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Abstract

In this thesis, we present a new approach to efficiently render large scenes and detailed objects in real-
time. Our approach is based on a new volumetric pre-filtered geometry representation and an asso-
ciated voxel-based approximate cone tracing that allows an accurate and high performance rendering
with high quality filtering of highly detailed geometry. In order to bring this voxel representation as
a standard real-time rendering primitive, we propose a new GPU-based approach designed to entirely
scale to the rendering of very large volumetric datasets.

Our system achieves real-time rendering performance for several billion voxels. Our data structure
exploits the fact that in CG scenes, details are often concentrated on the interface between free space
and clusters of density and shows that volumetric models might become a valuable alternative as a
rendering primitive for real-time applications. In this spirit, we allow a quality/performance trade-off
and exploit temporal coherence.

Our solution is based on an adaptive hierarchical data representation depending on the current view
and occlusion information, coupled to an efficient ray-casting rendering algorithm. We introduce a
new GPU cache mechanism providing a very efficient paging of data in video memory and imple-
mented as a very efficient data-parallel process. This cache is coupled with a data production pipeline
able to dynamically load or produce voxel data directly on the GPU. One key element of our method
is to guide data production and caching in video memory directly based on data requests and usage
information emitted directly during rendering.

We demonstrate our approach with several applications. We also show how our pre-filtered geom-
etry model and approximate cone tracing can be used to very efficiently achieve blurry effects and
real-time indirect lighting.
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Infroduction and motivation

1.1 Motivation: Real-time rendering of large and complex scenes

Figure 1.1. Illustration of a multiscale scene. Sources: (Left-to-right) San-Francisco by arcortvriend , San-
Francisco from www.staysf.com, Coit-tower from hitp:/fwsisf.com

Photorealism has always been a major goal for computer graphics (CG). Today, one of the key prob-
lems is the management of details. Rendering large multi-scale scenes (such as the one presented in
figure 1.1) and very detailed objects (Figs. 1.2 and 1.3) accurately and efficiently is now one of the
most challenging problems in computer graphics, not only for real-time applications, but also for CG
featured films. Usual rendering methods tend to be very inefficient for highly complex scenes because
rendering cost is proportional to the number of primitives. In such scenes, many geometrical details
have to be accounted for in each single pixel. The small size of primitives creates high-frequency
signals that lead to aliasing artifacts which are costly to avoid. In order to produce high quality ren-
dering, all lighting contributions of these details must be integrated in order to compute the final color
of a given pixel. This integration poses two kinds of problems: how to do it efficiently (in terms of
performance), and how to do it accurately (in terms of quality).

In this section, we will show how current rendering approaches reach their limits both in terms of
quality and performance when dealing with very complex and multi-scale scenes. In this context,
scalability is an absolute necessity. We will see that massive per-pixel supersampling is not afford-
able for real-time applications, and does not scale to an increasing number of details to be integrated
per-pixel. Thus, geometrical simplification approaches have to be used, in order to deal with large
amounts of geometrical data, and to prevent aliasing problems. But such simplifications inevitably
remove details that would have contributed to the final image, and fails to preserve important shading
effects (eg. roughness). The challenge in this context is to be able to keep shading details while allow-
ing interactive rendering and maintaining a reasonable memory consumption. We will demonstrate
how some form of geometrical pre-filtering is required to tackle this problem, and explain how we
propose to rely on a volumetric enriched representation to handle it.
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1.1.1 Limits of current mesh-based rendering approaches

All current rendering models used today to display geometry are based on a triangle or quad mesh rep-
resentation. With this representation, objects are modeled by their surface, and are decomposed into
simple primitives for rendering. Rendering is a view-based sampling operation. The idea is to sample
a 3D scene in order to reconstruct a 2D image. The 3D scene represents the continuous source signal,
while the 2D image is the signal we want to reconstruct. According to the Nyquist-Shannon sampling
theorem [Nyq28], sampling frequency needs to be at least twice the highest signal frequency in order
to reconstruct it correctly. Sampling below this Nyquist limit leads to so-called "aliasing". Conceptu-
ally, this means that we need no less than one sample for each peak and another for each valley of the
original signal. That means that for each surface primitive to render, at least two samples need to be
calculated in order to accurately reconstruct its contribution to the final image. Thus, increasing the
geometrical complexity of a scene necessarily means increasing the sampling density used to compute
the rendered image in the same proportions, in order to ensure a high quality reconstruction.

Figure 1.2. Example of an highly detailed mesh modelized using ZBrush [Spe08]. Image courtesy of Yeck.

The problem is that the amount of available processing power does not scale as fast as the need for
more and more complex objects, and even if it did, increasing the computation proportionally to the
complexity of a scene do not seems to be a scalable or sustainable solution. Similarly, the amount of
memory available for rendering is a limited resource and storing and quickly accessing arbitrary large
and complex scenes is a challenging problem.

The primary challenge in computer graphics has always been to bit these constraints in order to pro-
duce a more and more detailed rendering, without increasing the processing time and needed storage
in the same proportions. Real-time rendering of highly complex geometrical scenes poses two kinds
of problems. First, a quality problem: how to accurately integrate the shading contributions of all
details, in order to prevent aliasing and capture expected lighting effects. Second, a performance
problem: how to efficiently deal with large amounts of geometrical data, both in terms of computation
and storage.

Classical mesh+texture representation

The classical way to deal with detail rendering is to split geometry representation into a coarse
triangle-based surface mesh representation and fine scale surface details, reflectance and illumina-
tion properties, specified with 2D texture maps [Cat74] and used as parameters in a local illumination
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model. When objects can be seen from a relatively limited range of distances, this representation
makes it possible to use a unique coarse mesh and to pre-filter detail maps linearly and separately.
The idea is to estimate the averaged outgoing radiance from a surface to a pixel by applying the lo-
cal illumination model on the averaged surface parameters from the map, instead of averaging the
result of this application on fine-grained details. To do so, the classical approach is to rely on MIP-
mapping [Wil83], with multiple map resolutions pre-computed before rendering. Such texture filtering
does not prevent aliasing to appear at the boundary of meshes and on the silhouette of objects. This
issue is usually addressed using a multi-sampling technique [Ake93], estimating per-pixel triangle
visibility at higher frequency (>1 sample per pixel) than the shading itself.

This classical approach works well for moderate range of view distances, and low-detail meshes, when
triangles cover at least one pixel on the screen and silhouettes do not contain thin details. But when
highly detailed meshes viewed from a wide range of distances need to be rendered, many mesh trian-
gles project to the same screen pixel and simply relying on the pre-filtering of the maps and a limited
multisampling becomes insufficient to integrate all surface details, and leads to aliasing artifacts.

Figure 1.3. Left: Example of an highly detailed character mesh modelized using Z-Brush. Right: Very com-
plex mesh modelized using 3D-Coat, a voxel-based 3D sculpting tool. Images courtesy of Benerdt.de (left) and
Rick Sarasin (right)

Adaptive supersampling

The classical way to integrate per-pixel geometrical details is to rely on supersampling [Whi80,
CPC84]. For each pixel, a weighted average of the illumination coming from all meshes elements
and falling into that pixel is computed, i.e., an integral of the contributions of all these elements,
which can be extremely costly. The outgoing radiance from a surface is given by a local illumination
model as a function of the incident radiance and the surface properties. Computing this integral nu-
merically during rendering (using massive sampling) can be extremely costly and many adaptive and
stochastic multi-sampling methods have been proposed to speed-up its computation by optimizing the
placement and distribution of samples. Adaptive supersampling allows us to push back slightly the
limit of complexity that can be handled per-pixel, but still does not scale with an arbitrary increase of
geometrical complexity. In addition, the cost of such supersampling of the geometry is usually not
affordable for real-time application.

Mesh simplification and geometric LOD

In such situations, the approach usually employed to deal with aliasing problems and reduce rendering
time is to simplify the geometry itself, in order to adapt it to the rendering resolution. This is done
by relying on geometric level-of-details (LOD) approaches that progressively remove mesh details.
The idea is to maintain a constant number of primitives to be rendered per screen pixel, whatever the
viewing distance and complexity of the original mesh.
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Figure 1.4. Illustration of Quadrilateral mesh simplification [DSSCO08]

Mesh simplification is a tempting solution to deal with the geometry aliasing problem and is a way
for pre-filtering geometry, ie. eliminating high frequency details. The main problem is then to find
accurate pre-filtering methods that preserve appearance and light interaction. Many automatic meth-
ods have been proposed in order to automatically simplify triangle meshes and to provide a smooth
transition between levels-of-details [Hop96, DSSCO08]. However, automatic mesh simplification ap-
proaches are relatively difficult to control. Therefore in situations such as video game authoring,
simplified models have to be optimized manually. Most of the time in video-games, a set of simplified
versions of the meshes are pre-generated manually by artists, and the appropriate resolution is cho-
sen at runtime. This approach prevents us from using a progressive transition and leads to popping
artifacts.

