0,1) = ap 1 + 2a92 + 3ag s,

%1 1 1 ZZ]GZW

7=11:=0
w)\01 (07 0) = a1,1,
w>ﬁ1(]—7 0) = a1 + 2a2,1 + 3(13,17

¥y, (0,1) = a1 1 + +2a1 2 + 3ay 3,

77%\01 1 1 Zzlja/l]7

j=1li=1

where 1y, 1y, , are the first derivative of the patch corner with respect to A and ¢, directions
respectively, 1), is the second derivative of the patch corner with respect to both A and 6,
directions. It is necessary that Equation 4.3 is differentiable in order to perform the bicubic

interpolation, and we show that Equation 4.3 is differentiable in Appendix A.
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If we assume

T

, 4.7)

\Il:‘qp(o,o) P(X,0) ... 1, (0,01) e, (A, 601)

T
a= apo a1 -.- Q23 Q33 ) (48)

M is a matrix that contains numerical constants in Equation 4.6. Equation 4.6 can be

reformulated as a system of linear equations :
¥ = Ma. 4.9)

Hence, each constant a; ; in a can be obtained by solving Equation 4.9 (i.e. a = M~'W).
M~! can be precomputed as it is independent of (), 6;). We show the computed M~ in
Appendix A. After obtaining the constants, then we can compute the volume below each

patch by using double integration in Equation 4.10.

1 1 1 1 3 3 ' ‘
0 JO o Jo

§=0i=0

The computation of Equation 4.10 can be optimized by simple mathematics manipulation.

Firstly, the sigma summations are moved to the outside:

3 3 1 1 .
o= [ [ ai; X 6] dras, @.11)
j=04=0"0 /0

We can see that from Equation 4.11, a; ; is constant inside the double integral and it can
be moved outside of the double integral. Moreover, the product of integration A’ and 6? is

independent of a; ; (which in turn is independent of 77(\)). Hence, the product of integration
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X and @ can be precomputed. The final integration formula then becomes :

3
v = Z a; j bi,j = aTb (412)

j=0i=0

with
|
b = / / 64 Ao, 4.13)
0 JO
T

b :‘ bo,g bl,O b273 b3,3 . (414)

We show the precomputed values of the vector b in Appendix A.

Since we discretize the surface into patches, the computation of ©()\) becomes the
computation of volume covered by one column of p patches (i.e. 0° — 89°).
Clustering We consider every 1 nm wavelength between 380 nm and 780 nm, that is, in
total we have 401 wavelengths. We perform the clustering by iteratively merging two neigh-
bouring wavelength clusters whose sum of their ©()\) is below a threshold k. The clustering
process is shown in Algorithm 4.1. The threshold £ is determined based on the maximum al-
lowable change of refraction angle e with respect to the change of wavelength. Using Equa-
tion 4.4, the maximum allowable ©()\) for merging clusters is h = [ [« d\ df; = a89.
In practice, we set o to 0.05°. We determine this value from various experiments, and we
show one of them in Figure 4.6. The scene is illuminated with CIE Standard Illuminant
D65 and the IOR of the caustic object is Arbitrary 1 (Figure 4.3a). We use Arbitrary 1
IOR as an example due to its non-monotonous property that is suitable for testing our first
acceleration step. Figure 4.1 shows the clustering results of a real-world material N-SF66.

One might argue to use a simpler clustering, i.e. cluster based on equal steps along the
IOR axis. However, we would like to mention that similar [ORs do not guarantee similar
refraction direction, as refraction direction is not linear with respect to IOR. Assuming the

incoming angle is 89 degree, the refracted angle for several IORs are :

e IOR 2.00 -> 50.95 degree

e [OR 1.99 ->51.30 degree
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e IOR 1.57 -> 81.49 degree
e IOR 1.56 -> 84.44 degree

As we can see here, even though the similarity between 2.00 and 1.99 IOR is the same
as between 1.57 and 1.56 (the difference in IOR is 0.01), however, the refracted angles are
different significantly (0.35 degree and 3.05 degree respectively). Note that Elek et al. [77]

also uses a similar approach as ours.

4.1.2 Second Acceleration Step

Generally, we perceive every visible wavelength arriving at our retina based on the emitted
Spectral Power Distribution (SPD) of the light source, the surface reflectance of materials
in the scene, and our eyes’ sensitivity for each visible wavelength. By taking into account
these information, we propose an importance level «(\) that controls the number of render-
ing refinement for each wavelength cluster. That is, for clusters with lower u(\) values, we
refine less times compared to clusters with higher u(\) values. We show the formula in the

following Equation 4.15
u(d) =1Ny(A) > mi(A) Ligi, (4.15)

where [(\) is the light’s SPD with respect to wavelength A (we can use a real-world light
source [8] or user’s designed), y(\) is the luminosity function, m;(\) is the i-th material’s
surface reflectance with respect to wavelength A (value in the range [0..1] (unit less) as it
describes the portion of light that is reflected; we can use a real-world material such as the
reflectance of Macbeth Colour Checker [8] or that is designed by a user). For non-diffuse
surfaces which have varying reflectance amount over the possible reflected directions, we
handle these surfaces by taking their maximum reflectance for m,. By doing this, we might

overestimate but will not underestimate the reflectance.
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Algorithm 4.1: Clustering Algorithm

1
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for each of the 401 wavelengths (380 nm to 780 nm) do
if it’s ©(\) > h then
| Mark it as a final cluster;
else
| Mark it as a free cluster;
end
end
while there are free clusters do
Find a pair of neighbouring free clusters whose sum of their O(\) is the smallest;
if the sum < h then
Merge the two clusters, assign the sum as the ©(\), and mark the new cluster
as a free cluster;
else
\ Mark all the free clusters as final clusters;
end
end

Figure 4.5: The overall scene configuration of the results shown on the first row of Fig-
ures 4.9 and 4.13. The light source is a point light source located near the face of the bunny.
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(a) 0.5° (4 clusters) vs. 0.1° (17(b) 0.1° (17 clusters) vs. 0.05° (34(c) 0.05° (34 clusters) and 0.01°
clusters) clusters) (137 clusters)

(d) 0.5° (58 clusters) vs. 0.1° (152(e) 0.1° (152 clusters) vs. 0.05°(f) 0.05° (204 clusters) and 0.01°
clusters) (204 clusters) (346 clusters)

(g) 0.5° (55 clusters) vs. 0.1° (147(h) 0.1° (147 clusters) vs. 0.05°(i) 0.05° (202 clusters) vs 0.01°
clusters) (202 clusters) (345 clusters)

Figure 4.6: Image differences between rendering results with varying threshold value, with
brighter pixels indicating larger differences. Each cluster is rendered with 2000 iterations.
For each pixel, we compute the Euclidean distance and we scale it by 10.0. The first,
second, and third columns show image differences between 0.5° and 0.1°, 0.1° and 0.05°,
0.05° and 0.01° respectively. We use N-SF66 (Figure 4.1), Arbitrary 2 (Figure 4.3b), and
Arbitrary 1 (Figure 4.3a) IOR curves on the caustic objects of the first, second, and third
row respectively. As for the light source, we use CIE Standard illuminant F10 for the first
row, and D65 the second and third rows. The scene configuration of the first row is shown
in Figure 4.5. The light source of the scenes on the second row is a point light source
directly above the caustic object and on the third row is a point light source directly below
the caustic object.
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/3 2

Figure 4.7: We sample the material types of the surrounding surfaces from the bounding
box (blue box) corners and the centre of the caustic object. The numbers denote the material
type. As shown in the figure, sampling of material #3 is higher as the smaller box enclosing
the caustic object has material #3. Some parts of material #0 and #2 are sampled, and none
of material #1 is sampled.

L; is the weighting based on the lightness of the surface material m;. The lightness is
the same as the L* of the CIE L*A*B* colour space. g; is the weight based on the surface
area of material m; visible from the caustic object.

Perceptual factor affects the refinement as it is redundant to use the same amount of
resources for rendering surfaces that have different levels of perceptual. We incorporate

two perceptual factors in the u(\) computation :

e Luminosity function y()) that describes the human eye sensitivity in the spectral
domain (i.e. human eyes have different amounts of brightness sensation over the
visible wavelength range). The luminosity function is the second CIE standard colour

matching function (y(\)).

e Lightness L;, the non-linear perceptual property of the material.

Moreover, we also consider the geometrical distribution of the surface material. More
weight is given to materials whose surfaces receive more caustic patterns. To compute the
weight g;, we use spherical uniform sampling to sample the surrounding of caustic object.
The weight g; is computed as §; = g¢;/ >_; g; (normalized to range [0..1]) where g; is the
number of sample points on the surfaces with material m;. The sampling is illustrated in

Figure 4.7. We show our experiment on geometrical factor in Section 4.2.2.
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A part of Equation 4.15 has theoretical ground. For instance, multiplication of light
power and eyes luminosity [(\)y(\). The luminosity function is from an established ex-
periment measurement as explained before. The summation term is heuristic, as we weight
the contribution of each material for a particular wavelength based on its lightness and its
surface area hit by light photons. The greater the lightness is a material, the more conspicu-
ous the material is. Therefore, we should give the material more weight. A similar idea is
applied to the geometrical area of the material as we explained in the preceding paragraph

The u(\) of all visible wavelengths are then normalized such that the highest u(\) has
the value of 1.0. Figure 4.8 shows some examples of u()\). For comparison, we show the
u(A) proposed by Radziszewski et al. [43] which is scene independent (always fixed) in
Figure 4.8a

Based on u(\), we have several options to set the importance level of a wavelength
cluster. For the first option, we use the maximum u(\) of the wavelengths in the cluster.
The drawback of this approach is that a cluster dominated by wavelengths with low u(\) but
has few wavelengths with very high () will have too many rendering iterations. Another
option is to use the average u(\) of the wavelengths in the cluster. Although a cluster dom-
inated by low u(\) but has a few wavelengths with very high « () might not have enough
rendering iterations, in practice, we adopt the former approach in order not to underestimate
the refinement iteration amount. The number of iterations for a wavelength cluster is then

determined by multiplying its importance level with maximum number of iterations.

