Method for visualizing volumetric caustics in single-scattering media
based on beam tracking

Olexandr Romanyuk®, Hamza Achanyar®, Roman Chekhmestruk®, Pavio Mykhaylov®, Nataliia
Savina®, Iryna Shvarts®, Volodymyr Kistion, Zbigniew Omiotek?, Nurbapa Mekebayev"
*Vinnytsia National Technical University, Vinnytsia, Ukraine; "PDRESSLAB GmbH, Dortmund,
Germany; °3D GENERATION UA, Vinnitsa, Ukraine; “CEO 3D GNERATION GmbH, Dortmund,
Germany; *National University of Water and Environmental Engineering, Rivne, Ukraine; "Kyiv
National University of Construction and Architecture, Kyiv, Ukraine; 9Lublin University of
Technology, Lublin, Poland; "Al-Farabi Kazakh National University, Almaty, Kazakhstan

ABSTRACT

A method of visualization of surface and volumetric caustics of reflected and refracted light on mirror surfaces in volume
and on functionally specified surfaces consisting of patches of free forms is proposed. Caustics are surfaces near which
the intensity of the light field increases sharply. The visualization method tracks the rays of light in the light space when
displaying mirror surfaces. Light rays are projected from light sources onto patches of free-form scenes. The limiting
volumes of caustic rays are determined, thereby reducing the number of calculations. Only caustic rays are calculated,
which make the main contribution to the resulting image.
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1. INTRODUCTION

Caustics is the envelope of a family of rays that do not converge at one point. Caustics appear not only in the propagation
of light, but also in many other wave phenomena. In optics, caustics are lines (in the two-dimensional case) and surfaces
of infinitesimal thickness. Caustics are the evolute of the wave front, and the wave front is the involute of caustics.
Caustics have a small thickness, but not less than the wavelength of light. It depends on the wave properties of the light.
Interference fringes can be observed near monochromatic caustics. A curved surface, like a lens, focuses light on some
points and scatters it in others. The media that ensure the creation of such an effect are glass and water, which generates
caustic waves.

Reflection, refraction and scattering of light when interacting with surfaces is difficult to calculate. Modelling the
passage of light requires large computational costs. Visualization of dynamic scenes with changing lighting, materials,
geometry, caustics and other three-dimensional effects in interactive mode is a big problem®. Generating caustics is a
computationally expensive process, because it requires the simulation of many rays of light.

Monte Carlo methods are used for global illumination®*. The papers [5] to [7] presents an overview of Monte Carlo
methods for calculating light transfer in three-dimensional scenes. These methods are used to calculate physically correct
scenes, but not at interactive speed. The articles [8-10] present a hybrid photon mapping method for global illumination.
The density of photon maps is reduced due to selective photon storage. In places with high photon density, the radiation
intensity is pre-calculated to speed up calculations. In [11-14], a method for calculating global illumination in real time
for dynamic light scenes is presented>*”. The method is implemented based on approximate indirect lighting. Form
factors are calculated for each surface during the preliminary operation. Only the largest ones are saved for rendering.
Indirect illumination with a single reflection is calculated with a stored large coefficient as light sources. Indirect
illumination with multiple reflections is approximated by the average intensity of reflection. The accuracy of a single
indirect illumination is increased by using a brightness compensation algorithm*®2*,

The calculation of direct illumination from a polygonal light source, consisting of the integral of the triple product of
illumination, the distribution function of bidirectional reflection (BRDF) and the visibility function is given in [22— 24].
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In [25-27], a calculation of the ratio of the direct illumination equation is proposed, which allows combining analytical
lighting methods with stochastic shadows tracked by rays, while maintaining correctness. It is shown that shaded lighting
can be divided into the product of unshaded lighting and shadow weighted by illumination. However, these methods are
not very well suited for visualizing caustics, since the high-frequency light transfer that forms caustics must be
represented in the corresponding basic functions. In [28], an approach is proposed that allows interactively displaying
caustics. A volume-tracing algorithm capable of creating multiple refractions is presented.

The paper [29] presents a method for visualizing single scattering in large scenes with reflecting and refractive objects
and homogeneous media. Efficiency is achieved by calculating the final radiation along the viewing beam directly from
the illumination beams. If the beams pass near the view beam, you can quickly identify such lighting beams in the scene.
With this approach, the results are similar to the volumetric mapping of photons.

Our paper presents a method for visualizing volumetric caustics in single-scattering media based on beam tracking. The
scene is visualized from the point of view of the light source, to determine the place of the first interaction of light and
patches of free forms. Then the ray tracking method is used to process two-way refraction and multiple reflections. The
beam generation depends on the geometric inhomogeneities of the mirror objects and the light intensity in the case of
point light sources. No preliminary calculations are required in the method. By using limiting volumes, the number of
calculations is reduced. The method supports multiple reflections of light and adaptively generates rays for visualization
of caustics.

The main purpose of the proposed work is to develop a method of interactive visualization of caustics, in which it is
necessary to separate the distribution of caustic photons, starting from light sources, from the collection of photons
scattered in the direction of the camera. The collection of scattered light is performed during rasterization, which solves
the problem of line of sight. The accumulation of light contribution using limiting volumes is largely associated with
rasterization costs. A combination of the caustic mapping approach with caustic rendering is used. This ensures adaptive
sampling in the image space of light while minimizing rasterization costs.

2. DESCRIPTION OF THE METHOD

2.1 Patches of free forms
Four planes, p1, p2, p3, p4, define the base triangle, p5 are normal vectors (Fig. 1).

1. (point —v2, p1) >0
2. (point — v2, p2) >0 @
3. (point-v3, p3) >0

4. (point—v2,p4) >0

Figure 1. The base triangle.