Figure 1.5. Geometry simplification (top) with automatic details injection into normal maps (bottom). Source:
[COMIS8]

Details injection inside textures Mesh simplification inevitably removes details that would have
contributed to the final image. As illustrated in figure 1.5, some details removed between two sim-
plified versions of a mesh can be injected inside a detail map, in order to preserve their contributions
inside the projected geometry. Methods have been proposed to allow automatic detail injection inside
textures [COMO98]. Such methods lack flexibility and in practice, details textures are usually created
manually in order to be fully controlled by the artist. Moreover, details can not be preserved on the
silhouette of objects.



19

Figure 1.6. Left: Illustration of a large-range view of a forest. Source: YouWall.com. Right: Illustration of fur
rendering in off-line special effects, Source: The Mummy 3 (Digital Domain/Rhythmé&Hues)

Fundamental problem Surface-based simplification approaches perform best for finely tessellated
smooth manifolds that are topologically simple, or for relatively low simplification. For complex sur-
faces or high levels of simplification, they fail to capture the surface details needed to reconstruct a
correct appearance and shading (cf. figure 1.4). Moreover, mesh simplification approaches often re-
quire mesh connectivity. This is due to the nature of the simplification primitives (opaque triangles),
that makes it difficult to treat complex and disconnected objects. Thus, the quality of simplified mod-
els becomes unacceptable for extreme simplifications and when multiple objects need to be merged.

The fundamental problem is that the light interaction occurring on a set of multiple surfaces arranged
arbitrarily just can not be represented accurately with a single surface model. Thus, the filtered version
of shading parameters described on such a set of surfaces can not be approximated on a single surface.
This problem becomes obvious when we want to render scenes like a forest or fur on a character as
presented in figure 1.6. As illustrated in Figure 1.7, the geometrical simplification of objects like trees
can not lead to an accurate reconstruction of the shading of the high resolution mesh.

Figure 1.7. Illustration of wrong results from the simplification of meshes that can not be accurately simplified.

Multi-representation and IBR approaches

When objects need to be represented at multiple scales and geometric simplification fails, image-based
rendering techniques (IBR) and multi-representation approaches can be used. Image-based represen-
tations can be very efficient for distant view as they can naturally fuse multiple objects. For instance,
in order to render a forest like the one presented in figure 1.8, video-games usually rely on multiple
representations [WWSO01]. In such a case, close trees are generally represented using high-detail tri-
angle meshes, while mid-distance trees are simplified versions of this mesh, generally using billboards
for the leaves, and far trees are most likely entirely rendered using so-called impostors.

Although automatic simplification of complex 3D models using impostors has been proposed [DDSDO03],
creating such multiple representations can hardly be done automatically and usually still requires a
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lot of work from the artists. In addition, continuous transition between different representations is
extremely difficult to achieve and such an approach leads to popping artifacts when passing from
one representation to another. Impostors provide a correct representation only when displayed for a
bounded viewing region called view cell, and they usually offer only limited parallax effects. The
other problem with image-based representations is that they do not offer the free transformation and
easy manipulation of standard geometry.

Figure 1.8. Illustration of forest rendering in video-game. Trees are rendered using multiple representations,
usually high resolution geometry for closeup views, simplified geometry for medium distance, and impostors
for far views. Such a scheme induces low quality geometry filtering and popping artifacts. Source: Crysis
(Crytek)

Inefficiencies of current GPU pipelines

GPU accelerated rendering pipelines are based on a rasterization approach. Historically, these
pipelines have always been optimized in order to provide the best performance for real-time appli-
cations. Current trends to improve the rendering quality in real-time applications focus on increasing
the number of rendered geometric primitives and decreasing their size. Ultimately, this trend should
drive real-time rendering approaches to a point where adaptive geometry approaches would be use to
ensure the projection of approximately one triangle per screen pixel as illustrated in Figure 1.9. But
with this trend, we are reaching the limit of efficiency of the rasterization-based rendering pipeline.

Figure 1.9. Illustration of a mesh adaptively tesselated in order to sample detailed surface accurately and
provide triangles approximately 1/2 pixel in area. Source: Kayvon Fatahalian, Stanford University, Beyond
Programmable Shading Course ACM SIGGRAPH 2010

Inefficiency for micro-geometry rendering Rendering micro-geometry (with triangles project-
ing on less than a few pixels in area) on the GPU is very inefficient, even on today’s last generation
GPUs that are designed to perform hardware tessellation of geometry [Micl1]. This is due to two
main factors: the individual transformation and projection of each vertex and the inefficiency of the
setup, rasterization and shading process that are optimized for big triangles.
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Inefficient rasterization of micro-triangles Even the most recent hardware implementation of
the rasterization pipeline [Bly06] is very badly fitted to micro-polygon rasterization [FBH"10]. In-
deed, fundamentally the polygon rasterization algorithm is based on the assumption that triangles
cover multiple pixels and that a filling has to be done inside them. In addition, GPUs contains
many optimizations to speed-up the rasterization of relatively big triangles, covering tens or hun-
dreds of screen pixels (e.g. hierarchical rasterization, parallel coverage tests, compressed tile-based
z-culling [NBS06], etc. ). In the case of pixel-sized triangles, such optimizations become inefficient
and even counter-productive [FLB*09].

Figure 1.10. Left: 2 x 2 quad fragments generated and shaded during the rasterization of a single trian-
gle. Right: Overshading created an the boundary of triangles intersection the same quads. Source: Kayvon
Fatahalian, Stanford University, Beyond Programmable Shading Course ACM SIGGRAPH 2010

Over-shading GPU rasterization pipelines shade each triangle uniformly in screen space with one
shading sample per pixel. Thus in theory, pixel-sized triangles should lead to the computation of ap-
proximatively one shading sample per pixel. However, actual GPU pipelines shade at a much higher
frequency even for smooth connected surfaces. The information needed to compute the shading for
a triangle at a pixel is encapsulated into a fragment. Each rasterized triangle generates fragments for
each pixel it overlaps', and shading is computed once per fragment. But when the triangles are small,
many pixels contain multiple fragments generated from different triangles of the same surface due to
partial pixels overlap (cf. figure 1.10), leading to pixels being shaded redundantly with similar surface
information (in case of connected surfaces). In addition, actual GPU behavior is even worse than that.
Indeed, to support derivative estimation using finite differencing, the rasterizer generates fragments
assembled in 2x2 pixel tiles called quads [Ake93]. This can result in more than 8X overshading for
pixel sized triangles of a smooth surface as illustrated in Figure 1.11.

Figure 1.11. Illustration of overshading induced by microtriangle tessellation. Source: [FBH"10]

We see that with pixel-sized triangles we reach the limit of the rasterization model. When triangles
become smaller than one pixel, shading becomes inefficient. In the context of off-line rendering for

"More precisely, a triangle must overlap the center of a pixel or one of its coverage samples (in case of MSAA) in order
to generate a fragment.
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special effects, high quality shading of pixel-sized geometry is often desired to provide optimal image
quality. Thus to overcome the limit of the rasterization pipeline, another rendering approach is used:
REYES.

Offline high quality rendering pipelines

REYES [CCC87] is an off-line rendering pipeline dedicated to the rendering of micro-polygons. Al-
though it is still non-interactive, it has recently been shown that such a pipeline can be efficiently
implemented on the GPU as a data parallel pipeline [ZHR*09]. REYES is based on adaptive tessela-
tion and allows adapting the shading computation to the screen resolution. The idea of REYES is to
transform large control patches instead of individual micro-polygons, and then to tessellate ("dice")
only visible ones to adaptively generate pixel-sized polygons. These micro-polygons are shaded per-
vertex instead of per-pixel as it is the case for rasterization-based rendering, providing a high quality
object-space shading. In order to get the final image, these shaded micro-polygons are multisam-
pled per-pixel at a high frequency. Each sample is z-tested and all samples are combined to compute
the final pixel color. This approach allows us to adapt the geometry to the rendering resolution, and
the per-patch transform stage of REYES allows us to greatly reduce the cost of transforming micro-
geometry. These patches also allow a fast visibility test to quickly reject invisible patches.

However, while this approach works well for precisely rendering smooth surfaces described using
NURBS or Bezier patches (potentially perturbed using a 2.5D displacement map), it does not scale
to the rendering of complex geometry originally designed with 3D micro-details. In this case, control
patches became sub-pixels and all their advantages are lost.
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1.1.2 Voxel-based approach to geometry pre-filtering

As we have seen, combining a high quality alias-free rendering with interactive performance for multi-
scale scenes and complex objects is a difficult challenge. Current rendering approaches do not scale
to such complexity and alternative solutions need to be developed. Our conviction is that in order
to maintain rendering performance, data storage and also rendering quality scaling with the increase
of geometric complexity, some kind of geometrical appearance pre-filtering needs to be employed.
Basically, the overall idea is to pay only for what you see, both in terms of computation and in terms
of storage.

Geometry pre-filtering

The idea of pre-filtering is that, under some linearity assumptions, it is possible to factor some shading
parameters out of the shading computation when integrating it over an area (in this case a pixel), and
to pre-integrate (average) these parameters separately (cf. Section 2.1.2). This permits us to remove
detail frequencies higher than the rendering resolution while preserving the mean value of the pixel
footprint. Pre-filtering not only textures but the whole geometry definition would allow alias-free
rendering of very complex geometry. Such geometry pre-filtering would provide a scalable rendering
solution with an amount of rendered data depending only on the rendering resolution, and thus scaling
up to very complex scenes. As we have seen in Section 1.1.1, simplifying a surface representation
using a simplified surface definition does not provide accurate filtering that maintains shading details
and correct appearance.