4.2 Experiments

We perform our experiments on a PC with an Intel 17-3820 3.60 GHz CPU and a Nvidia
GTX 690 4 GB. The rendering implementation is done using OptiX, a GPU-based ray

tracing engine [151].
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Figure 4.8: Plot of u(\) (y-axis) over the visible wavelengths A (x-axis) for various scenes.
(a) u(X) proposed by Radziszewski et al. It is fixed, independent of scenes. (b) Our u(\)
for the scene in Figure 4.13b. (c) Our u()\) for the scene in Figure 4.13e. (d) Our u(\) for
the scene in Figures 4.13h.

4.2.1 Brute Force Rendering

For the sake of fair comparisons between the Brute Force method and our method, we firstly
perform experiments to find appropriate parameters for the Brute Force experiments. In this
case, we try to determine maximum number of iterations and wavelength nanometre step.
We typically set maximum number of iterations to 2000 as we can achieve good rendering
quality while keeping the rendering time manageable, especially in performing Brute Force
rendering (i.e. we render 2000 iterations for each 1 nm of visible wavelengths). As we
show in Figure 4.9, the image difference between 2000 and 3000 iterations is pretty low.
In the Brute Force rendering whose results are shown in Figure 4.9, we use 1 nm step
as we try to be as conservative as possible in order not to miss any signal variation that
can contribute to the final rendering. In order to determine a good nanometre step of the
wavelength in the Brute Force computation (and at the same time to provide fair comparison

with our proposed acceleration scheme), we perform the following experiments. We render
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(® ()

Figure 4.9: Image differences between Brute Force rendering results with varying iterations
(in 1 nm step), with brighter pixels indicating larger differences. For each pixel, we compute
the Euclidean distance and we scale it by 10.0. The first, second, and third columns show
image difference between 500 and 1000 iterations, 1000 and 2000 iterations, 2000 and
3000 iterations respectively. The scene configuration of each row corresponds to the scene
configuration of each row of Figure 4.6 or 4.13.

®

scenes with 401 clusters (each covers 1 nm), 200 clusters (each covers around 2 nm), and
100 clusters (each covers around 4 nm). We show the image difference results (between

100 and 200 clusters, 200 and 401 clusters) in Figure 4.10 for two scenes. As shown in
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(a) Image difference between(b) Image difference between
100 and 200 clusters 200 and 401 clusters

(c) Image difference between(d) Image difference between
100 and 200 clusters 200 and 401 clusters

Figure 4.10: Image differences between Brute Force rendering results with varying nano-
metre steps, with brighter pixels indicating larger differences. For each pixel, we compute
the Euclidean distance and we scale it by 10.0. (a,b) The same scene as the scene in the
first row of Figure 4.9, with N-SF66 IOR (Figure 4.1) and F10 light source. (c,d) The same
scene as the scene in the second row of Figure 4.9, with Arbitrary 2 IOR (Figure 4.3b) and
D65 light source.

the results, the differences are smaller between 200 and 401 clusters. Moreover, due to the
peaks in F10 SPD, the sampling in 100 clusters (every around 4 nm) is not sufficient as it
affects the illumination of the whole scene (Figure 4.10a). There are still noticeable differ-
ences between 200 and 401 clusters in Figure 4.10d. Hence, in the following comparison

experiments, we use 401 clusters (1 nm sampling step) for the Brute Force rendering.

4.2.2 Geometrical Factor Experiment

We show the comparison between considering and not considering the geometrical factor
(i.e. for not considering the geometrical factor, the g; is always 1.0) in Figure 4.11. The

scene setting 1s similar to the scene shown in Figure 4.5, but with additional smaller blue
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Figure 4.11: Geometrical factor experiment result. We show the rendering result of experi-
ment with geometrical factor as the caustic patterns can be rendered in the same quality as
the rendering result without geometrical factor. The rendering with geometrical factor took
15.61 minutes and the rendering without geometrical factor took 16.18 minutes.

walls (they have the same material as the left wall) enclosing the bunny. The only open side
is the left side facing the blue wall, such that the caustic patterns can land on the left wall
and on the floor. The scene arrangement is illustrated in Figure 4.7. As seen in the results,
by considering the geometrical factor, the rendering speed is slightly improved compared

to not considering the geometrical factor.

4.2.3 Comparisons

Experimental results of our methods are shown in Figure 4.13 with the Index of Refraction
(IOR) curves used in our experiments shown in Figures 4.1 and 4.3. We also show image
difference between the Brute Force results and results using our methods and Radziszewski
et al.’s in Figure 4.14. All images are rendered with a resolution of 512 x 512. We show the
comparisons between three spectral rendering methods.

The first method (results are shown on the first column) is the Brute Force rendering that
performs SPPM rendering for each 1 nm of visible wavelengths (with iterations for each

I nm wavelength). The second method (results are shown on the second column), is the
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combination of our first and second acceleration steps. The third method (results are shown
on the third column) uses our first acceleration step to cluster the wavelengths and then
uses Radziszewski et al.’s probability distribution function u(\) to determine the number of
iterations for each wavelength cluster [43]. The purpose of this comparison is to show the
effectiveness of our second acceleration step.

Compared to the rendering time by using the Brute Force method, the combination of
our first and second acceleration steps can significantly accelerate the rendering (especially
for the scene on the first row with a real-world material N-SF66 in which we can cluster the
visible wavelengths to just 34 clusters; this shows the effectiveness of our first acceleration
step) while preserving the image quality. Even though the rendering using our second accel-
eration step show a bit more differences compared to the rendering using Radziszewski et
al.’s probability distribution function in image differences in Figure 4.14, however, the dif-
ferences are hard to discern in the original rendering results. Moreover, by using our second
acceleration step, we can perform the rendering faster compared to using Radziszewski et
al’s u(\).

Overall, our acceleration scheme achieves higher acceleration on caustics object that
have a smaller range of index of refraction (such as natural material, N-SF66) since we can

obtain less number of clusters (34 clusters for N-SF66).

4.2.4 Discussions

The main concern of our proposed method is that the clustering in our first acceleration step
only takes into account the first refraction. The refracted clustered light might diverge fur-
ther on its subsequent reflections and/or refractions. For instance, in the second intersection
event, some wavelengths in the cluster should be reflected due to total internal reflection
and some others should be refracted (exit the caustic object). However, in our acceleration
scheme, we do not split the cluster further. We perform experiments to investigate this is-

sue. We render caustics caused by a stack of cylinders (which has Arbitrary 2 IOR) and
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D65 light source. Due to the placement of caustic objects, we expect the light to undergo
several intersections. We show the rendering result in Figure 4.12, where only very subtle
differences in caustic patterns are observed. The same phenomenon is also observed for the
diamond caustic object as shown in Figures 4.13g and 4.13h. The light source is positioned
between the floor and the diamond. As a result, the caustic patterns we see on the floor are
generated from the lights that undergo several total internal reflections inside the diamond
caustic object.

From our experiments, including the ones with materials that have a wide range of
IOR, we can see that it is sufficient to consider only the first refraction in the wavelength
clustering step. It is sufficient because the light ray energy decreases if it undergoes multiple
reflections and/or refractions and thus it will not affect the final caustics much. Hence,
in practice, especially spectral caustic rendering of real-world caustic objects that have a
smaller range of IOR, our wavelength clustering is sufficient to produce good results.

As our method depends on the input threshold for clustering, it will produce a biased
result if the input threshold value is not appropriate (e.g. if the input threshold value is
too high, it will result in a very aggressive clustering). Similarly, for the second accelera-
tion step, if the maximum iteration is set too low, it will result in a very early termination,
which may produce a very biased result. There are some possibilities in improving our
method to be approaching unbiased characteristics. For instance, for the first acceleration
step, we could iteratively refine the threshold in the clustering computation (i.e. analyse the
directional and positional changes of the lights exiting the caustic object as we are redu-
cing the threshold, until the changes are reasonably low). For the second acceleration step,
in each iteration we could randomly choose which wavelength cluster to render based on
the importance level of each wavelength cluster. However, this method requires extensive
bookkeeping of each wavelength cluster information (such as the updated shared accumu-
lated flux of SPPM for each region in the scene) as we may process the wavelength cluster

in the future iterations.
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(a) Brute Force approach (b) Our approach

(c) Image difference

Figure 4.12: Rendering comparison of caustics that are produced by multiple refractions.
We also show the image difference in (c).

4.3 Summary

We have presented a two-step scheme for accelerating spectral caustic rendering. Our ex-
perimental results show that our proposed scheme can achieve rendering quality close to the
Brute Force rendering. Moreover, the range of our rendering speed acceleration (compar-
ing to the rendering speed using Brute Force) magnitude is from tens to hundreds. We also
compare our second acceleration step with the scene independent probability distribution
function u(\) (for computing refinement iterations) proposed by Radziszewski et al. [43].

The experimental results show that our method can achieve higher acceleration while main-
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(a) 38.62 hours, 802000 iterations(b) 0.28 hours (speed up 137.93(c) 2.31 hours (speed up 16.72
times), 5088 iterations times), 47341 iterations

(d) 37.95 hours, 802000 iterations(e) 2.99 hours (speed up 12.69(f) 11.10 hours (speed up 3.42
times), 60301 iterations times), 233106 iterations

(g) 33.57 hours, 802000 iterations(h) 3.46 hours (speed up 9.70(1)) 9.90 hours (speed up 3.39
times), 78714 iterations times), 231239 iterations

Figure 4.13: Our experimental results. The results in each column are generated by using
different methods. The first column is generated by using the Brute Force method (2000
iterations, with 1 nm step), the second column is generated by using our method, and the
third column is generated by using our method but for the second acceleration step we
use the probability distribution function proposed by Radziszewski et al. We use N-SF66
(Figure 4.1), Arbitrary 2 (Figure 4.3b), Arbitrary 1 (Figure 4.3a IOR curves on the caustic
objects of the first, second, and third rows respectively.
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Figure 4.14: Image differences of the results with brighter pixels indicating larger differ-
ences. For each pixel, we compute the Euclidean distance and we scale it by 10.0. The
first column shows the image differences between the Brute Force rendering results and the
second column rendering results in Figure 4.13. The second column shows the image dif-
ferences between the Brute Force rendering results and the third column rendering results
in Figure 4.13.
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taining the quality of the rendering results comparable to the Brute Force results.

