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Synopsis

Research area and research objectives

In the field of photorealistic image synthesis, the main goal is to create images
which are indistinguishable from the ones we see in real life. To achieve this
the required formulation of the physical rules of the light transport should be as
accurate as possible. The mathematical model of the light-surface interaction
is an integral equation — the so called rendering equation —, which can be
used to calculate the incoming radiance from the virtual world for each pixel of
the rendered image. The classic methods for solving the rendering equation —
Monte Carlo, quasi Monte Carlo, stochastic iteration methods — are so com-
putation intensive that they cannot be evaluated in real-time. For interactive
purposes we use a more or less simplified version of the general formulae to suit
the time constraint.

One widely used approach is the so called local illumination model which can
be evaluated on the modern graphics hardware in real-time. The local illumi-
nation model simplifies the rendering equation by taking into account only the
local properties of the surfaces and the direct contribution of the light sources.
Due to this simplification, the applicability of this model for photorealistic ren-
dering is quite limited. Taking into account the indirect lighting is crucial for
photorealistic images, where the incoming radiance from a surface point is de-
termined by the other surface points of the virtual world. To determine the
reflected radiance at a surface point we have to sample the geometry of the
scene and the incoming radiance in many directions. The idea of storing a sam-
pled representation of scene geometry in textures is not new, it has been used for
a long time in computer graphics to approximate various physical phenomena.

As the computation power of the graphics hardware (GPU) is steadily grow-
ing, more complex approaches become feasible for real-time photorealistic image
synthesis. To fully utilize the highly parallel rendering pipeline, we have to re-
consider the applied algorithms. The modern GPUs contain a high number of
parallel computing units, the aggregated arithmetic power of which can be sev-
eral teraflops. For the optimal use of this parallel hardware we should minimize
the dependence on external resources, as the available graphics memory is quite
limited and the texture fetch and write operations are costly.

Fortunately quite a few classic illumination algorithms can be rephrased into
screen-space and can be integrated into the image synthesis process as post-
processing. The screen-space techniques work on the sampled representation of
the scene, where the geometry and shading attributes are sampled at discrete
points (e.g. at the pixels of the final image) and this representation contains
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only the visible parts of the scene. The crucial part of screen space techniques
is the efficient handling of the sampled information. I proposed a new sampling
scheme to reduce the number of necessary texture fetch operations without sac-
rificing accuracy. The new sampling method is built upon importance sampling
and exploits the interpolation capability of modern graphics hardware. I demon-
strated the applicability of the method on typical screen-space algorithms like
glow, tone-mapping, and depth of field [B1, C2, C3].

The local illumination model considers only the surface representation of the
objects in the virtual world, and neglects the participating media between the
objects. Taking into account the volumetric scattering effect in participating
media can greatly improve the overall realism of rendered images. The com-
mon methods (i.e. Monte Carlo quadrature, volumetric photon maps) require
expensive computations which prohibit their application in real-time rendering.
In many cases the physically correct multiple scattering model does not con-
tribute too much to the overall appearance of the final image, and a simplified
single scattering model can capture the main characteristics of light transport
in the participating media. I proposed a new single scattering simulation model,
which can be applied as post-processing in real-time. The new technique uses the
sampled representation of the scene geometry and a modified shadow mapping
algorithm to approximate the light transport and applies interleaved sampling
to improve performance [C9, D23].

The effect of the indirect lighting is approximated in the local illumination
model with an ambient light source, which is a drastic simplification. To achieve
a better result the so called ambient occlusion can be used to approximate the
shadowing of the ambient light. The ambient occlusion methods measure how
strongly a surface point is affected by its neighborhood, and scales the ambient
lighting according to this. There are various methods to calculate the openness
of the surface points, which balance between the accuracy and computation
complexity. The most accurate solutions are based on ray-tracing, however
these approaches are usually not feasible for real-time purposes.

With the assumption that the neighborhood of the shaded point and the vari-
ance of the surface are sufficiently small, the expensive ray tracing operation
can be replaced by a simple containment test. As this approach samples the oc-
clusion at discrete sample points, the distribution of the sample points along the
rays is crucial for an efficient implementation. I proposed a new sample distri-
bution scheme based on importance sampling to construct non-uniform sample
locations for containment test based screen-space ambient occlusion methods.
The new sample distribution scheme gives better result than the uniform sam-
pling with a given number of sample points [B1].

Another popular approach is the volumetric approximation of the obscu-
rance term, which integrates the visibility function on the directional sphere. I
proposed a new integration method for the volumetric ambient occlusion calcu-
lation, which takes into account the local slope of the surfaces, thus provides a
more accurate approximation of the occlusion term than previous approaches.
The new method provides smoother results with the same number of samples
and has the same performance as classic methods [C7, J6, D22].