Figure 1.12. Illustration of the pre-filtering of complex geometrical details inside a single voxel element in
order to allow the reconstruction of an overall shading contribution.

The key observation that allow the pre-filtering of geometry was made by Perlin [PH89] and by Ka-
jiya and Kay [KK&9]. When considering a given volume of space containing multiple surfaces more
or less randomly distributed (like the branch and leaves illustrated in Figure 1.12), exact positions of
surfaces inside this volume do not really matter when computing the overall light interaction within
this volume 2. Thus, only using an overall density distribution and overall reflectance function is
enough to accurately compute the interaction of light with this volume (Fig. 1.12). Then, when sets of
complex surface definitions are considered, the parameters used for computing illumination for such
sets can more easily be described volumetrically, for a given volume containing these surfaces, than
with a simplified surface definition. With such volumetric representation, the matter is represented by
a density distribution associated with the parameters for the shading model describing the way light
is reflected within a unit of volume, instead of a set of interfaces and parameters on them. Once the
geometry is transformed into density distribution, filtering this distribution becomes a simple linear
operation [Ney98].

2As long as positions are not deeply correlated
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Figure 1.13. 2D illustration of voxel-based geometry pre-filtering inside a MIP-map pyramid and storing
normal distributions. Source: [Ney9S§]

Voxel-based representation

The name voxel comes from "volumetric elements" and it represents the general-

ization in 3D of the pixels. Voxels represent the traditional way to store volumet-

ric data. They are organized in axis-aligned grids subdividing and structuring

space regularly. Voxel representations offer a promising way to store volumetric

data in order to unify texture and geometrical representations, while simplifying

filtering. The significant advantage of voxels is the richness of this represen-

tation and the very regular structure which makes it easy to manipulate. That makes voxels a good
candidate to address aliasing issues that are hard to deal with in triangulated models.

Multi-resolution representations are easily obtainable based on MIP-mapping of voxel grids, making
output-sensitive results possible. In Figure 1.14, voxel MIP-mapping with inter-levels interpolation
allows exactly adapting the geometrical resolution to the screen resolution. In contrast to image-based
approaches (IBR), voxel-based representations preserve a real 3D geometry that can be easily manip-
ulated, transformed and eventually mixed with a mesh scene [Ney98]. As we will see in Section 4,
accurate geometry pre-filtering is not simply averaging densities, but also supposes a pre-integration
of the visibility in order to ensure a correct occlusion between filtered elements.

Figure 1.14. Left: Illustration of an highly detailed object rendered (through 4 pixels) with adaptive multisam-
pling (left) and voxel-based pre-filtering (right)

What we propose is to rely on a unique voxel-based volumetric representation for both the coarse ge-
ometry and the fine-grained details (material) that can be pre-filtered accurately. This representation
stores both the material and the geometry parameters of the shading model into a voxel grid as we
will see in Section 4.2. Typically, each voxel contains a density-based opacity information, a material
color and a normal distribution.

We will see in the next section that, beyond the use of voxels for geometry pre-filtering, rendering such
representations can provide other interesting advantages. In particular, voxel representations handle
semi-transparency gracefully due to their inherent spatial organization, whereas triangles would need
costly sorting operations. In addition, such a structured representation simplifies various computa-
tions, including simulation processes.
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Animation and integration into classical video-game scenes

Voxels are usually envisioned as a totally alternate scene representation, dedicated to rigid motionless
data (except when the whole data are regenerated every frame such as for fluid simulation). We would
like to motivate the full usability of voxel representations in video-game applications. Particularly we
would like to emphasize their capacity to smoothly integrate with mesh-based representations and to
handle animation and free transformations that are mandatory in such applications.

Within this thesis, we designed the foundation (in terms of geometry representation, data-structure,
rendering algorithm and management of large voxel datasets on the GPU) that opens the way to a
large class of new researches based on this representation. We also demonstrate smooth integration of
voxel-based objects inside traditional mesh-based scenes (Chap. 8).

The animation and deformation aspects are not the primary focus of this thesis and we just briefly
address real-time animation of voxel data in the last part of this work (Chap. 9). However, animation
and deformation (skinning) will clearly be part of the future work required to bring voxel represen-
tations as a fully usable rendering representation in modern video-game applications. Nevertheless,
the problem of animating voxel-based representations has been previously studied and realistic ways
of tackling the problem have been proposed, in particular for volumetric textures [Ney95, Ney98].
We strongly believe that shell map based approaches [PBFJ05, IMWO7] are very promising research
directions to tackle real-time animation of detailed voxel representations.

Figure 1.15. Left: Illustration of trilinear patches used for world to texture space mapping. Right: Scaffolding
mapped onto an animated flag surface. Sources: [PBFJ05, Ney9S§]

World to texture space parametrization Voxel representation can be used either to represent an
entire multi-scale scene that can be viewed from a very large range of distances, or as volumetric
textures [KK89, Ney98] in order to add fine-grained volumetric details inside a shell at the surface of
a rough triangle mesh. We see both applications as a similar problem, with the only difference being
the accuracy of the parametrization providing a mapping between the texture space, containing the
voxel data, and the world space of the scene. This parametrization is usually specified by trilinear
patches [Ney98, PBFJO5, IMWO07] with 3D texture coordinates affected to the vertices of the patch.

Since the voxel representation needs to be enclosed within this geometrical parametrization, the scale
at which it is defined limits the maximum degree of filtering that can be provided by the voxel rep-
resentation, and thus the maximum distance at which the object can be filtered. Indeed, if a patch
projects on less than one pixel, its content can no longer get pre-filtered.

Animation Two different ways of animating voxel data can be distinguished [Ney98]: the animated
deformation of the parametrization (both control points of the patches and texture coordinates) and
the actual animation of the content of the voxels.

Animation of voxel content supposes a per-frame update of the data that can be extremely costly. How-
ever, this approach allows grouping multiple objects inside the same (non-animated) parametrization,
and so allows a high degree of filtering (and a large range of view distances). It has the advantage
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of preserving spatial structuring between represented objects, facilitating visibility determination for
example. We demonstrate such animation in chapter 9.

On the other hand, animation of the geometric parametrization (e.g. a shell made of trilinear patches)
allows us to deform displayed volume objects in world space. This allows us to use volumetric textures
exactly as a 3D generalization of traditional 2D texture mapping: Transformations can be computed
on a rough geometry representation (the geometric parametrization) while fine-grained volumetric de-
tails are simply interpolated inside it. With such approach, the scale of the parametrization geometry
also determines the precision of the animation that can be achieved. Precise animation requires the
parametrization geometry to be detailed enough. Thus, the scale of the parametrization must be cho-
sen as a compromise between the maximum degree of filtering, and the precision of the deformation.
We believe that a continuous range of mapping scales can be of use in different situations.
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1.2 Other applications and usage of voxel representations

Beyond our primary motivation in using volume representation for geometry filtering, such represen-
tation also presents other usages and interesting properties. The most obvious reason for rendering
voxel representation is that voxels are a natural representation for volumetric phenomena and partici-
pating media.

1.2.1 Voxels for volumetric materials and effects

As described previously, depending on the scale on which you observe solid objects and materials,
their interaction with light can be more efficiently described either by a surface or by a volumetric
statistical density and lighting parameters information. There are also pure volumetric phenomena
like flames, foam, clouds or smoke that represent a semi-transparent participating medium and do not
actually have a well defined boundary surface at all. Such objects can only be described volumetri-
cally and are currently not much used in video-games and real-time applications because they are too
complex and too costly to render in real-time. Indeed, an accurate volumetric rendering of such ef-
fects requires an ordered traversal of the data that hardly fits inside the classical rasterization pipeline.
Volumetric or semi-volumetric phenomena are usually faked in video-games using impostors [K'W05]
but the rendering quality is usually low as shown in Figure 1.16 (left).

Figure 1.16. Left: Example of the rendering of a fall of water in a recent video game Source: Crysis 2 (Crytek).
Right: Example of cloud rendering for special effects Source: Partly Cloudy (Pixar).

1.2.2 Voxels in special effects

In contrast to video games, large multi-scale volumetric effects are very often used for offline special
effects by the movie industry [WBZC"10] as seen in Figure 1.17. Examples can be found in many
movie productions (e.g.,XXX, Lord of the Rings, The Day After Tomorrow, Pirates of the Caribbean,
The Mummy 3). Clouds, smoke, foam, splashes, and even non-fuzzy but extremely detailed geometric
data (e.g., boats in Pirates of the Caribbean) are all represented with voxels and rendered via vol-
ume rendering. For such effects, the voxel representation is usually generated from a combination
of multiple source data like particles, fluid simulations or detailed meshes. Rendering such phenom-
ena requires massive voxel grids and special effects companies such as Digital domain, Cinesite,
or Rhythm 'n Hues now massively rely on so-called voxel engines [Kis98, BTG03, Kap03, KHO5].
These off-line engines produce very realistic looking images, but at the cost of tera bytes of memory
and hours of rendering computations. The scene size and resolution is so large that voxels often do not
even fit in the computer’s memory. In addition to storage, the rendering of such data is also extremely
costly, even for previsualization, which is a serious problem for artists designing the scene.
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Figure 1.17. Example of volumetric special effects in movie productions. Sources: The Day After Tomorow ,
XXX (Digital Domain)

1.2.3 Scan and simulation data

Voxels are also the native representation of much scientific data, like 3D scans or tomographic re-
constructions from radiological data (Fig. 1.18). Voxels are also used for representing simulation
processes like fluid simulations that are based on an Eulerian grid. The rendering of such datasets is
done through the use of scientific visualization techniques that were the first domain to deeply explore
volume rendering as described in Section 2.3.