Our work consider only one type of caustic object in the scene (i.e. one IOR graph)
and first refraction event. As such, it is possible to extend our work to do clustering by
considering more than one caustic object types and/or refraction events. For example, we
perform separate clustering for each type of caustic objects, and we combine the clustering
results by analysing the intersections between their wavelength clusters (or sets).

It is also possible to do clustering by using another approach, i.e. wavelength clustering
of each photon taking into account its incoming angle onto the caustic object surface. This
approach requires additional bookkeeping in the process. For example, each photon will
store a different number of wavelength clusters. Thus, the integration computation for each
photon will involve different number of iterations. In GPU implementation, it is a good
practice for each thread to do the same amount of workload and as such, it needs an in-
depth investigation of the efficiency of this new clustering approach. We intend to try this
alternative clustering approach and compare it with our current approach in the future.

In the second acceleration step, we use uniform sampling to sample material types sur-
rounding the caustic object. However, the sampling may sample surfaces that are not hit
by photons. It can be improved by using a real-time approximate caustic renderer to do the
sampling for more accurate results.

For a very special case such as Newton’s prism experiment with a receiver plane that is
very tangential to its refraction direction, the generated rainbow pattern may stretch widely.
Even if we render using the Brute Force approach, discontinuity in the rainbow pattern can
be observed. One possible approach to remove such discontinuity is by combining our work
with Elek et al.’s spectral ray differential [77].

In the future, we are interested in integrating our acceleration scheme into other render-
ing algorithms. For instance, we could apply our acceleration scheme to bidirectional path
tracing. In this case, we cluster the rays of several wavelengths using our first acceleration
step, and then vary the number of sample per pixels (or path lengths) based on our second

acceleration step.






Chapter 5

Caustic Object Reconstruction Based on

Multiple Caustic Patterns

Recently, there is a growing interest in inverse problem research in Computer Graphics due
to the possibility of controlling the creation of visual effects. By using the inverse tech-
niques, the design process becomes easier as artists can just specify the intended effects
directly instead of performing the iterative trial-and-error process. However, inverse prob-
lem is generally difficult as in most cases there is no unique bijective relationship between
the output and the input (i.e. given an output, there are many input possibilities that can
generate such output).

In the inverse caustic problem, given an input caustic pattern (shape, intensity, and
location from the caustic object) and a light source, we have to compute the geometry
of a caustic object that can produce a caustic pattern similar to the input caustic pattern.
Inverse caustic problem is hard to solve because the input caustic pattern only contains the
irradiance magnitude and it does not have incident light direction information (and also the
reflected and/or refracted light paths). Up to now, the inverse caustic problem is not widely
studied and the existing work only considers a single input caustic pattern.

In this chapter, we propose a new inverse caustic problem, that is computing the caustic

object given multiple input caustic patterns formed on a caustic receiver (diffuse and non-
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(a) Scene setup. (b) Computed caustic object and approximately reconstructed caustic patterns.

Figure 5.1: (a) Scene setup. We compute a caustic object (the leftmost box), specifically
the surface geometry of the side (shown in red colour) facing the caustic patterns, given
three caustic patterns (WSCG, 2012, and Europe) to be formed on a caustic receiver at
three distances from the caustic object, with a directional light source orthogonal to the
caustic object illuminates from the left. (b) mental ray renderings of caustics produced by
our computed caustic object (final output). Input caustic patterns are shown in the insets at
each image. The computational time is 9.0 hours.

transparent surface) at various distances from the caustic object. We show an example in
Figure 5.1.

Our basic idea for solving this problem is as follows. We subdivide one side of the
caustic object and also the caustic patterns into regular cells. The light beam refracted
by each caustic object cell will pass through one caustic cell of each caustic pattern. We
try to compute the orientation of each caustic object cell such that the combination of the
refracted light beams of all caustic object cells can approximately reconstruct the input
caustic patterns.

We use a stochastic approach in our technique and we represent each input caustic
pattern as a 2D probability mass function (pmf) by considering the brightness of a caustic
cell as the probability of a light beam might pass through it (i.e. the brighter the caustic
cell is, the higher probability or the more likely a light beam is considered to pass through
it). Hence, for each cell of the caustic object, we use the pmfs of the caustic patterns
to determine to which direction the caustic object cell refracts a light beam. From the
determined refracted light beam direction, we can compute the orientation of the caustic
object cell.

Due to differences of the input caustic patterns (in terms of shapes and intensities), it

is hard to compute the caustic object that can satisfy all the input caustic patterns. Thus,
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Figure 5.2: The overall pipeline diagram of our proposed method. Note the branches as the
same data are used in multiple processes in the pipeline.

we relax the input requirements by slightly adjusting the sizes, positions, and shapes of the
non-zero intensity regions of the input caustic patterns. Moreover, we also allow a small
amount of light beam which has passed through several caustic patterns to miss or overshoot
the rest of the caustic patterns. We compute these adjustments by using optimization tech-
niques. We also propose an additional step for improving the intensity of the reconstructed
caustic patterns. The flow of our proposed method for improving shape and intensity of
reconstructed caustic pattern is shown in Figure 5.2.

As for the ground truth, currently there is no existing real-world caustic object that can
generate different non-random/non-abstract caustic pattern shapes at different distances.
We are the first one to propose this problem, as such it is not easy to generate a ground truth
in the first place. Unlike the rendering case which has many established rendering engines
or a brute force method that we can use to generate ground truth. For now, our evalu-
ation is mainly comparison to the original input caustic patterns that we try to reconstruct.
Moreover, we would also like to mention that existing inverse caustic works also do not
evaluate their results based on a caustic object geometry as the ground truth [124, 126, 127,

128, 129, 130, 131]. Hence, we validate our results by performing rendering simulation
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Figure 5.3: Scene setup. Our algorithm computes the normal/orientation of each caustic
object cell such that each input caustic pattern can be reconstructed when it is located at
specified user-input distance from the caustic object. For example, caustic pattern ’1’ is
formed when the caustic receiver is at distance dy from the caustic object and similarly
caustic pattern ’2’ at d;.

using mental ray [4], a robust industry standard rendering engine.

5.1 Basic Idea of Our Method

Scene Setup The scene setup is shown in Figure 5.3. The scene consists of three compon-
ents, a caustic object (of a box shape), a square caustic receiver (a diffuse planar surface
where the caustic patterns are formed), and a directional light source. The caustic receiver
is placed at the back of the caustic object (which faces (0, 0, -1) direction). The incoming
directional light impinges the other side of the caustic object (front face of the caustic object
which faces (0, 0, 1) direction). The direction of the incoming directional light source is
(0, 0, -1), which is orthogonal to the front face of the caustic object. The caustic receiver
orientation is identical to the front face of the caustic object, i.e. (0, 0, 1).

We assume the caustic receiver and the caustic object to have the same spatial dimension
(i.e. same width and height) and orientation. Therefore, the extent of the region of interest
of each caustic pattern is bounded by the shape of the caustic receiver

The caustic patterns and the back face of the caustic object are subdivided into a regular
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Figure 5.4: Illustration of problem formulation with two input caustic patterns. (a) Given
two caustic patterns at two different distances from the caustic object (with the intensity
of each caustic cell is denoted by the size of the cell), compute light refraction direction
(red arrow) of each caustic object cell such that the refracted light collectively can generate
caustic patterns similar to the input caustic patterns. (b) One of the possible light refraction
combinations that can satisfy the input caustic patterns.

grid of cells. Each cell of a caustic pattern stores the total caustic intensity on that particular
cell. We call cells of caustic patterns which have non-zero caustic intensity as caustic cells
and cells with zero caustic intensity as empty cells. The collection of caustic cells of
a caustic pattern is collectively called as a caustic region. For each cell of the caustic
object (caustic object cell), we compute its orientation such that it can produce a refracted
light beam to a specific direction. We assume the caustic object to be non-scattering and
homogeneous (constant index of refraction for every point inside the caustic object. In other
words, light does not undergo path bending inside the caustic object). Hence, the caustic
object representation is a surface mesh instead of a volumetric mesh. We also assume each
caustic object cell refracts the same amount of light power. In the rest of this chapter, we
refer to each refracted light beam as light and we represent each light beam in Figures 5.4
and 5.5 as an arrow.

Problem Formulation We compute the back face of a caustic object C' given a set of p
input greyscale caustic patterns such that each of the j-th (j = 0,1,2,...,p — 1) input

caustic pattern will be formed or reconstructed on the caustic receiver when the receiver is
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located at the user-input distance d; from the caustic object. Specifically, we compute the
orientation of each caustic object cell at the back face of the caustic object such that the
caustic object cell refracts the incoming light into a direction that passes through parts of
the caustic regions. Collectively, the light refracted from all caustic object cells is expected
to reconstruct the input caustic patterns. As mentioned before, the input caustic patterns
only provide an estimate of the amount of refracted light arriving at caustic receiver cells,
not the light directions. Hence, the main challenge is to compute refracted light paths that
can approximately reconstruct all the given caustic patterns. This problem is illustrated in
Figure 5.4. The orientation of each cell can then be determined based on the path of its
refracted light.