A free-form patch is a composition of a basic triangle and a perturbation®®:

F'(x,y,2) = F(x,y,2) + EiL; Ri(x, Y, 2) @
where R(X,y,z) is a perturbation. The perturbation function R(x,y,z) is as follows:
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Q}(x,y,2), if Qi(x,y,2) 20
0, if Qi(x,y,2z) <0

Ri(xy,2) = { 3)

where Q(x,y,2) is a perturbing quadric.

Figure 2 shows a free-form patch.

Figure 2. Free-form patch.

2.2 Main steps of the method

1. Generation of perturbation functions of patches of free forms.

2. All visible surfaces from the light source are rasterised, which are stored in the light buffer (Fig. 3).

3. The grid 64 X 64 is projected onto the scene.

4. Rasterization of the limiting volumes of caustic rays. For rays, the radiation scattered in the direction of the camera is
calculated, depending on the phase function and the density of the medium.

Creneration of

teh Rastetrization of Proractin ” Rasterization of
pae | atches fr rojecting a gri :
perturbation E;hi :Dsm;:n R s onto 4 Seetia — -4 hounding volumes

functions

Figure 3. General scheme of the method.

Let's describe these steps in more detail. In the first step, the mirror surfaces visible from the light source are rasterized.
The light buffer stores coordinates, normals and material properties, i.e. transparency, refractive index, etc. This ensures
two-dimensional parameterisation of illuminated surfaces. Texture parameterisation is used to project a flat mesh onto
illuminated surfaces. If you use a mesh with texture parameterisation, the projection step is simplified. Since the vertices
can be moved to positions selected from the corresponding positions of the light buffer. The projected grid is a reduced,
piecewise linear approximation of illuminated surfaces. The advantage of this method is the separation of geometric
complexity from the caustic generation process. The grid has a resolution 64 x 64, the grid areas may not match the
caustic sample. The grid cells are treated as two triangles. The bases of triangles with clipping planes form bounding
volumes (Fig. 1).

The projection grid is used to create caustic rays that adapt to the inhomogeneities of the mirror object. The rays are also
adapted to the characteristics of light emission and the contribution of the rays to the final image. The grid and the light
source determine the incident rays on the caustic surface. It depends on the irregularities of the mirror surface, the beam
energy and the camera parameters. This process is implemented using a geometric shader. The geometric shader allows
you to output a variable number of vertices and generate data transfer back to memory. Next, a pixel shader works for
fragments that are affected by caustic rays. A caustic ray is generated for each base triangle. Surfaces can be both
reflective and refractive, as well as with multiple reflection of rays. To calculate the limiting volumes, the required
length of the prism is determined, which is formed by three clipping planes (Fig. 1). The maximum length is calculated
by crossing the rays with a truncated viewing angle. Only the caustic rays are rasterized, which make the main
contribution to the resulting image.
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At the last step of the method, the fragment shader calculates the amount of radiation scattered towards the observer. For
each fragment, the camera beam intersects with the prism (Fig. 1), and the contribution is determined:

R(w) = [, e s (@) fy (@ - 0)Rin(w)dl (4)

hereR (w) is a radiation scattered towards the observer, Al is an interval of intersection of the camera beam and the
prism, c.is an extinction coefficient, c(¥) is a scattering coefficient at the point(x), f,(w - w") is a phase function,
I, + 1,is a length of the path of light from the caustic triangle to the camera. The approximate calculation of the integral
looks like this:

R(w) = Ale™%t*2)e f (w - 0)Rip(@). ()

For each fragment, the shader calculates the intersection of the caustic ray and the ray coming from the observer. In
addition, it calculates the radiation of the sample beam and its scattered contribution in the direction of the camera.

After calculating the intersection of the caustic beam and the beam coming from the observer, the radiation scattered in
the direction of the observer is calculated:

R,(dw,Ap) = pr Sy R, w) cos a dwdA, (6)

where (X) is a point of the surface, Ap is a caustic patch, « is an angle between the normal and .

3. RESULTS

Figure 4 shows a test scene of a glass vessel with caustics. Testing was performed on a computer with an Intel Core2
CPU E8400 3.0 GHz processor, and a GeForce GTX 470 GPU (Table 1). The images were rendered with 1024 x 768
pixel resolution. The method is implemented using Direct3D 11 and HLSL. The shader architecture of Model 4 is
sufficient for the method. The scene of a glass vessel contains an environment receiving caustics from a translucent
model.

The complex effect of multiple refraction is shown. The refracted caustic rays are refracted again on the surface of the
water. Caustics under the water surface are difficult in terms of performance. Since practically no caustic rays overlap.
Therefore, the filling rate is very high. Surface caustics are interpolated between adjacent volumes of caustics using
adjacent patches of free forms of caustics. For each vertex of the patch, an area function is used, which is averaged over
caustic rays. The method of volumetric illumination for volumetric caustics is applied. The final image consists of direct
illumination of the surface, volumetric illumination with shadows, surface and volumetric caustics.

Figure 4. Glass vessel with caustics.

Table 1. Test Scene performance.

Geometric operations Rasterization Number of caustic beams | Number of frames per second
18.6 milliseconds 20.4 milliseconds 4800 18
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4. CONCLUSIONS

The paper presents a method for visualizing volumetric and surface caustics in an interactive mode with multiple
reflections and refractions. The method is based on free form patches with perturbation functions and a ray-tracing
algorithm. The method is implemented on programmable graphics hardware. The method uses calculations of limiting
volumes for the effective accumulation of the contribution of caustic rays. Ray tracking is used for multiple reflections.
By using adjacency information, smooth transitions between beams are generated. Due to this, the quality of surface
caustics is significantly improved.
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