Figure 1.18. Examples of the visualization of archaeological objects scanned using X-Rays and reconstructed
using tomography. Source: Digisens 2009

1.2.4 Voxels as an intermediary representation for authoring

Voxels are also used as an intermediate representation in the production pipeline of digital movies,
special effects or video games. Indeed, another interesting property of voxel representations is that
they allow very easy CSG operations. Thus, some modeling tools rely on voxels in order to store
implicit surfaces and allow easy virtual sculpting (Fig. 1.19, right). The same property is also used by
video game companies to easily model terrains (Fig. 1.19, left). In this context, the voxel represen-
tation is also used during the production phase to assimilate various object meshes into one unified
well-conditioned textured mesh and to easily generate geometrical LODs (in the spirit of [ABA02]).
In the same spirit, voxels are used by the special effects industry as an intermediate representation to
generate surface meshes from point clouds acquired using a scanning device in order to digitalizes
models or real-life objects that would be too complex for an artists to digitally recreate [For(O7].
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Figure 1.19. Left: Voxel-based terrain authoring in Crytek’s CryEngine Source: Crytek (2010). Right: Highly
detailed model designed using 3DCoat voxel sculpting software Source: Francesco Mai (2010).
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1.3 GPU development

Graphics hardware acceleration is a rapidly evolving area. Since a large part of our work focuses on
making the best use of the GPU (Graphics Processing Units) in order to propose an alternative voxel
rendering pipeline, we will quickly describe its main characteristics.

1.3.1 Hardware generations

During the last 10 years, commodity graphics hardware generations have

been driven by the evolution of Direct3D [Micl1], the most frequently

graphics API® in the video games industry. Each version of Direct3D

standardize a set of features called a "Shader Model" that must be sup-

ported by the programmable shader units of the GPU [Bly06]. Thus,

graphics hardware generations are traditionally designated by the version

of this Shader Model they support. The first "modern” graphics hard-

ware supporting programmable shading was SM1.0 (NVIDIA GeForce

3, Direct3D 8.0, 2001). Programmable shading evolved with more and

more flexibility up to today’s SM5.0 (NVIDIA GeForce GTX480, Di- Figure 1.20. Die of
rect3D 11.0). More details on the evolution of these shader models and the NVIDIA GF100 GPU,
the commodity graphics hardware in general can be found in the excellent Fermi architecture.
reference book of Akenine-Moller et al. [AMHHOS].

1.3.2 Compute mode

Since their creation, GPUs have been dedicated to the acceleration of the rasterization rendering
pipeline [AMHHOS]. But nowadays (since the introduction of programmable shading units), GPUs
evolve toward more generic high performance data parallel processors. In 2007, when this thesis
was started, NVIDIA SM4.0 (Direct3D 10.0) generation hardware was introduced with the support
of a new "compute" mode, dedicated to general purpose computation on the GPU. This mode acces-
sible through the CUDA API [NVI11a, Kir09] made it possible to bypass the rasterization pipeline
in order to use the GPU’s programmable shading units as high performance general purpose parallel
processors. This new way to address the GPU is radically changing the way we develop hardware
accelerated graphics algorithms, gradually moving toward more generic parallelism problems. All the
work present in this thesis has been prototyped and tested using OpenGL [Khr] grahics API and the
CUDA APIL

1.3.3 Limited video memory, limited bandwidth from the CPU

The video memory embedded on the graphics card is a high bandwidth low latency memory accessible
from the GPU. This memory is used to store textures, mesh definitions, framebuffers and constants
in graphics mode and can be accessed as a generic memory through pointers in CUDA. As illus-
trated in Figure 1.21, the bandwidth between the GPU and the video memory is hundreds of GB/s
(close to 200GB/s on current high end GPUs), that is at least 4 times higher than the bandwidth be-
tween the CPU and the main memory. Despite this high bandwidth, video memory accesses from
CUDA threads still represent hundreds of cycles of latency, while arithmetic operations only cost a
few cycles [WPSAMI10]. A cache hierarchy is used inside the GPU to speed-up accesses to the video
memory by allowing data reuse between threads.

3 Application Programming Interface
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While access to the video memory is relatively fast from the GPU, the problem is that its amount is
usually limited compared to the system’s main memory (around 1/16 to 1/8 of the storage capacity),
thus limiting the amount of data that can be kept in this high speed memory. Worse yet, access to the
video memory from the CPU is tremendously slow compared to the access from the GPU (around 20
times slower). Therefore, transfers of data between the video memory and the system memory must
be limited to maintain high performance in real-time applications.

Figure 1.21. Illustration of memories and caches accessible by the GPU and connections to the rest of the sys-
tem. Source: Vincent Jordan, http://www.kde.cs. tsukuba.ac. jp/~vjordan/docs/master-thesis/
nvidia_gpu_archi/

When doing graphics rendering or a compute operation on today’s GPUs, all data needed for this
operation must have been previously loaded in video memory. GPUs do not provide a virtual mem-
ory mechanism with demand paging similar to the one provided in system memory by the operation
system [SGGOS8]. This implies that all data necessary for a rendering operation must fit into the video
memory.

1.3.4 Memory regions

The video memory embedded on the graphics card and accessed by the GPU is split into two main
types of memory regions: the global linear memory and the texture memory. The global memory
can be accessed from the parallel processing units of the GPU through the pointer in compute mode
exactly in the same way as the system memory of the CPU. On the other hand, the texture memory
is dedicated to the storage of 2D or 3D textures. It benefits from a special organization that enhances
2D and 3D spatial locality. This makes it possible to maximize the efficiency of the hardware caches
when textures are sampled at spatially close locations. Texture memory is not addressed directly
by the parallel processing units but is accessed through texture samplers that are special dedicated
hardware providing very fast linear interpolations.


http://www.kde.cs.tsukuba.ac.jp/~vjordan/docs/master-thesis/nvidia_gpu_archi/
http://www.kde.cs.tsukuba.ac.jp/~vjordan/docs/master-thesis/nvidia_gpu_archi/
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1.3.5 Increasing gap between memory access speed and processing power

The current trend in the design of graphics hardware (and processors in general) is leading to a widen-
ing gap between memory access speed and data processing speed. While the increasing parallelism
of GPUs results in a performance improvement that tends to follow or even outperform Moore’s law
exponential growth prediction, memory bandwidth and data access speed grow at significantly slower
rates. This relative performance gap is illustrated in Figure 1.22.

Figure 1.22. Evolution of the performance gap between memory access speed and computational power.
Source: Elsevier Inc.

In such a context, the major computational bottleneck is usually data access rather than computation,
and this is true at all levels of the memory hierarchy, from video RAM to in-GPU parallel processor
clusters (Stream Multi Processors) L1 cache and shared memory. We expect this trend to continue
and to become even worse in the future. In such context the major challenge in high performance
rendering is to design rendering systems able to carefully manage bandwidth requirements and ensure
minimal and coherent data access, while maximizing cache efficiency and data reuse.
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1.4 Problems and objectives

This thesis aims at making voxels an alternative rendering primitive for real-time applications. Voxel
representation has been intensively used in the past, especially in special effect productions, to render
participating media and volumetric effects. While such an application is also of interest for us, we aim
to introduce voxel representation as a standard primitive to render complex geometrical details and
filter multi-scale scenes in real-time applications.

We show that the current graphics hardware generation is ready to achieve high-quality massive vol-
ume renderings at interactive to real-time rates. Benefits such as filtering, occlusion culling, and
procedural data creation, as well as level-of-detail mechanisms are integrated in an efficient GPU
voxel engine. This enables us to obtain some of the visual quality that was previously reserved for
movie productions and enables the technique to be used in video-games or to previsualize special
effects. Our rendering pipeline is inspired by voxel engine tools used in special effect productions: it
lifts features known to be time and memory consuming (even in the scope of offline production) to
interactive and real-time rates.

1.4.1 Problems with voxel-based rendering

The first problem is to design a pre-filtered geometry model stored inside a voxel representation.

Despite their many advantages, the use of voxels has drawbacks and there are reasons why they are
less often employed than their triangular counterpart. Triangles have been natively supported on dedi-
cated graphics hardware since the beginning. Real-time high-quality voxel rendering has only become
feasible since the introduction of programmable shaders (Sec. 1.3).

But there is a more general problem, which is that detailed representations use gigantic amounts of
memory that cannot be stored on the graphics card. Hence, until recently, voxel effects in video games
were mostly limited to small volumes for gaseous materials or to the particular scenario of height-field
rendering. The development of an entire rendering system, capable of displaying complex voxel data
in real-time, is anything but trivial and will make possible a more involved usage of volumetric ren-
dering in real-time applications.