Solution As explained above, the task is to compute refracted light direction combinations
such that they can approximately reconstruct the input caustic patterns. In this case, more
light is expected to pass through brighter caustic cells compared to darker caustic cells.
Hence, to solve this, we simulate the direction of the refracted light of each caustic object
cell by using a stochastic approach. The idea is to use the caustic intensity in each caustic
cell as the probability that we will refract a light to that caustic cell (i.e. the brighter the
input caustic pattern is, the more likely it is chosen as a refracted light target).

We represent the set of caustic patterns as a set of normalized 2D probability mass
functions P = {fp,, fr,, fr,,--- [p,_.} (each in P is the pmf of the user-input caustic
pattern on the caustic receiver when the receiver is located at the user-input distance from
the caustic object). The pmf of each caustic pattern is defined by using the greyscale value
(intensity) of the caustic pattern in which the probability at each caustic cell is the greyscale
value of that particular cell in the caustic pattern. Each pmf fp, is normalized by dividing
the probability of each of its cell with the total probability of all cells of fp,.

We assign a random variable X; for each i-th cell of the caustic object. For each X, the
probability value of each possible refracted light direction x is computed by multiplying

the probability value of each caustic cell passed by the light refracted to direction x (see
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Figure 5.5), as shown in Equation 5.1.
p—1 '
j=0

where pé» (x) is a mapping function. The mapping function is basically a ray casting function
in which the light is shot from the -th caustic object cell to the caustic pattern j with the
direction of x and return the intersected cell (of caustic pattern j). The range of x values
is the range of possible refracted light direction from the i-th caustic object cell. In the
implementation, we set the camera in the middle of the ¢-th cell and we render the caustic
patterns. The multiplication in Equation 5.1 is achieved by using alpha blending. Hence, the
coverage of the camera corresponds to the range of x values. Then, for each caustic object
cell or each X; we assign a refracted light direction by using the Acceptance-Rejection
method [152] with the distribution based on the sampled joint probability mass function of
all caustic patterns (Equation 5.1).

Once we obtain the refracted light direction for each caustic object cell, we compute
its normal or orientation based on the user-input index of refraction of the caustic object,
incoming light direction (orthogonal to the caustic object), and the obtained refracted light
direction by solving the Snell’s Equation. Afterwards, we perform rendering simulation
using the mental ray to assess the approximate reconstructed caustic patterns (as shown
in Figure 5.10a). Note that our technique can also be applied to point light sources and
directional light sources non-orthogonal to the caustic object. In the rest of this chapter,
the terms caustic patterns and pmfs are interchangeable as we use the term pmfs when we

emphasize on the mathematical representation of the caustic patterns.

5.2 Improving the Reconstructed Caustic Pattern Shapes

The solution in Section 5.1 may not be able to reconstruct the caustic patterns very well

if the input consists of multiple patterns. If we only have a single caustic pattern (shown
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C fr fr Ip )
= 5 a2,

Figure 5.5: Each numbered arrow denotes the refracted light from the cells of the caustic
object C' and the grey blocks denote the probability of caustic cells. Light #1 and #2 have
joint pmf of zero since their paths pass through at least one empty cell. Each light in #3
has the probability greater than zero since the light pass through non-zero cells. Light #4
is allowed even though it misses some of the caustic patterns. We will explain this further
in Section 5.2.2. Light #5 is not valid because it does not intersect any caustic patterns

in Figure 5.6a), then we can reconstruct it very well. However, if we add two additional
caustic patterns, then some parts of the input caustic patterns are missing (Figure 5.6b).
Reconstruction problem As explained in Section 5.1 (and shown in Figure 5.5), some
refraction directions have zero joint pmf when they pass through at least one empty caustic
cell. As a result, if all possible refraction directions x from all caustic object cells pass
through a caustic cell of the caustic pattern a but they also pass through empty cells of all
other caustic patterns b (0 < b < p — 1, b # a), then the aforementioned caustic cell cannot
be reconstructed (we call such cell as a missing caustic cell). As seen in Figure 5.5, the
topmost and bottommost caustic cells in fp, are missing caustic cells since the refracted
light that pass through these caustic cells also pass through empty cells in the other caustic
patterns.

Proposed solution Based on the given input caustic patterns and their configurations (po-

sitions and sizes), it might not be possible to compute the caustic object that can well
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(a) b)

Figure 5.6: (a) Only a single caustic pattern and it can be reconstructed very well. (b) Two
additional caustic patterns cause some parts of the input caustic patterns to be missing.

reconstruct the original input caustic patterns. Thus, we propose a method to relax the input
requirement by allowing slight changes to the positions, sizes, and shapes of the caustic
regions. Our proposed method consists of two steps. In the first step, we optimize the size
and position of the caustic regions by slightly adjusting the size and position given by the
user (Section 5.2.1). In the second step, the boundaries of each caustic region are adaptively
extended such that they enable the reconstruction of the missing caustic cells on the other
caustic patterns (Section 5.2.2). We also compute the amount of light that is allowed to
overshoot or to miss some caustic patterns.

In both optimization steps, we use Simulated Annealing [10]. The main reason we
use Simulated Annealing is because the problem cannot be solved analytically. However,
there are also some possible optimization techniques such as Particle Swarm, Ant Colony,
and Genetic Algorithm. However, those techniques require keeping the record of multiple
possible solutions at once, hence it is not efficient for our case (as seen in Equation 3, the
cost computation requires reconstruction of the caustic patterns multiple times using the
adjusted input caustic patterns). Moreover, in some of the related work [128, 126, 127],
Simulated Annealing is also used. After applying our proposed solution, the reconstructed
caustic patterns from the test case in Figure 5.6b are improved as seen in Figure 5.1b.
Cost computation In every iteration of both optimizations, we use the root mean square
to compute the cost or degree of possibility that the adjusted input caustic pattern can be
approximately reconstructed (in order to guide the simulated annealing). The root mean

square is computed as the difference between the normalized reconstructed caustic pat-
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terns Z = {fz,, fz,.... fz,_.} and the normalized adjusted input caustic patterns D =
{fpo, fD1> fDys--- fD,_, }- Only in the cost computation here, the normalization of caustic
patterns in Z and D are computed by dividing the value of each caustic cell t with the
maximum caustic cell value of the caustic pattern t belongs to. We compute the cost in
this way such that the maximum cost (which is in the worst case scenario, for example the
input caustic patterns are not reconstructed at all) is 1.0. The cost computation is shown in

Equation 5.3.

151 1 g ,
Cost = p;) J (W) Z.:0<ij (t:) — fz,(t:))*, (5.2)
where
W(j) = {t|fp,(t) + fz(t) > 0}, (5.3)

and t is the caustic cell, p is the number of caustic patterns, n(W (7)) is the number of
elements of a set of caustic cells contributing to the cost computation, and [ is the total
number of cells of each caustic pattern (in our experiments, S = 64 x 64 = 4096). For
more accurate computation of Z, we approximately reconstruct the caustic patterns 32 times
and accumulate their caustic cell values, and finally we divide the value of each caustic cell
by 32 in order to get Z.

We reconstruct the caustic patterns by computing the refracted direction as explained in
Section 5.1 and then for each caustic cell we accumulate the amount of refracted light that
intersects it. We use the modified pmfs (which are adjusted in each optimization step) to

compute the joint pmfs (Equation 5.1).

5.2.1 Adjusting the Size and Position

In this first optimization step, we relax the input caustic pattern by iteratively adjusting the
size and/or position of the input caustic regions. In this step, we have two possible options,
namely adjusting the position and size of the input caustic patterns directly or adjusting the

light convergence.
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Figure 5.7: The flow for the size and position adjustment optimization step.

Figure 5.8: We optimize for the good convergent size (vertical arrows).

In the first option, adjusting the position is basically translating the caustic regions in
3D space (translation in z, y, z). This means we also adjust the input distance (translation
in z) between the caustic object and the caustic pattern (caustic receiver). When we do the
scaling, we scale each caustic region independently. Hence, the total number of variables
that we process in this optimization is 4p variables.

In the second option, we change the convergent size, as shown in Figure 5.8. Given a
convergent size (denoted by vertical arrows in Figure 5.8), the input caustic patterns shapes
are bounded by the intersection between the light volume (area bounded by the blue lines
in Figure 5.8, which we assume to be the overall refracted light path in the configuration)
and the caustic receiver. Hence, by using this option we only need to iteratively adjust one
variable value, i.e. the convergent size, and we can directly obtain the size of the caustic

patterns. The main rationale for this proposed second option is that in a lens system the
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refracted light tends to diverge and/or converge with respect to the focal point. Our caustic
object in this case behaves similar to a lens.

Both the first and second options have their own advantages and disadvantages. It is
more flexible in the first option since we have more options compared to the second option.
However, the second option is more stable (i.e. we obtain almost the same results for every
experiment with the same inputs) compared to the first option.

We show the flow of the first optimization step in Figure 5.7. In every iteration, we
adjust the sizes and positions of the input caustic regions (i.e. compute the randomized
changes in sizes and positions and accumulate them to the sizes and positions of the previ-
ous iteration) and compute the cost by using Equation 5.2 in order to guide the optimization
iterations. The adjusted input caustic patterns are used as the input to the next optimization
step (Section 5.2.2) and they are also the target caustic patterns for every iteration of the
second step. We ran the experiments for 10 cycles of 10 iterations (total 100 iterations).

In order to determine which of these two options are better, we used them separately
and we then asked 15 people to judge which option can reproduce better caustic patterns.
The survey consists of four set of caustic patterns. The participant then voted for the better
result for each set of caustic patterns. Afterwards, for each option of each set, we compute
its average voted percentage. The one that has higher average percentage is considered to be
superior. From the survey result, three caustic pattern sets of the second option were voted
with slight higher scores (i.e. 60%, 53.33 %, and 53.25%). From the score, we can see that
the two options are interchangeable since they do not differ much. Nevertheless, since the
second option obtains higher average scores for three caustic pattern sets, we suggest the
second option to be used. For more detail of the survey, please refer to Appendix B. We

show one of the comparisons between the first and second options in Figure 5.9.
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Figure 5.9: Comparison between the first option (top row) and second option (second row)
of our proposed first optimization. We can see from the first and the third caustic patterns
that the second option is superior.