To approximate indirect lighting, classical ambient occlusion methods take
into account only the geometry of the scene and scale the ambient light color
according the openness of the surface. If we can assume that the ambient
light is similar in the neighborhood of the shaded surface point, then we can
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extend the ambient transfer function with the interreflection between diffuse
surfaces. I proposed a new ambient transfer function for the local approximation
of the indirect lighting between diffuse surfaces, which approximates the ambient
lighting better than the classical obscurances when the albedo of the surface is
high. The proposed ambient transfer function can be evaluated with minimal
overhead [C7, J6, D22].

Simulating multiple scattering and rendering inhomogeneous participating
media are an important topic not only in the field of computer graphics but
also in medical imaging. The physically correct simulation can be achieved by
solving the volumetric rendering equation. The most accurate approaches are
based on Monte Carlo quadrature and trace photons or importons (i.e. visibil-
ity rays) randomly in the medium. Conventional free path sampling methods
become very inefficient if the maximum extinction coefficient of the simulated
participating media is much larger than the extinction coefficient in a partic-
ular domain. In these parts the density of the virtual particles will be much
higher, therefore the acceptance probability will be very small, which requires
the sampling of a lot of tentative scattering points. I proposed a new sampling
scheme by adding virtual particles in a way that the total density will follow
a simple function appropriate for free path sampling. The added material has
special properties not to alter the radiance inside the medium. With this exten-
sion the free path can be sampled with conventional methods for homogeneous
media. Built upon this concept I proposed a new sampling method, which is
a generalization of the Woodcock tracking. With an appropriate upper-bound
function the free path sampling can be decomposed. The extinction coefficient
upper-bound function can be represented as a low-resolution voxel grid, and the
rough estimation of the place of scattering can be computed with a 3D DDA like
algorithm. With this rough estimation the accurate scattering point calculation
can be narrowed to small region of the original voxel array [C10, J7, B3, D27].
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New scientific results

Thesis group 1: Efficient sampling for screen-
space algorithms

Thesis 1.1: Texture filtering with importance sampling

Texture filtering is a critical part in many rendering and post-processing algo-
rithms. In case of typical filter based approaches, the applied shader program
samples not only the shaded point but its neighborhood too. Thus, if we do
this sampling naively, the shader needs to access texture memory proportion-
ally with the applied filter size. On the modern graphics hardware the texture
fetching is at least an order of magnitude slower than the arithmetic operations,
so it is crucial to minimize it for real-time rendering.

I proposed a new sampling scheme to reduce the necessary texture fetch op-
erations without sacrificing the accuracy. The new sampling method is built
upon importance sampling and exploits the interpolation capability of the mod-
ern graphics hardware. I demonstrated the applicability of the method on typical
screen-space algorithms like bloom, tone-mapping, depth of field (Figure 1) [B1,
C2, C3].

Figure 1: The Moria scene with bloom and depth of field effects.

Thesis 1.2: Screen space approximation of volumetric single scatter-
ing

Taking into account the volumetric scattering effect in participating media can
greatly improve the overall realism of rendered images. The common methods
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(i.e. Monte Carlo quadrature, volumetric photon maps) require expensive com-
putations which prohibit their application in real-time rendering. In many cases
the physically correct multiple scattering model does not contribute too much
to the overall appearance of the final image, and a simplified single scattering
model can capture the main characteristics of light transport in the participating
media.

I proposed a new single scattering simulation model, which can be applied
as post-processing in real-time (Figure 2). The new technique uses the sampled
representation of the scene geometry and a modified shadow mapping algorithm
to approximate the light transport and applies interleaved sampling to improve
performance [C9, D23].

Figure 2: The Moria scene with volumetric single scattering.

Thesis group 2: Screen-space approximation of
the ambient lighting

Thesis 2.1: Non-uniform sample distribution scheme for obscurances
calculation

The obscurance model approximates the shadowing of the ambient light. The
evaluation of directional integral of the obscurance formula requires rays to
be traced in many directions, which is rather costly. With the assumption
that the neighborhood of the shaded point and the variance of the surface are
sufficiently small, the expensive ray tracing operation can be replaced by a
simple containment test. This approach samples the occlusion at discrete sample
points. The distribution of the sample points along the rays is crucial.

I proposed an efficient sample distribution scheme based on importance sam-
pling to construct non-uniform sample locations for containment test based screen-
space ambient occlusion methods (Figure 3) [B1].