Thus, there are three major issues to overcome before making detailed rendering of massive volumes
a standard rendering primitive:

e How to store a pre-filtered voxel representation ?
e How to render it efficiently ?

e How to handle large amounts of voxel data ?

The storage problem

The first problem when dealing with voxel representation is the choice of the data structure. Basically,
voxel representation structures space within a regular grid of values. Such volume data can require
large amounts of memory, thus limiting the scene’s extent and resolution of details. As we have seen
in Section 1.1.2, we want to employ voxel data as a MIP-mapped representation of the geometry.
Such MIP-mapping scheme makes it possible to adapt the volume resolution used for rendering to the
screen resolution and the distance to the viewer.

In order to ensure high-quality rendering, our filtered voxel representation must provide enough reso-
lution so that each voxel project on an area not larger than one pixel of the screen. However, storing
such plain grids to adapt to the screen resolution can quickly represent gigabytes of data. For instance,
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with a 1280 x 1024 screen resolution, displaying one voxel per pixel would require at least a 12803
voxels grid. Such a grid would already represent 8GB of data when storing only one RGBA value per
voxel, with one Byte per component.

Data has to stay in the video memory embedded on the graphics card in order to be quickly accessible
for rendering by the GPU. This memory is a high bandwidth, low latency memory connected to the
GPU and dedicated to graphics rendering operations, but it is many times smaller than the system
memory (Sec. 1.3). It is usually limited to 1GB or 1.5GB. In addition, in a video-game context, only
a small subset of this total amount of video memory would be available to store such rendering data.
Thus, the amount of memory required to store the voxel representation must be reduced and must be
kept as low as possible.

The bandwidth problem

By keeping voxel representation as compact as possible, our goal is to handle arbitrary large scenes
without any restriction on their memory occupancy. Thus, the scene can no longer be held entirely in
video memory. It implies the need for intelligent data streaming from larger, but slower memory units.
While the connection between the GPU and the video memory is high bandwidth and low latency, the
connection between the video memory and the larger system memory provides a lot lower bandwidth
and higher latency (Sec. 1.3). Thus, transfers between the large system memory and the limited video
memory are very costly and must be kept as low as possible. In such a context, during the exploration
of a scene, efficient data management techniques must be employed in order to maximize the reuse
of the data already loaded in video memory, while transferring only the minimum amount of required
new data.

1.4.2 Target scenes

It is true however, that a full volume is not always necessary. For com-
puter graphics scenes, it often suffices to have detail located mostly in a
layer at the interface between empty- and filled space. This is the case
when adding volumetric details within a thin shell at the surface of an
object as illustrated in the figure on the right, but it is also true for many
scenes that are composed of sharp or fuzzy objects lying in mostly empty
space (see Figure 1.23). Moreover, note that all real interfaces are fuzzy
at some point since opacity is also a question of scale: Physically, very
thin pieces of opaque material are transparent, and light always enters a
few steps in matter. Moreover, in terms of LOD the correct filtering of
infra-resolution occluders yields semi-transparency.

Our scheme is optimized for such an assumption: We expect details to be concentrated at interfaces be-
tween dense clusters and free space, i.e.,”’sparse twice”. More generally, we deal with high-frequency
interfaces between regions of low frequency within the density field: We treat constant areas (e.g.,
core regions) just like empty areas. Our key idea is to exploit this observation in the design of our
storage, rendering, streaming and visibility determination algorithms, together with the exploitation
of temporal coherency of visible elements during the exploration of a scene.
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Figure 1.23. In many scenes, details tend to be concentrated at interfaces between dense clusters and empty
space.

1.4.3 Objectives

Our main goal is to design a method capable of achieving the real-time rendering of very large amounts
of voxel data representing large and detailed pre-filtered geometrical scenes. Our primary objective
is to ensure a full scalability of the proposed solutions and algorithms, in order to allow an arbitrary
increase of the size or complexity of the scenes that can be rendered in real-time.

This was achieved through three main technical objectives:

¢ Rendering only visible data, at the needed resolution. In order to scale to large scenes, ren-
dering cost must be as much independent of the amount of data as possible, and should only be
dependent on the screen resolution and distance to the viewer.

¢ Loading only visible data, at the needed resolution. The key idea is that ideally, we want to
load and keep in video memory only the few voxels per pixel required for rendering.

o Exploiting time coherency and reusing loaded data. Once loaded into video memory, data
must be kept loaded as long as possible in order to maximize its reuse among multiple frames,
and minimize the cost of transferring data from system memory (or producing procedural data).

In addition, our approach must ensure a good integration inside current triangle-mesh based rendering
pipelines, and must be compatible with animation that we see as a future work.
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1.5 Contributions

In order to bring memory-intensive voxel representation as a standard GPU primitive, we propose a
new rendering pipeline for high-performance visualization of large and detailed volumetric objects
and scenes. This thesis offers contributions on four core aspects:

¢ A model for appearance preserving pre-filtered geometry based on a voxel representation cou-
pled with a fast approximate cone tracing approach. Our voxel-based cone tracing relies on the
pre-filtered geometry model to efficiently approximate visibility and lighting integration inside
a cone footprint, providing cheap anti-aliasing (Chap. 4).

e A GPU-based sparse hierarchical data structure providing a compact storage, and an efficient
access and update to the pre-filtered voxel representation (Chap. 5).

e A GPU-based rendering algorithm, based on ray-casting, and efficiently using our data structure
and implementing our voxel cone-tracing (Chap. 6).

e An efficient GPU-based virtual memory scheme providing efficient caching and on-demand
streaming and data production inside our data structure updated dynamically. This mechanism
is entirely triggered by requests emitted per-ray directly during rendering, providing exact visi-
bility determination and minimal data production or loading (Chap. 7).

Based on these main contributions and our new voxel-based geometry representation, we demonstrate
fast rendering and exploration of very complex scenes and objects. In addition, we also demonstrate
two other rendering effects that our model allows to compute very efficiently: soft shadows and depth-
of-field (Chap. 8).

Finally, we introduce a new real-time approach to estimate two bounds indirect lighting as well as
very fast ambient occlusion, based on our pre-filtered geometry representation and voxel-based cone
tracing (Chap. 9).



Related work

In this chapter, we present the previous work on all aspects addressed in this thesis as well as the
different techniques we rely on. Our work builds on related work from different domains: scien-
tific visualization, visibility detection, real-time rendering, spatial data structures, GPU algorithms,
out-of-core data management, etc.

In Section 2.1 we first describe the previous work on anti-aliasing filtering for both geometry and
textures. In the next sections, we discuss the primary volume representations used in computer graph-
ics (Section 2.2) and in scientific visualization (Section 2.3). Then, we describe different techniques
employed to deal with complex and memory heavy datasets in Section 2.4. In this section, we first
describe available rendering techniques (Sec. 2.4.1), before presenting spatial data structures allow-
ing fast random access as well as data compaction (Sec. 2.4.2). We then present visibility culling
techniques (Sec. 2.4.3) and multi-resolution rendering approaches (Sec. 2.4.4). In the last section, we
present out-of-core data management techniques (Section 2.5.3).

2.1 Anti-aliasing filtering

Since first discussed by Crow [Cro77] in the middle of 1970s, anti-aliasing has been an highly studied
problem in computer graphics. There are two main antialiasing strategies: Supersampling, computed
in image space, and pre-filtering computed in object space. Prefiltering removes the high frequency
components of the geometry it samples, while supersampling averages together many samples over a
pixel area.

2.1.1 Geometry anti-aliasing filtering
Supersampling

The idea of supersampling is to trace an image at higher resolution and to average the results per
pixels. This operation is computationally intensive and very costly. In order to produce high qual-
ity antialiased images at more reasonable sample rates, Whitted suggested an adaptive supersam-
pling scheme in which pixels were recursively subdivided for further sampling only when neces-
sary [Whi80]. The problem is that such uniform and regular sampling, even when hierarchical, creates
visible patterns like moire patterns leading to a kind of aliasing.

Distribution (or distributed) ray-tracing (DRT) was introduced by Cook et al. [CPC84] in order to deal
with both spatial and temporal aliasing using multisampling. Cook et al. proposed to use stochastic
sampling of pixels using multiple rays that are spatially and temporally distributed to compute anti-
aliased images and to render non-singular effects such as depth of field, glossy reflection, motion blur,
and soft shadows. Since then, many stochastic sampling patterns have been proposed by various au-
thors, based on jittering, stratified, Poisson disks, Monte Carlo or quasi-Monte Carlo sampling. The
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main problem with supersampling schemes is their cost in terms of rendering time, that stay very high
and keep their usage out of the range of interactive applications.

Figure 2.1. Illustration of a 5x per-pixel supersampling used for rendering a shaded sphere. Each direct
view-sample integrate indirect lighting following the rendering equation. Source: Don Fussell, University of
Texas at Austin, CS384G Computer Graphics course

Cone or beam tracing

In the context of ray-tracing, some techniques have been developed to solve the anti-aliasing problem
using so-called "analytic prefiltering" instead of explicit supersampling. These approaches allow the
computation of a single sample to estimate the color of a pixel, but lead to a more expensive primitive
intersection test and are not able to precisely estimate filtering of complex geometry.