5.2.2 Extending Caustic Regions and Overshooting Refracted Light

After performing the first optimization step, there might be some missing caustic cells left.
Missing caustic cells are the caustic cells that cannot be reconstructed. To reconstruct some
of these missing caustic cells, we slightly extend the shape of all input caustic regions. For
example, in Figure 5.5, the middle-top and middle-bottom caustic cells of fp, cannot be
reconstructed since all possible refracted light that passes through these cells in fp, have
to pass through empty cells in either fp, or fp,. Hence, to solve this, we can extend the
middle caustic regions in fp, and fp, up and down by one cell.

Some caustic cells especially around caustic patterns borders are hard to reconstruct as
most light passing through these cells can miss other caustic patterns in behind. Thus, we
relax this requirement by enabling some of the refracted light that passes through caustic
cells of one or several caustic patterns to miss the rest of the caustic patterns (or region of
interests of the rest of the caustic patterns). This is beneficial especially for the caustic cells
on the border of the caustic patterns. For example, in Figure 5.5, if we enable light #4 to
pass the bottommost caustic cell of fp, and miss the rest of caustic patterns (we call this
overshoot), then the bottommost caustic cell of fp, can be reconstructed. However, we still

do not allow the refracted light of one caustic object cell to miss all of the caustic patterns
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WscG 2012

(a) Results without optimization. Cost : 6.10 x 10~*

2012

(b) Results after 1st optimization (Section 5.2.1). Cost : 5.90 x 107!

(c) Results after 1st and 2nd optimization (Section 5.2.2). Cost : 5.32 x 107!

Figure 5.10: Mental ray rendering results of the optimization steps. Input caustic patterns
are shown at the bottom right of each screenshot. We show the missing caustic cell maps
at the bottom right of each image (green cells show missing caustic cells, grey cells show
caustic cells that can be reconstructed, and cyan cells show extended caustic cells). We
also show the caustic irradiance difference maps (differences between the target and the
reconstructed caustic patterns). For the sake of visual clarity, we scale up the difference
values by 5000. The computational time is 2.72 hours.
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Figure 5.11: The flow for the caustic region extension and refracted light overshooting
adjustment optimization step.

(as in light #5).

Fully extending the caustic regions can deform the original caustics too much, and like-
wise if we allow too much light to overshoot the caustic patterns then the approximate
reconstructed caustic patterns will have very low intensity. Hence, in this step, we ap-
ply simulated annealing to determine the appropriate caustic regions extensions amount
k = {ko,k1,...kp—1} and light overshoot amount o = {op,01,...,0,_1} with k and o
€ [0,1] (i.e. a k and an o value for each caustic pattern). Similar to the previous step, we
iteratively adjust the k and o values in order to get the lowest cost. We ran the experi-
ments for 10 cycles of 10 iterations (total : 100 iterations). We show the main flow of the
second optimization step in Figure 5.11. The computation of extension and overshooting is
explained in detail as follows.

Extending Caustic Regions We define s; to be the extension amount of caustic pattern
j. To enable the missing caustic cells of a caustic pattern a to be reconstructed, we have
to firstly compute at most how many si unit cells away the caustic region boundaries of
the other caustic patterns b (0 < b < p — 1,b # a) have to be extended. Afterwards, for

every caustic pattern j, we extend its caustic region with the amount of s; - k;. In order to
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(a) (b)

Figure 5.12: (a) A simple example of missing caustic cell projection (is explained in Sec-
tion 5.2.2). Grey cells are the caustic cells and the green cell is the missing caustic cell. (b)
We extend the second caustic pattern (two cells away) with gradually decreasing intensity.

enable smooth extension, we extend the caustic regions with linearly decreasing intensity
(or probability value).

To do this, for every missing caustic cell of the caustic pattern a, we project it from
every caustic object cell to the empty cells of other caustic patterns b (0 < b < p — 1,0 #
a). We perform this projection for the missing caustic cells of all caustic patterns. This
projection example is shown in Figure 5.12a in which we project the missing caustic cell
(shown in green colour). Afterwards, for each caustic pattern b, we obtain the maximum
distance (s7) between its caustic region boundaries and its empty cells that receive the
projections of the missing caustic cells (of other caustic patterns). Because the number
of input caustic patterns might be greater than two, there will be more than one extension
amount for each caustic pattern b, depending on the projection from which other caustic
pattern a. For example, if there are three caustic patterns, the extension amount for the third
caustic pattern because of the first caustic pattern (s3) might be different from the extension
amount because of the second caustic pattern (s3). Hence, the final s; of each caustic pattern

0 .1 p—1
[P

is s; = max{s
In the example in Figure 5.12a, we need to reconstruct the caustic pattern cell denoted
with green colour. In order to achieve this, we need to know how much the second caustic

pattern (consists of one row of caustic pattern cells at the top) should be extended. We
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compute all possible refraction directions from the caustic object that pass through the
missing caustic pattern cell (shown as the volume bounded by the red and orange lines in
Figure 5.12a). From this projection, we can see that the second caustic pattern should be
extended downward for at most five rows, hence s; = 5. If the optimization results in
k; = 0.4, then the second caustic pattern is extended downward for s; - k; = 5-0.4 = 2
rows (shown in Figure 5.12b).

Some of the missing caustic cell projections might miss the other caustic patterns b. For
example, if the missing caustic cell in Figure 5.12a is one or two cells to the right, then
some of the projections will overshoot or will not hit the second caustic pattern. We use
this information to control the possibility of the refracted light to overshoot each caustic
pattern.

Overshooting Refracted Light To improve the results, we also enable the refracted light to
overshoot some of the caustic patterns. Thus, during the missing caustic cells projections,
we also compute the ratio (e;) between the amount of these projections that do not hit
caustic pattern b and the total amount of these projections toward caustic pattern b (i.e. sum
of the missing caustic cell projections that hit and do not hit caustic pattern b). e is essential
since it provides the information on the amount of probability that the refracted light miss
plane b. Hence, the probability A, that we will refract the light to miss the caustic pattern b

is shown in Equation 5.4.

hb = €p - O0p - be (tma:v)a (54)

where oy, is the coefficient to control the probability of overshooting b-th caustic pattern and
timas 18 @ cell of fp, with the highest probability value. In the implementation, we define
the probability value outside caustic plane b to be h;,.

We show the optimization progression in Figure 5.10.
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Figure 5.13: The flow for the intensity correction step.
5.3 Intensity Correction

In the previous Section 5.2, we propose two optimizations that can improve the shape of the
reconstructed caustic patterns. Another important aspect which needs to be considered is
the intensity of the reconstructed caustic patterns. Due to the differences between the input
caustic patterns, some bright caustic cells in one pattern might be less likely to be selected
as the refraction targets due to the caustic cells of other caustic patterns. This also holds
for the inverse case, less bright caustic cells might be very bright in the final result because
they are most likely to be selected as the refraction targets due to the caustic cells of other
caustic patterns.

To solve this issue, we iteratively refine the pmf of each caustic pattern based on the
intensity difference between the intended intensity and the reconstructed intensity. In this
intensity correction step, we try to do cell-wise adjustment on the input pmf such that the
intensity of input caustic pattern can be well reconstructed.

In the intensity correction, we iteratively refine the pmf results of the first optimization.
Before computing the cost, we apply the extension and the overshooting parameters we
obtain from the second optimization step. The main flow of the intensity correction step is

shown in Figure 5.13.
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Let F = {fr, frm,... fr,_,} be the output pmfs of the first optimization and let I =
{f1, fr» .- f1,_, } be the iteratively refined pmfs in this intensity correction step.

As shown in Figure 5.2, we firstly set I = F (only for the Ist iteration of intensity
correction step). Afterwards, from 2nd iteration onward, we refine I. In every iteration,
we compute the average achievable reconstructed caustic pattern fz; based on I by recon-
structing the caustic patterns 32 times and accumulate their results (we perform similar
computation when we compute the cost in Section 5.2). For each caustic pattern cell t;,
we scale the f7,(t;) by fr,(t:)/fz,(t:). In our work, we perform this intensity correction
until to either 50 or 5 iterations with cost changes below threshold (0.00001). As we show
in the cost history in Figure 5.20, some experiments stop before the end of 100 + 100 + 50
iterations as the intensity correction step is unable to a obtain lower cost after five iterations.
The final pmf of the intensity correction is the pmf on the intensity correction iteration that
has the lowest cost. After we finalize the caustic pattern pmfs I, we apply the extension
and overshooting parameters we obtain from the second optimization step and we finally
compute the caustic object geometry.

To assess the effectiveness of the intensity correction, we perform another survey that
compares the results of two optimization steps with intensity correction and the results of
two optimization steps without intensity correction. The survey uses the same methodology
and input caustic pattern sets as the survey explained in Section 5.2.1.

In our experiment, the intensity correction is unable to improve the results on two out of
four test cases or caustic pattern sets, hence almost the same caustic patterns were shown to
the participants. As a results, the average scores for the results with and without intensity
correction for those two caustic pattern sets are almost equal (near 50%). For the other
two caustic pattern sets, the results with intensity correction obtain higher average score
(i.e. 77.78% and 91.67%). Hence, we can conclude that our intensity correction step can
improve the results. For more detail of the survey, please refer to Appendix B. We show

one of the comparisons between without and with intensity correction in Figure 5.14.
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Figure 5.14: Comparison between without (top row) and with intensity correction (bot-
tom row). We can see that by using intensity correction, the caustic pattern is generally
improved, especially the first caustic pattern.