Thesis 2.2: A new volumetric integration method for volumetric am-
bient occlusion

The screen-space ambient occlusion method calculates the openness of surfaces
by sampling the discrete representation of the scene (i.e. depth buffer). The
accuracy of this approximation is proportional to the number of samples taken.
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Figure 3: Containment test based ambient occlusion with uniform sampling and
the proposed sample distribution scheme.

More samples provide better results at the cost of higher computation complex-
ity.

I proposed a new integration method for the volumetric ambient occlusion
calculation, which takes into account the local slope of the surfaces, thus provides
a more accurate approximation of the occlusion term than previous approaches.
The new method provides smoother results with the same number of samples and
has the same performance as classic methods [C7, J6, D22].

Thesis 2.3: Approximation of local indirect lighting

If we can assume that the ambient light is similar in the neighborhood of the
shaded surface point, then we can extend the ambient transfer function with
the interreflection between diffuse surfaces.

I proposed a new ambient transfer function for the local approximation of
the indirect lighting between diffuse surfaces (Figure 4):

W (~s) ≈ O(~s)

1 − 1
π

∫
Ω

(1 − µ(d))a(~o) cos+ θdω
,

where O(~s) is the ambient occlusion of the shaded point ~s, a(~o) is the albedo of
the occluder point ~o, µ(d) is the fuzzy measure and Ω is the directional sphere.
When this local approximation can also be used for the albedo of the occluder we
can simplify the ambient transfer function to

W (~s) ≈ O(~s)

1 − 1
π

∫
Ω

(1 − µ)a(~o) cos+ θ dω
=

O(~s)

1 − a(~s)(1 −O(~s))
.

This function approximates the ambient lighting better than the classical obscu-
rances when the albedo of the surface is high [B2, J2, J3].
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Figure 4: The Harbour scene without ambient occlusion and with the proposed
ambient transfer function.

Thesis group 3: Multiple scattering simulation in
participating media

Thesis 3.1: Homogenization of inhomogeneous participating media
with virtual particles

Simulating multiple scattering and rendering inhomogeneous participating me-
dia can be achieved by solving the volumetric rendering equation. The most
accurate approaches are based on Monte Carlo quadrature and trace photons
or importons (i.e. visibility rays) randomly in the medium.

I proposed a new sampling scheme by adding virtual particles in a way that
the total density will follow a simple function appropriate for free path sampling.
The added material has special properties not to alter the radiance inside the
medium. With this extension the free path can be sampled with conventional
methods for homogeneous media, and during scattering we have to determine
whether it happened on a real or on a virtual particle. The collision with virtual
particle changes neither the energy nor the direction of the traced photon [B3,
D27].

Thesis 3.2: Efficient free path sampling with virtual particles

Conventional free path sampling methods become very inefficient if the maxi-
mum extinction coefficient of the simulated participating media is much larger
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than the extinction coefficient in a particular domain. In these parts the density
of the virtual particles will be much higher, therefore the acceptance probability
will be very small, which requires the sampling of a lot of tentative scattering
points.

I proposed a new sampling method, which is a generalization of the Woodcock
tracking (Figure 5). With an appropriate upper-bound function the free path
sampling can be decomposed. The extinction coefficient upper-bound function
can be represented as a low-resolution voxel grid, and the rough estimation of
the place of scattering can be computed with a 3D DDA like algorithm. With
this rough estimation the accurate scattering point calculation can be narrowed
to small region of the original voxel array [C10, J7].

Figure 5: Multiple scattering simulation with the proposed method.

Application of the new scientific results

The proposed new algorithms in the first thesis group were developed in the
GameTools FP6 project. The new sampling methods and the post-processing
algorithms were integrated into a freely available, open source game engine.

The results of the second thesis group were developed in the Scalable Vi-
sualization Techniques project, which is funded by the Hewlett-Packard High
Performance Computing Division. The ambient occlusion algorithms are used to
demonstrate the efficiency of the Hewlett-Packard Scalable Visualization Array
cluster.

The results of the third thesis group are developed in the Teratomo: To-
mography reconstruction for PET on the GPU project. The proposed new
algorithms are built into the image reconstruction system of an innovative do-
mestically developed PET system.
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ton Penzov. Scatter Estimation for PET Reconstruction. LECTURE
NOTES IN COMPUTER SCIENCE 6046: pp. 1-12. (2010)
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Shree Kumar, Glenn Lupton. Parallel Solution to the Radiative Trans-
port. Eurographics Symposium on Parallel Graphics and Visualization.
München, Németország, 2009. pp. 95-102.
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pp. 103-109.
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Egyesült Államok, 2012.
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