Amanatides [Ama84] proposed to use cone tracing with an analytical cone-primitive intersection func-
tions. It uses a heuristic approximation for modelling the occlusion inside a cone. The major limitation
of the cone tracing algorithm is that this calculation is not easily performed except for simple objects,
and it is not suitable for complex aggregated surfaces. It can also generate artifacts caused by the vari-
ous integration approximations. This approach was extended by Kirk [Kir86] to handle reflections and
refractions on bump mapped surfaces. Similarly, Heckbert and Hanrahan [HH84] describe beam trac-
ing, that uses polygonal beams and a hybrid combination of polygon scan conversion and ray tracing.
Occlusion is correctly taken into account by clipping the beam with the occluding geometry. Similar
ideas were introduced by different researchers, like pencil tracing [STN87], and ray bounds [OMO90].

In order to reduce the cost resulting from complex intersection tests when tracing cones or beams,
Thomas et al. [TNF89] proposed to rely on a single ray per pixel but to artificially "grow" objects to
make sure object silhouettes were not missed during ray-tracing. This ensures a conservative visibility
detection and allows the detection of cases where the ray passes close to a surface in order to integrate
its filtered contribution. Like cone tracing, ray tracing with covers requires only one sample per pixel
to generate an antialiased image but is also limited to models made up of very simple primitives.

All the analytic-prefiltering approaches we just presented are very specialized and limited. They
worked well at the time they were developed, but they do not allow us to precisely filter complex
materials and reflectance models. In the current state of the art, antialiasing must deal with many dif-
ferent mechanisms that contribute to unwanted high frequencies, that would require special dedicated
strategies with analytic methods.

In order to provide antialiased rendering, we take inspiration from the cone and beam tracing ap-
proaches, but instead of relying on an analytical intersection function, we take advantage of our
voxel-based pre-filtered geometry representation as detailed in Section 4.2.
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2.1.2 Texture filtering

Macroscopic geometry is traditionally represented using a triangle-based surface representation, while
the finer (microscopic level) scale is described by the local reflection model and traditionally encoded
into the BRDF [AMHHOS]. This micro-scale description is modulated at mesoscopic and macroscopic
levels by the geometrical description of objects, based on surface orientation. The mesoscopic level
interaction is generally described using a Normal Map (or Bump Map) representation. Pre-filtering
methods have been developed in order to ensure correct integration of these interactions into the shad-
ing model, along with a fast real-time evaluation [BN11]. We build upon this previous work on normal
map filtering to integrate correct meso-scale geometry orientation information into our voxel-based
geometry model, and allow high quality illumination (cf. Section 4.5).

Pre-filtering theory

The idea of pre-filtering consists in factoring the illumination equation. The color to be seen in a
screen pixel results from the integration of whatever is visible in the cone starting from the eye and
passing through this pixel. This cone covers an area on the shape to be rendered, so that the correct
shading is obtained by integrating the local illumination equation on this surface. Pre-filtering tech-
niques rely on the fact that, under some linearity assumptions, it is possible to factor-out from the
illumination integration some shading parameters when the result of the shading is averaged over an
area, and to filter them separately. This factorization is possible when the shading parameters that are
factored-out have a linear relationship to the final color, meaning they are involved only linearly in the
shading function.

Assuming that the effect of incoming radiance to a surface element is linear to the reflectance model,
the local illumination equation can be represented as:

Ip =1 f(N,E,L,C), 2.1

for a given surface element dA for which all terms can be considered constant. Iy is the radiance and
the reflected light, I; the radiance of the incident light, f() the function implementing the reflection
model based on the BRDF of the material, N the normal to the surface, E the view direction, L the
direction of the incident light, C the color of the surface. To get the total amount of reflected light
coming from a finite surface area A, this equation is integrated over A:

fIR(P)dA = fI;(P)f(N(P),E(P),L(P),C(P))dA, 2.2)

A A

Some terms can be considered constant over A, usually £ and L. Also, any quantity that is combined
linearly into f can be brought out of the integral and integrated separately. This is usually the case for
the color C, in this case, if everything else is constant over A, the equation becomes:

fIR(P)dA = [;(P)f(N,E,L) f C(P)dA, 2.3)
A

A

The MIP-mapping scheme

MIP-mapping has been introduced by Williams [Wil83] for filtering 2D color textures and can be
generalized to other surface attributes. The idea is to precompute the integrals corresponding to dif-
ferent scales of pre-filtered surface shading attributes and to store them into a set of texture maps of
decreasing resolutions (power-of-two reductions).
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This allows us to use the appropriate resolution directly at rendering time thus providing a quasi-
correct antialiased image using only a single sample per pixel. Trilinear interpolation is usually used
in order to provide a continuous resolution, the area of integration being approximated by its bounding
square. More precise anisotropic filtering can also be used in order to approximate very closely the
area of integration on the surface.

Normal maps filtering

Normal maps decouple the (low resolution) geometry sampling density from the (high resolution)
normal sampling density but it is still necessary to filter it properly in order to avoid aliasing. MIP-
mapping geometrical data, such as normals or depths, is not as simple as MIP-mapping material color
information. Indeed, such parameters are not linear in the shading equation. Filtering normal map rep-
resentations has been a long studied problem [BN11]. All normal map filtering approaches rely upon
the idea of representing the normal information using a statistical distribution of normal directions
over a surface, that can be linearly combined. This representation is defined by a normal distribution
function (NDF) giving the density of normals as a function of direction for each point of a surface.

Figure 2.2. TIllustration of the use of a normal distribution function (NDF) to represent a V-shaped surface
element (a). In closeup view, each face normal is stored in a single pixel of the normal map (b). When this map
is filtered these pixels must be combined into a single pixel (c). Standard MIP-mapping averages the normals
to an effectively flat surface (e), while an NDF definition preserves this distribution of normals (d). This NDF
can be linearly convolved with the BRDF (f) to obtain an effective BRDF used for shading. Source: [HSRGO7]

Some methods approximate the normal distribution function (NDF) using a single Gaussian lobe.
[Sch97] proposed to describe this lobe using a mean direction obtained by perturbing a polygon nor-
mal using a bump map, and a roughness represented using covariance matrices and stored into a
separated roughness map. He also showed how a single standard deviation can be used in case of
isotropic roughness. [ON97] introduced a single 3D Gaussian lobe representation describing prob-
ability distributions on the entire sphere, instead of on an hemisphere as in previous methods. This
allows correct multi-scale combinations when at a coarser level, the probability of having normals
pointing in opposite directions increases. The 3D Gaussian density function is characterized by using
nine numbers, three for the mean direction and six for the matrix of second moments, that combine lin-
early. Following these works, [TokO5] proposed a very compact representation for isotropic roughness
allowing a fast GPU implementation. This representation relies on only one single non-normalized
mean direction vector generally computed by MIP-mapping a simple normal map. The length of this
mean vector is used as a simple consistency measure of surface normal directions and is used to esti-
mate the standard deviation of the Gaussian distribution. All these representations have the advantage
of being linearly interpolable and to allow linear MIP-maping

A single Gaussian lobe is often insufficient to model complex normal distributions at coarse resolu-
tions and a Gaussian mixture model (GMM) may be employed to model such distributions with more
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precision. Early work on GMMs of NDFs representation has been done by [Fou92a, Fou92b] which
rely on a set of Phong lobes very similar to Gaussian lobes, and explains how to filter this represen-
tation. It relies on a basis with a large number of lobes to ensure a precise reconstruction but uses a
costly non-linear least-squares optimization to fit lobes. In addition, efficient MIP-mapping of these
highly-sampled distribution-based parameters is a challenging problem. [TL.Q"] enhance this model
by proposing a prefiltering technique that allows real-time MIP-map construction as well as a repre-
sentation that allows linear interpolation and the use of hardware filtering. Han et al. [HSRGO7] have
shown that, for a large class of common BRDFs, normal map filtering can be formalized as a spher-
ical convolution of the normal distribution function (NDF) and the BRDF. This formalism explains
many previous filtering techniques as special cases. In this method, the NDF is encoded either using
spherical harmonics (SH) for low frequency materials or von Mises-Fisher (VMF) distributions when
high frequencies are present. Unlike previous techniques, the SH representation makes all operations
(interpolation and MIP-mapping) linear, and no nonlinear fitting is required. In this representation the
BRDF is well decoupled from the NDF, enabling simultaneous changes of BRDF, lighting and view-
point. Spherical harmonics are good for low frequency distributions, but are impractical for higher-
frequency distributions due to the large number of coefficients required. The vMF representation is a
better fit for high frequency materials, but requires an offline optimization similarly to [Fou92b]. It
can create coherent lobes allowing hardware interpolation but require a complex reconstruction of the
distribution from this vMF representation.
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2.2 Volume representations in Computer Graphics

2.2.1 Adding details and realistic appearance

Full voxel grids have been used in many applications to benefit from the visual complexity per-
mited by volumes for, e.g., fur [KK8&9], vegetation [DNO4, MNOO] (cf. Figure 2.3), or pseudo-
surfaces [Ney98]. It is true, however, that a full volume is not always needed. For computer graphics
scenes, it often suffices to have detail located mostly in a layer at the interface between empty and
filled space. The observation has been used in rendering in form of specialized representations such
as shell maps [PBFJ05, IMWO07], relief textures [OBMO0], bidirectional textures [TZ1."02], and hy-
pertextures [PH89]. Volumetric textures and shell maps [KK89, Ney98, PBFJ05] rely on a tiling of
a volume pattern within the layer. Even if our model allows instancing, our primary focus is to al-
low very large voxel representations containing no self-similar patterns, but instead a lot of different
user-generated or automatically-generated volume details. In addition, most of these methods do not
explicitly store volume data but rely on implicit procedural representation, while we want to display
arbitrary volume details possibly authored.