5.4 Geometry Construction

Given the refracted light directions for each caustic object cell, the next step in the work
is computing the geometry of caustic object. This is done by firstly compute the normal
of each caustic object cell given the refracted direction. After the normal of each caustic
object cell is obtained, we can compute the geometry of each cell and we assume the height

of all caustic object cell centroids to be the same.

5.4.1 Computing Caustic Object Cell Normal

From the obtained refraction direction of each caustic object cell, we compute its normal
or orientation. As the vectors of incoming light direction, refraction direction, and surface
normal are coplanar, the problem can be simplified by solving it in 2D.

Let M be the inverse incoming light direction, R be the refracted light direction, 6, be
the angle between M and the inverse normal, 65 be the angle between R and the normal.
Assume R?? to be the refracted light direction in 2D domain and its direction to be (1, 0, 0).
Then, direction of M?? (inverse incoming light direction in 2D domain) can be computed
based on the angle between M and R (obtained by using dot product), as the angle between

M?? and R?? is equal to the angle between M and R. We show the 2D representation in
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Figure 5.15: Refraction in 2D domain. We assume the refraction direction to be parallel
with the positive x axis.

Figure 5.15.

Given the Snell’s Equation:

m sin ‘91 =12 sin 62,
n\/l —cos20; = \/1 — €082 0,

77\/1 — (=N2D . M2P)2 = \/1 — (N2D . R2D)2,

AINZPNZP + ANZPNZP + AsNZPNZP =1, (5.5)

where 7); is the index of refraction of the caustic object, 7, is the index of the refraction of

air, N?? is the normal in 2D domain, and

n=m A = nQMiDM%DfR?cDR%D
72 n4—1
2212D ps2D 2D p2D 2n12D ps2D 2D p2D
A . 277 Mz My _Rz Ry A — n My My _Ry Ry
2 — 77271 3 — 77271

Since the normal vector N2 is normalized, the solution lies on a unit circle and as a result

N2P = cos ¢ and NP = sin ¢. Hence, Equation 5.5 can be simplified to
(2A3 — 2)tan® ¢ + 245 tan ¢ + (24, — 2) = 0. (5.6)

Equation 5.6 is basically a quadratic equation and the angle ¢ can be obtained by solving
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the quadratic equation.

As we showed in Figure 5.15, the surface normal is obtained by rotating vector R?"
with the amount of ¢. Similarly, to obtain the caustic object cell normal in the original 3D
domain, we rotate R with the amount of ¢, with the rotation axis obtained from the cross

product R x M.

5.4.2 Computing Caustic Object Cell Geometry

Based on the computed orientation of each caustic object cell, we can obtain the caustic
object geometry by computing the z,y, z coordinates of the four corners of each caustic
object cell. The z,y coordinates of each caustic object cell corner can be easily found as
the caustic object is uniformly subdivided. To compute the z coordinate of the caustic object
cell corners, we firstly assume that the z coordinate of all caustic object cell middle points
to be the same (z = 0.0). Next, we use the dot product operation, i.e. dot product between
the normal of the caustic object cell and the vector B from the caustic object cell middle
point (we know its x, y coordinates from the uniform subdivision and also its z coordinate
which is 0.0) to each caustic object cell corner (we know its z, y coordinates) must be equal
to zero. In this case, the only unknown value is z of the caustic object cell corner. The

computation is shown in Equations 5.7-5.9.
N.B; + N,B, + N.B, = 0, 5.7
where

B = (BKE, Bya BZ) = (xcorner — Tmiddles Yecorner — Ymiddles Zcorner); (58)

thus

_Nx corner — “4'middle) N, corner — Ymaiddle
Zcorner = (':E Lmiddi 3\/. y<y Ymiddl ) (59)

Since the edges of the neighbouring caustic object cells do not have the same slope or the

same z coordinate on both endpoints, there are vertical open spaces between caustic object
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Figure 5.16: Visualization of photons (black dots) for the first caustic pattern of the test
case in Figure 5.19a.

cells (shaded with lighter grey in Figure 5.17). Therefore, we generate additional polygons
to close those gaps.

Due to uneven surface patches, some refracted light might hit neighbouring caustic ob-
ject cell. This is evident from our rendering experiment using mental ray where we notice
some stray photons on caustic pattern receivers in the photon map visualizer (Figure 5.16).
However, the amount of stray photons is negligible as they are not conspicuous in the ren-

dering results.

5.5 Results

We present some results computed using our technique in Figures 5.1, 5.10, 5.19. We also
show the cost history of the optimization iterations in Figure 5.20. In all of the test cases,
the index of refraction of the caustic objects are 1.5, the resolution of the caustic objects
are 128 x 128 and the resolution of the caustic receiver is 64 x 64. Resolution refers to the

number of cells. If we assume the spatial size to be 1.0 x 1.0, then the size of each caustic
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Figure 5.17: Caustic object geometry (inset) of Figure 5.10c with a zoom-in view. In the
zoom-in view, each caustic object cell consists of two co-planar triangles shaded with darker
grey. We also generate additional vertical polygons (shaded with lighter grey) to close the
gaps between caustic object cells.

object cell is 1.0/128 x 1.0/128 and the size of each caustic cell is 1.0/64 x 1.0/64.

We use higher resolution for caustic object cells since we want to have more variations
on the refracted light paths so that we can better reconstruct the contrast (or intensity vari-
ations) of the given caustic patterns. We show a comparison example with a case of a single
caustic pattern in Figure 5.18, a simple caustic pattern (resolution 64 x 64) reconstructed
with a resolution 64 x 64 caustic object and a resolution 128 x 128 caustic object.

We use the same parameters for the simulation annealing for both optimization steps in
all experiments, i.e. 10 cycles of 10 iterations, Boltzmann’s constant of 1.0, and temperature
reduction factor of 0.5.

The experiments were performed on a PC with the specification Intel Xeon E5-1650
3.20 GHz, NVIDIA GTX 680 2 GB. In the implementations, we calculate the joint pmf
by rendering each caustic pattern and then we multiply them by using alpha blending
(hence the use of GPU). For the rest of the computations such as Simulated Annealing

and Acceptance-Rejection method, we perform them on CPU.
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(a) (b)

Figure 5.18: A simple test case (one caustic pattern, with resolution 64 x 64) reconstruc-
ted with different caustic object resolutions. (a) Resolution 64 x 64 caustic object. (b)
Resolution 128 x 128 caustic object.

From the results, we can observe that the caustic objects generated using our technique
can approximately reconstruct various types of input caustic patterns, especially for the
WSCG (Figure 5.1b), fruits (Figure 5.19a), and rotating star (Figure 5.19¢c) test cases. The
degree of difficulty in reconstructing the caustic patterns mostly depends on the number
of caustic patterns, similarity between shapes, and the number of caustic cells in the input
caustic patterns. As shown in Equation 5.5, due to the multiplication in computing the joint
pmf, the probability of a particular refraction direction can become zero if the refracted
light passes through empty cells. With the increasing number of caustic patterns especially
the ones with different shapes, the chances that we have many refraction directions with
zero probability also increase. We can see this from the results in Figures 5.1 and 5.10
(three input caustic patterns) where we can reconstruct better compared to the results in
Figures 5.19 (four or more caustic patterns).

The shapes and orientations of caustic patterns can also affect the reconstruction dif-
ficulty. The test cases with similar caustic patterns, can be approximately reconstructed
pretty well since similar refracted light paths are sufficient to reconstruct the caustic pat-

terns. This is evident by comparing Figure 5.19a and Figure 5.19b. The caustic patterns in
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(a) Fruits (four caustic patterns). Computational time : 5.86 hours.

(b) Four bars (four caustic patterns). Computational time : 18.96 hours.

(c) Rotating Star (nine caustic patterns). Computational time : 29.80 hours.

Figure 5.19: More results. Note that the caustic pattern set in (c) contain similar patterns,
as they are frames of a simple animation.

Figure 5.19a have near round shapes and approximately the same orientations. In contrast,
the test cases in Figure 5.19b have pretty different shapes (and orientations). Hence, there
are few light that can pass through the endpoints of the bars compared to the middle regions
of the bars. As we see in the cost history plot in Figure 5.20, both these two cases lie on the
extreme vertical end of the plots.

Note the difficult test case shown in Figure 5.19b, four bar caustic patterns with altern-
ating orientations. As we can see, the hardest parts to reconstruct are the ones near the two
endpoints of the bars and on the other hand the parts around the centres are the easiest. This
is due to the alternating shapes which cause the light paths to always pass through the center
of the caustic regions. As we allow the refracted light to miss some of the caustic patterns,
we are able to approximately reconstruct the top and bottom parts of the first caustic pat-

tern. However, the consequence is that the last caustic pattern appears much dimmer. From
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Figure 5.20: Cost history of our experiments. Note the partitions in the 100th and 200th
iterations which divide the cost history into first optimization step, second optimization
step, and intensity correction.

the cost history plot in Figure 5.20, the second optimization step manages to bring the cost
further lower. However, for the intensity correction step, it cannot achieve improved result
for the test cases of WSCG (Figure 5.1b) and Star (Figure 5.19c).

In many cases, light tends to converge to the middle caustic patterns and as a result the
centre regions of these caustic patterns become relatively brighter compared to the other

caustic patterns (for example, the Armadillo caustic pattern in Figure 5.10 exhibits this
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effect). This is due to two reasons. First, the caustic regions are positioned approximately
at the centre of the caustic patterns. Second, because the size of the caustic regions are
mostly smaller than the caustic object. Therefore, some caustic object cells have to refract
the light in the diagonal directions. This is illustrated in Figure 5.5 in which some of the
light grouped to #3 have to be refracted in the diagonal directions.

Note that the relative depth of caustic patterns also affects the quality, as it is very
difficult to reconstruct if the caustic patterns are located very near to each other. This is
because the refracted light paths will intersect the patterns at similar locations and thus it is
difficult to reconstruct caustic patterns with different shapes.

We performed several additional experiments in order to observe the stability of our
proposed method. We computed caustic object for the input caustic patterns shown in
Figure 5.19a for additional three times, and the results are shown in Figure 5.21. We can
see that we are able to obtain similar results for Figures 5.21a, 5.21b, 5.21d, and a slightly
different result for Figure 5.21c (the second and the third reconstructed caustic patterns look
slightly rounder). From this experiment, we are able to reach fairly similar results in term
of visual quality and final cost even though we do not reach the global minima (i.e. all the

results have the same final cost).

5.6 Applications

The inverse caustics has several potential applications.

Arts As shown in Figure 5.19, our technique can generate caustic objects that can produce
several interesting caustic effects (similar to the intention in the inverse shadow [118]).
Therefore, we hope that our work can encourage more exploration in caustic arts.
Information Encoding Information (such as serial numbers, passwords) can be encoded
as caustic patterns of encrypted 2D images. Only when the requirements (such as light
direction and caustic receiver distance) are known, we can recover the original information.

We show an example in Figure 5.22 in which we encrypt WSCG and 2012 into two QR
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(a) Final Cost : 0.21845

(b) Final Cost : 0.23049

(c) Final Cost : 0.28532

(d) Final Cost : 0.24669

Figure 5.21: Additional experiments for the input caustic patterns shown in Figure 5.19a.
We also show the irradiance difference maps at the lower left corner of each result. (a) The
same result as the result in Figure 5.19a. (b-d) Additional experimental results.

barcode patterns.
Validation Tests By using the computed caustic object, we can validate some processes
such as rendering process (validating the correctness of caustics rendering algorithm) or

manufacturing (validating the quality of produced glasses or light sources).
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Figure 5.22: An application of information encoding. We encode WSCG and 2012 into
two QR barcode patterns.

5.7 Summary

We have presented an inverse caustic problem and a novel technique which computes a
caustic object given a set of caustic patterns with each pattern is positioned at a user-input
distance from the caustic object. Our proposed technique is based on a stochastic approach,
and it is augmented with two optimization steps that can alleviate the missing caustic prob-
lems. We also added another intensity correction step to improve the intensity of the recon-
structed caustic patterns. We have validated our results by performing physically rendering
simulation using mental ray, and the caustic object generated using our technique can ap-
proximately reconstruct various types of input caustic patterns.

In the future, we would like to improve the quality of the caustic object in terms of
smoothness. It is also interesting to consider more complex light situations such as area
light sources and dynamic light sources. It is challenging to use area light sources since
they emit light to many directions from every point in the area light sources. As for the
dynamic light sources, it is interesting to generate unique caustic pattern for each given
light source direction (in this case, caustic object and caustic receiver are static). Last but

not least, we would like to fabricate a real caustic object based on the computed geometry.
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Conclusions and Future Work

6.1 Conclusions

We have proposed three solutions for the scalability problems in caustic computation,
namely rendering caustics under environment illumination (multiple light sources), render-
ing caustics taking into account light’s visible wavelengths, and caustic object construction
based on several input caustic patterns. Our main idea in these solutions is adjustment of
inputs such that the problems are tractable. For instance, we adjust the inputs by approxim-
ating or clustering the inputs (in the caustic rendering under environment illumination and
spectral caustics rendering) in order to reduce the computation time that involves iteration
on all the individual inputs. Another approach in our idea is adjusting the input parameters
(in caustic object reconstruction work).

The main motivation of using this approach is to reduce the problem requirements such
that it is still able to achieve the desired results with the compromises (adjustment of inputs)
while preserving the quality of the results. For instance, in the caustic rendering under
environment illumination and spectral rendering, integration of all the inputs will result in
prohibiting rendering costs. Thus, we reduce the cost by grouping similar inputs and treat
them as one input. For inverse caustics patterns, it is not possible to reduce the number of

input caustic patterns, as it is our goal to reproduce those patterns. Hence, we adjust the

129
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parameters of the input caustic patterns, that is we relax the constraint requirement.

Our proposed methods in the two caustic rendering works can accelerate the rendering
pretty well. Our proposed methods consider the scene properties (e.g. light distribution
and index of refraction). The computations in some other aspects, however, can still be
improved in terms of implementation. For example, caustic spheres precomputation (in
caustic rendering under environment illumination work) or caustic pattern computation of
each wavelength clusters (in spectral caustic rendering work). Moreover, the degree of
clustering or approximation depends on the specific inputs from the user (i.e. number of
clustered environment light or threshold for wavelength clustering). Hence, our work can
be improved by reducing the said manual user inputs.

By and large, we hope that our work can benefit the computer graphics, multimedia,
and art communities. For instance, by using our work, it is possible to render caustics
under environment illumination for game or walk through applications. Moreover, in offline
rendering (e.g. movie production), the rendering of scenes that have caustic objects, spectral
caustic effects can be accelerated yet at the same time the visual quality can be maintained.
Our work on caustic object reconstruction opens a new possibility in caustic art and we

hope that it can stimulate research in this area.

6.1.1 Caustic Rendering Under Environment Illumination

We have proposed an efficient method for rendering caustics under environment illumina-
tion. We precompute the caustic patterns of several directional light sources and we inter-
polate them in the rendering. In order to make the rendering under environment illumina-
tion feasible in real-time, we approximate it as a set of directional light sources by using
our environment cube map segmentation technique.

The main strength of our work is the capability of generating real-time caustics under
environment illumination. As we show in our experiment, by using the quadratic radii

caustic spheres, our caustic pattern results are closer to the results generated by using mental
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ray (an industry standard photorealistic rendering software) compared to using uniform
radii caustic spheres. Our rendering technique supports dynamic scenes and it also takes
into account light occlusion from the surrounding objects during the rendering. As we have
also shown in our experiment results, our caustic occlusion effect results are comparable to
the results generated by using mental ray.

The main limitation of our work is that it does not support deformable caustic object
due to the precomputation nature. However, as we see in real-life, many caustic objects
are not deformable such as glasses, crystals, etc. Another limitation is it requires a large

amount of memory to store the precomputed caustic patterns.

6.1.2 Spectral Caustic Rendering

We have proposed a two-step scheme which accelerates spectral caustic rendering. Our
acceleration technique takes into account various factors: index of refraction of caustic
object, light power, material reflectance, human eyes’ sensitivity, and geometry of the scene.

Our combined first and second acceleration steps is used in rendering with the Stochastic
Progressive Photon Mapping. The experimental results show the strength of our work, i.e.
the proposed method can significantly accelerate spectral caustic rendering while maintain-
ing the rendering quality. We also compare an alternative of refinement computation by
using importance level proposed by Radziszewski et al. [43], and we show that our pro-
posed importance level is superior in terms of rendering speed.

The limitation of our proposed method is that it considers only a single type of caustic
object material (only single IOR graph in the scene is considered during wavelength cluster-
ing) and single refraction (i.e. first refraction event when the light hits the caustic objects).
However, as we show in our experiment, the effect of considering only single refraction
is negligible as our rendering result is visually similar to the rendering result of the Brute
Force technique. As shown in our experiment, our method can still handle a scene which

has multiple caustic objects albeit all of them must have the same IOR graph.
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6.1.3 Caustic Object Reconstruction

We have proposed a method which reconstructs a caustic object based on several input
caustic patterns. In our work, we proposed two optimization steps which improve the shapes
of the reconstructed caustic patterns. We also proposed an additional intensity correction
step to improve the intensity of caustic patterns.

Our first and second optimization steps (which slightly adjust the position, size, and
shape of each input caustic pattern) can improve the reconstruction of input caustic pat-
terns with various shape differences. As caustic patterns have shapes and intensities, we
also adjust the intensities of the reconstructed caustic patterns. Our results show that our
intensity correction step can improve the results further. We have validated our results by
performing physically-based rendering simulation using mental ray, and the caustic object
generated using our technique can approximately reconstruct various types of input caustic
patterns.

The limitations of our proposed methods are as follows. Our method requires a long
computation time for optimization. It can be benefited by more optimized implementation.
Moreover, for the case of input caustic patterns whose orientations are very different (e.g.

alternating bar in Figure 5.19b), it is difficult to achieve a good result.

6.2 Future Work

6.2.1 Caustic Rendering of Deformable Caustic Objects

In our presented work in this thesis, our targets are rigid caustic objects (i.e. not deform-
able). Thus, for rendering caustics caused by deformable caustic objects (e.g. jelly, etc.),
it is necessary to recompute everything for every rendering frame, which is not efficient.
Some examples of related caustic rendering work presented in Section 2.3.2 such as work
by Wyman et al. [78], Liu et al. [108], Hu and Qin [109], and Shah et al. [110] also require

recomputation for every frame if their work is used to render deformable caustic object.
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Weiss and Grosch [39] try to reduce the recomputation by keeping tracks of photon paths
for each frame. Unfortunately, their approach requires a priori knowledge of the whole
animation sequence.

Hence, we are interested in investigating possible ways in handling deformable caustic
objects with less precomputation or recomputation. The followings are the possible ap-

proaches for solving this problem:

e Precompute the caustic patterns of the caustic object in several deformation states.
During the rendering, when we deform the caustic object between the predefined

deformation states, we interpolate their respective caustic patterns.

e Analyse the deformation motion and update the photon map accordingly.

6.2.2 Spectral Caustic Rendering in Dynamic Scenes

Our proposed spectral rendering acceleration scheme is mainly applied for static scenes. If
we intend to render animation frames, we have to recompute the caustic patterns of every
wavelength cluster.