The family of relief map approaches [KTI"01, BT04, OBMO0, Wil05, BD0O6b, BD06a] fake or simu-
late the disparity below a surface using a 2.5D representation. Some recent extensions of relief maps
are indeed ray-marchers [BD06b] and rely on optimization structures [CS94] to accelerate empty
space traversal. However, we are interested in fully volumetric details and not only displaced ones.

In all cases, volume data is represented in a limited interface attached to an object’s surface, or to the
space around, as is the case for some recent GPU structures [LHNO5b, LHO6, LD07]. Nonetheless,
the storage and rendering of these previous methods are only efficient if the volume layer remains
small on the screen and the filtering problem is not addressed. Instead, we will deal with general
volumes and we will see how to filter them.

Figure 2.3. Example of forest rendering using volumetric tiles. Source: [DNO4]

General volumetric data sets also often consist of dense clusters in free space so-called sparse-
twice. One can benefit from clustered data, e.g., by compaction [KE02] or fast traversal of empty
space, avoidance of occluded regions [LMKO3], or by stopping rays when a certain opacity level
is reached [Sch05]. We also want to make use of regions of constant density for acceleration and
compaction purposes.

Because of the very detailed and realistic appearance that arises from the use of voxels, much effort
was spent on accelerating volume rendering. Many efficient methods assume that the entire volume is
present in the graphics card memory, thus highly limiting the possible detail level. Therefore, in the
context of real-time rendering, voxels remained mostly a valuable representation for distant models
(e.g., [MNOO, GMO5, DNO9]) because resolution can be kept low, counteracting the usual memory
cost.
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Figure 2.4. Example of deformable volumetric representations used to render natural elements (left, trees and
grass) as well as hyper-texture like surface volumetric enhancement (fur, right).Source: [DN09]

2.2.2 Octree textures : sparse solid-texturing

Parameterizing a model in texture space for 2D texture mapping can be a very difficult problem on
surfaces with no natural parametrization. Distortions and seams are often introduced by this diffi-
cult process, particularly with representations such as subdivision surfaces, implicit surfaces or dense
polygonal meshes. Plenty of methods have been developed to provide automatic mapping but their
description is beyond the scope of this thesis [AMHHOS].

To overcome this problem, solid texture mapping was introduced in 1985 independently by Per-
lin [Pea85] and Peachey [Per85a]. The idea of solid texture mapping is to allow parametrization-free
texturing by directly using the surface’s position in 3D space as texture coordinates in a 3D (volume)
texture (cf. Figure 2.5). This approach was mainly designed for procedural texturing, with texels
generated in a volume enclosing the surfaces being rendered.

When using explicitly stored solid textures, one of the main problems is the huge amount of memory
required for storing high resolutions. Indeed, traditional volume textures are stored in a regular grid of
voxels, and their memory usage grows with the cube of the resolution. This has made them impracti-
cal for general use in computer graphics and confined their use to medical and scientific visualization
(cf. section 2.3).

Figure 2.5. Example of an octree texture used for solid texturing of objects without parametrization. Source:
[DGPR02]

In this context, Benson and Davis [BD02] and DeBry et al. [DGPRO2] independently developed "oc-
tree textures", an octree-based representation to encode solid textures in a compressed form, storing
only the subset of the volume that actually intersects the surface of a model. Octree textures are based
on the idea of extending traditional 2D texture MIP-mapping [Wil83] to 3D MIP-mapping. Higher
resolution texel values intersecting the surface of the model are stored in the leaves of the octree,
while averaged versions of them are stored in the inner nodes, corresponding to higher MIP-map lev-
els. When texturing an object rendered at a distance, a minification filter is used on texture data to
prevent aliasing. In the simple case of isotropic filtering, this filter is simply an average made over a
rectangle in a 2D texture’s parameter space. The size of this filter depends on the distance to the object
and determines which MIP-map level is used to get the required average. The same idea is used when
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sampling inside an octree texture, with the size of the filter used to select the octree level. Continuous
interpolation is ensured between regions at different levels of detail using a subdivision strategy that
provides enough texels to apply the usual interpolation scheme at all levels.

Lefebvre et al. [LHNO5a] proposed a GPU implementation of octree textures. The octree is directly
stored in texture memory with a pointer-based representation to link the tree nodes together. At this
time, the GPUs did not allow us to index arbitrary memory from a shader and all the structure had
to be implemented as color texels inside a 3D texture. This texture-based structure is illustrated in
Figure 2.6. In this representation, each node is encoded as a 2 X 2 X 2 array of RGBA texels called
indirection grids, inside a 3D texture called the indirection pool. Each texel represents either a pointer
to an indirection grid of sub-nodes, or the color content of the leaves directly stored as an RGB value.
Pointers are encoded as RGB values representing 3D coordinates inside the indirection pool texture.
The Alpha component of each texel is used to distinguish between a pointer to a child and the content
of a leaf. Lefebvre et al. also describes an efficient point localisation scheme inside this octree struc-
ture based on a top-down traversal of the tree that allow logarithmic complexity lookups. Trilinear
interpolation of texel data is handled similarly to [BD02] by over-subdividing the tree to ensure that
all of the samples involved in the trilinear interpolation are included in the tree. 3D MIP maps data
inside the inner nodes of the structure are encoded using a separate 3D texture containing a color
information for each 2 X 2 X 2 array of texels.

Figure 2.6. Illustration of the storage in texture memory of the GPU octree texture structure from [LHNO5a].
The indirection pool encodes the tree, indirection grids are drawn with different colors and the grey cells contain
data. Source: [LHNO5a]

We will take inspiration from this representation for the design of our GPU data structure described
in Section 5. However in our context, one of the main weakness of the octree texture representation
described in the previous section is their poor performance when sampling trilinearly interpolated
values. Indeed, trilinear interpolation of the samples taken inside the volume representation is funda-
mental to provide a high quality rendering (cf. section 6.1.5). Octree texture do not provides a good
memory coherency and do not allow the use of hardware accelerated filtered texture sampling (cf.
section 1.3).

2.2.3 Brick maps

In the context of offline global illumination computation on the CPU, Christensen and Batali [CB044]
introduced the "brick map", a tiled 3D MIP-map representation for volume and surface data using a
hierarchical bricking scheme (cf. Section 2.4.4). Brick maps combine the idea of octree textures (cf.
Section 2.2.2), with a tiling scheme that stores voxels inside constant size bricks (small regular grids,
typically 163 voxels). Bricks are associated to each octree node, instead of storing them individually
directly inside the octree. Such tiling enables an efficient caching of the voxel data that are stored
coherently in memory, while providing empty space compaction.

Christensen and Batali [CB04a] described a caching scheme for their brick map structure used be-
tween the hard disk and the system memory. This scheme is only dedicated to the caching of the
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bricks, while the octree structure itself is read once from disk and kept in memory. For the bricks,
their cache use a least-recently-used (LRU) replacement strategy managed entirely on the CPU, since
all rendering operations are also performed on the CPU.

Figure 2.7. Illustration of the brick map structure at multiple resolution used to stored irradiance values for a
car model. Source: [CB0O4a]

In our context, using a mixed structure like brick maps, combining an octree-based acceleration struc-
ture and coherent tiles of voxels, presents several advantages. First, similarly to the brick maps in
the context of system memory caching, the bricks represent interesting candidates for our GPU-based
caching scheme as coherent units of data that are easy to manipulate and manage for caching in video
memory. In addition, as we will see later, such regular grids of voxels allows us to rely on the hard-
ware texturing features of the GPU to perform fast trilinear interpolation and to benefit from a the 3D
caching scheme during sampling. Our structure shares similarities with brick maps, but is dynamic,
and, as a consequence, its content is view-dependent (through LOD (level-of-detail) and visibility).
In addition, our structure is adapted to a compact storage in video memory (Sec. 1.3), and is designed
to be efficiently accessed and traversed on the GPU. In contrast to brick maps, our typical use case
in video game requires a much more aggressive caching scheme not restricted to the bricks but also
applied on the octree structure itself.
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2.3 Volume rendering for scientific visualization

For years, volume visualization has been mainly used to visualize simulated or acquired 3D datasets
in the domain of scientific visualization. For a complete survey of GPU volume rendering approaches
in this context, we refer the reader to the excellent book of Engel et al [EHK"06]. Here, we will
limit our discussion to the structure and algorithms most related to our work. A detailed overview of
volume rendering methods used in the special effects industry can be found in [WBZC"10].