After rendering the full spectrum caustics for a given scene configuration (such as sur-
rounding objects and caustic objects positions and orientations, camera position and orient-
ation, light position and types) by using our acceleration scheme, we obtain some rendering
statistics and information that can be used for subsequent rendering if the scene configura-

tion is pretty much the same. The followings are the possible approaches:

e Scene motion To handle scenes with moving objects, we can improve upon the
work by Weiss and Grosch [39], by analysing the photon paths for each clustered
wavelength. It is also possible to extend it further by reusing the statistics of visible

points of preceding frames.

e Deformable caustic object We can use some approaches presented in Section 6.2.1

to render spectral caustics caused by deformable caustic objects.
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e Relighting Given the photon distribution of all processed wavelengths, we can also
perform relighting by changing the Spectral Power Distribution (SPD) of the light

source.

6.2.3 Physical Construction of Caustic Object

The caustic object generated by our inverse caustics has rough edges which is difficult to
fabricate with low cost. One way to lower the fabrication cost is by smoothing the surface.
The existing solutions try to smooth the surface by swapping two caustic object cells while
maintaining their respected refraction targets [128, 127]. However, in our case, it is not
exactly feasible since we have multiple caustic patterns. If we swap two caustic object cells
while keeping their refraction targets on one of the caustic patterns to be the same, their
refracted light might hit other parts of the other caustic patterns.

To solve this issue, we may consider an iterative approach for smoothing the caustic
object surface. In this approach, we try to reduce the cost of local cell orientation difference.
The changing of cell orientations in this step will most likely affect the reconstructed caustic
patterns. Hence, we must introduce additional cost, i.e. the similarity of the reconstructed
caustic patterns before and after changing the cell orientations.

For each cell in each iteration, we compute its local cost C'osty which is the one minus
average of normal difference between the cell and its four neighbouring cells. We also com-
pute the global error C'ostp by using Equation 5.3. Both C'osty and Costp are weighted

by user defined parameters, i.e. oy and ap respectively (as shown in Equation 6.1).

Costsg = ayCosty + apCostp, (6.1)

where Costg is the total cost for the particular cell we are processing. After obtaining
the relatively smooth surface in terms of normal field or cell orientations, the next task is
computing the height field or the height of each caustic object cells such that the amount

of rough edges can be reduced further. There are some existing techniques to solve this
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problem, such as by solving Eikonal equation [153] or Poisson problem [128]. We are
interested in performing some experiments by using these approaches to generate caustic

object models that are more viable for physical construction.
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Appendix A

Spectral Rendering

A.1 Differentiability of dfy(\, 6;)/d)\

Let s = sin(6;), a = 1y()\), b = n2(N). If we differentiate Equation 4.3 with respect to the

A direction (sin(f) becomes a constant s) :

9 <_ ) () > _
PN ()2 = 52)
) ;RO - 82?7’2@)))_

(A.1)
: S<772()‘> M2(A)? — 82 N(A)2(n2(N)? — 52)3/2

The equation will become not differentiable when the 72(\)? — s? in both denominators
is 0 or less. However, it will not happen as 0° < #; < 89° (which in turn the range of s
is [0...0.99]) and 1.0 < my(\). Since 72(A) monotonically decreases, its first and second
derivatives 7,(\) and 7, (\) respectively) will be monotonically decreasing, but they will
not make the equation to be not differentiable.

If we differentiate Equation 4.3 with respect to the ; direction (17,(\) and 775(\) become

constants a and b respectively) :

0 ( a  sin(6) ) _ abcos(6h) (A2)

90, \ g1/62 — sin(6;)? (b? — sin(61)?)%/2
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It will not be differentiable if b*> — sin(#;)? is zero or less than zero. Similar to the
derivative with respect to A direction, it will also not happen with the same reason.
If we perform double derivatives (i.e. with respect to both X and 6, directions), we will

obtain :

0? < — sin(61)n,(\) ): — cos(6)
ONOOL\ [ (N2 (ma(N)2 — sin(01)2) ) (12(A)? — sin(61)2) /2

sin(61)% % n2(\) * 75 (A)+ (A.3)
m2(A)? 5 175 () — sin(61)* 5 m(A)*—

2% 15(N)? * 1p(A)?,

which is also differentiable for the ranges 0° < #; < 89° and 1.0 < 72(). Hence, Equation
4.3 is differentiable at all points, including the four corners of each patch (as they are within
the ranges of 0° < 6; < 89° and 1.0 < n2()) .

There is one special case where the function is not differentiable, i.e. when the arbitrary
IOR is not continuous (i.e. it forms a staircase graph), such as :

Y
2.5

1.5;

400 500 600 700 A

Figure A.1: Index of Refraction with a staircase shape.

In our computation, we use finite difference in computing the differentials (thus for the
corners we use forward/backward finite differential accordingly). Hence, even though we
encounter the staircase IOR, we will not obtain undefined 7,()\). Instead, we will obtain
a higher jump around the discontinuity point that may result in the wavelengths around

this discontinuity point being put into its own cluster (which is desirable, even if we obtain
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an undefined first derivative, we assume the change is infinitely large and the wavelength

should be put in its own wavelength cluster). Moreover, we also would like to mention that

we only store one IOR value for each wavelength in our implementation (consequently, we

only allow the arbitrary IOR input value to be continuous).

A.2 Constants used in Spectral Rendering

o W o o o o o o o o

—4

o o o o o o o o o o

0 0 O
0 0 O
0 0 O
0 0 O
0 0 O
0 0 1
0 0 -2
0 0 1
-1 0 0
0 0 =2
3 =3 4
-2 2 =2
10 0
0 0 1
-3 3 =2
2 =2 1
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1.0
1.0/2.0
1.0/3.0
1.0/4.0
1.0/2.0
1.0/4.0
1.0/6.0
1.0/8.0
1.0/3.0
1.0/6.0
1.0/9.0

1.0/12.0
1.0/4.0
1.0/8.0

1.0/12.0
1.0/16.0




Appendix B

Caustic Object Reconstruction Survey

In this Appendix, we present the surveys we conducted for assessing our work in caustic
object reconstruction. Each survey consists of 15 respondents. They are asked to choose
which reconstructed caustic patterns better resemble the input caustic patterns. Each ques-
tion consists of three columns: the first column is the input caustic pattern, the second and
third columns are two reconstruction results to be assessed. In order to reduce bias, we
do not provide the information on which approach was used in the 2nd and 3rd columns
and the results of the two approaches are placed randomly in the 2nd and 3rd columns.
As additional references to readers, we also include irradiance difference maps in each of
the screenshot, that were not presented to the respondents in the surveys. Generally, the

respondents voted for the results with smaller differences in the irradiance difference maps.

B.1 First survey

The first survey aims to find the superior option out of two possible options explained in
Section 5.2, i.e. changing the size and position of caustic regions directly, or changing the

size of caustic regions indirectly (by optimizing the light convergence).
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Table B.1: Survey of first optimization options (1st caustic pattern set).

Input

Size and Position Adjustment

Light Convergence Adjustment

WSCG

6.67%

93.33%

100.00%

0.00%

13.33%

86.67%

Average

40.00%

60.00%
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Table B.2: Survey of first optimization options (2nd caustic pattern set).

Input

Size and Position Adjustment

Light Convergence Adjustment

53.33%

46.67%

0.00%

100.00%

86.67%

13.33%

Average

46.67%

53.33%




168  Appendix B. Caustic Object Reconstruction Survey

Table B.3: Survey of first optimization options (3rd caustic pattern set).

Input

Size and Position Adjustment

Light Convergence Adjustment

0.00%

100.00%

100.00%

0.00%

20.00%

80.00%
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Table B.3: Survey of first optimization options (3rd caustic pattern set)

Input

Size and Position Adjustment

Light Convergence Adjustment

66.67%

33.33%

Average

46.67%

53.33%
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Table B.4: Survey of first optimization options (4th caustic pattern set).

Input

Size and Position Adjustment

Light Convergence Adjustment

60.00%

40.00%

53.33%

46.67%

80.00%

20.00%
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Table B.4: Survey of first optimization options (4th caustic pattern set)

Input

Size and Position Adjustment

Light Convergence Adjustment

93.33%

6.67%

86.67%

13.33%

86.67%

13.33%
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Table B.4: Survey of first optimization options (4th caustic pattern set)

Input Size and Position Adjustment Light Convergence Adjustment

93.33% 6.67%

93.33% 6.67%

100.00% 0.00%

Average 82.96% 17.04%
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B.2 Second survey

The survey aims to prove that the intensity correction step (Section 5.3) can improve caustic
pattern reconstruction results. In this survey we compare between the results of with and
without intensity correction. In both results, we apply the optimizations explained in Sec-

tions 5.2.1 and 5.2.2.
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Table B.5: Survey of intensity correction improvement (1st caustic pattern set).

Input Without Intensity Correction With Intensity Correction

WSCG

66.67% 33.33%

26.67% 73.33%

40.00% 60.00%

Average 44.45% 55.55%
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Table B.6: Survey of intensity correction improvement (2nd caustic pattern set).

Input

Without Intensity Correction

With Intensity Correction

0.00%

100.00%

13.33%

86.67%

53.33%

46.67%

Average

22.22%

77.78%
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Table B.7: Survey of intensity correction improvement (3rd caustic pattern set).

Input

Without Intensity Correction

With Intensity Correction

0.00%

100.00%

6.67%

93.33%

0.00%

100.00%
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Table B.7: Survey of intensity correction improvement (3rd caustic pattern set)

Input

Without Intensity Correction

With Intensity Correction

26.67%

73.33%

Average

8.34%

91.67%
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Table B.8: Survey of intensity correction improvement (4th caustic pattern set)

Input

Without Intensity Correction

With Intensity Correction

26.67%

73.33%

53.33%

46.67%

33.33%

66.67%
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Table B.8: Survey of intensity correction improvement (4th caustic pattern set)

Input

Without Intensity Correction

With Intensity Correction

46.67%

53.33%

80.00%

20.00%

33.33%

66.67%
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Table B.8: Survey of intensity correction improvement (4th caustic pattern set)

Input

Without Intensity Correction

With Intensity Correction

33.33%

66.67%

66.67%

33.33%

66.67%

33.33%

Average

48.89%

51.11%