In the context of scientific visualization, volume data usually represent scalar or vector values trans-
formed into opacity and shading parameters during rendering. This operation is usually done using a
transfer function that maps scalar density to optical coefficients. Volume rendering approaches are di-
vided into two categories: indirect and direct volume rendering. Indirect volume rendering explicitly
extracts geometric structures from volume data and renders such surface structures (meshes). On the
other hand, direct volume rendering (DVR) directly renders volumes without extracting surfaces and
that is the approach we are interested in.

In this section, we will first quickly explain the light transfer theory behind direct volume rendering,
and then present the most relevant rendering methods.

Figure 2.8. Examples of volume rendering results for scientific visualization. Sources: [Had02], [Sch05],
http://www. thefullwiki.org/Volume_rendering

2.3.1 Physics of volume light transport

In order to render our volumetric geometry representation, we rely on the previous work on direct
volume rendering [EHK ™06, HHS93]. The theory of direct volume rendering models light transport
into participating medium. It is based on geometrical optics that assumes that light propagates along
straight lines when there is no interaction with matter, in contrast to physical optics that considers the
wave character of light and its two possible states of polarization. With the approximations of geo-
metrical optics, light does not interact with itself and the interaction of light with surfaces and volume
elements can be described within the framework of linear light transport theory [CZP68]. We will
discuss the basis of this theory in the next section and see how to solve the equation of light transfer
that is the central equation of light transport theory.

Basis of light transfer

The light energy is described by its radiance 1(X, w) , also called specific intensity. It describes the
radiation field at any point x, giving the light direction w. It is expressed in W-s7~!-m~2 and is defined

as:
Yy

Ixw)= — 2
X0) = A cosedadr’

2.4)
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with Q the radiant energy (in Joules), A the unit area (in m?), 6 the angle between light direction w
and the normal vector of the surface A, and € the solid angle (in steradians).

The radiance along a light ray is affected when it passes through a participating medium. This interac-
tion between light and matter is modelled as three different types of interactions: Emission, Absorption
and Scattering effects.

Emission describes the amount of radiative energy of light that is directly emitted by the participat-
ing media. Absorption is the amount of energy that is absorbed by the material. Finally Scattering
describes the amount of energy that is scattered by the material, changing the direction of the prop-
agation of the light. Scattering can both increase (in-scattering) and reduce (out-scattering) radiative
energy along a light ray.

The equation for the transfer of light is obtained by combining these three effects:
w- VX, w) = —xIx,w) +n, 2.5

where VI is the directional derivative (the gradient) expressed using the "nabla" operator V = (%, (;ly, a%).
The dot product between the light direction w and the gradient of radiance V,/ describes the direc-
tional derivative taken along the light direction. The term y (X, w) is the total absorption coefficient. It
is defined as the sum of «(X, w), the true absorption coefficient, and o (X, w) the out-scattering coeffi-
cient:

Y =k+o0, (2.6)

The ratio o/ of scattering coefficient over the total absorption coeflicient is the albedo. An albedo of
one means that no absorption appears at all, this is the case of perfect scattering.

The term n(x, w) of the equation of light transfer is the total emission coefficient that is the sum of the
true emission coefficient ¢(X, w) and the in-scattering coefficient j(x, w):

n=q+j 2.7)

While «, o and ¢ are optical material properties, the in-scattering coefficient j needs to be computed
by integrating the contributions of all incoming light directions over the sphere:

JX, w) = %r fO'(X, Npx, W', w) (X, w)dw' (2.8)
0

The contributions from incident lights /(x, ") are weighted by both the scattering coefficient g and a
phase function p(x, ', w) that describes the probability of scattering from the incoming direction «’
to the accounted direction w.

Since we usually consider light transfer along a single ray, we can rewrite the equation of light transfer
when considering a parameter s along a line segment expressed by X = p + sw, with p being some
arbitrary reference point:

dl
d(s) = —x(9HI(s) + n(s) (2.9)
s

Emission-Absorption optical model

For the following work, we will concentrate on the emission-absorption optical model [EHK 06,
HHSO93]. This model neglects scattering and indirect illumination effects and represents only local
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light emission and absorption. This is the most widely used model for volume rendering in scientific
visualization applications. Within this model, the equation of the light transfer reduces to:

dl(s)
ds

= —k($)I(s) + q(s) (2.10)

This integro-differential equation can be solved transformed into a pure integral equation by solving
it along the direction of the ray between a starting point s = sg and an end point s = D, relative to
back-to-front traversal. Boundary conditions also need to be fixed and we define I the initial radiance
along the ray at s = sg. This leads to the volume rendering integral [EHK06] :

D
I(D) = Iye ™00D) 4 f q(s)e™P) ds 21D

S0

The term 7(s1, 52) is called the optical depth or optical thickness between position s; and s, and is de-
fined as a measure of the proportion of radiation absorbed or scattered along a path through a partially
transparent medium. It is defined as:

52

T(s1,82) = fk(t) dt (2.12)
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The corresponding transparency 7°(sy, s2) (in [0, 1]) is defined as :

T(s1, 7) = e 7152 (2.13)
This leads to the following simplified version of the volume rendering integral:

D
I(D) = Iy T(sp, D) + f q(s) T(s, D) ds (2.14)

S0

Figure 2.9. Illustration of the volume rendering integration between ¢ and D. Source [Had02]

Evaluating the volume rendering integral

In the general case, the volume rendering integral 2.14 can not be evaluated analytically. This inte-
gration is usually approximated by a Riemann sum, splitting the integration domain into n subsequent
intervals described by locations 5o < s; < ... < s,, and not necessarily with equal lengths. Thus,
based on equation 2.14, the radiance at a given location s; can be evaluated as:
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Si

I1(si)) = I(si-1) T(si-1, 80) + ICI(S) T(s,si)ds (2.15)

Sic1

This function is simplified by introducing the term 7; = T(s;_1, s;) the transparency of the i interval
and ¢; = fs f’l q(s) T (s, s;) ds the radiance contribution of this interval. Then, by recursively evaluating
this function over all points of the interval, the discrete version of the volume rendering integral is
obtained:

I(D) = Z (c,- ]—[ T-}, with co = I(s0) (2.16)

=0\ j=i+l

Please note that the radiance contribution c¢; is wavelength dependent and is usually assimilated to a
color contribution and so is the resulting integrated radiance /(D). Finally, the transparency T; and
color contribution ¢; need to be evaluated for each interval. This is generally done using a piecewise-
constant or piecewise-linear approximation of the functions between two sampling points. With a
piecewise constant approximation, the transparency 7; over a ith segment is approximated as:

T[ ~ e—K(Sl')A,' , (217)

with A; the length of the ith interval. The radiance/color c; is approximated as:
ci = q(s)A; (2.18)

Incremental evaluation

The discrete version of the volume rendering integral presented in equation 2.16 is evaluated incre-
mentally, with either a front-to-back (starting from the eye) or a back-to-front compositing scheme.
The front-to-back compositing scheme is the most usually used due to the fact that it allows to stop the
evaluation prematurely when the accumulated transparency reaches zero and then no more radiance
can be accumulated [KW03a].

The front-to-back evaluation can be expressed recursively based on equation 2.16:

I(s;)
T(s;)

I(siv1) + T(siv1) Ci (2.19)
T(siv1) T;

width I(s,) = ¢, and T(s,) = T,. This leads to the following front-to-back compositing scheme, with
opacity @ definedasa =1-T:

Ciss — Cuyg+ (1 —agy)Csre (2.20)
Qgsr < Qg+ (1 - a'dst) Asre
2.3.2 Main volume rendering approaches

In order to apply the volume rendering integral we described in the previous section, three main classes
of direct volume rendering approaches can be found in the literature.
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Splatting The first and oldest family encompasses approaches based on the splatting of individual
voxels using a reconstruction kernel (usually Gaussian) in the spirit of [Wes90]. The splatting ap-
proach only provides a poor approximation of the volume rendering integral presented in Section 2.3.1
and is not compatible with high quality rendering.

Texture slicing Texture slicing approaches are projective (object-order) approaches that were
mainly designed to support graphics hardware acceleration. It has been the most widely used and
most efficient class of approaches for years. They rely on the projection on screen of textured geo-
metric slices of the volume as illustrated in Figure 2.10.

Figure 2.10. Illustration of the texture slicing approach for direct volume rendering. Source: [WE9S]

The basic idea is to store the volume either in a set of 2D textures or into a 3D texture, and to ras-
terize multiple slices located into the 3D volume domain and used to sample the texture. The slices
can be either aligned on the screen plane [WE9S] or on volume axis [RSEB"00], and sorted either
front-to-back of back-to-front depending on the blending function used to accumulate fragments on
the screen. The use of slicing with texture mapping for volume rendering was introduced by [CN94]
and [CCF94]. This approach has since been revisited, fine-tuned and extended many times in the lit-
erature, especially to follow graphics hardware evolution [GK96, RSEBT00]. A lot of work has also
been done on efficient transfer function [EKEO1], or more complex illumination models [KPHEO2].
But these approaches have many drawbacks. One of the main drawbacks is that they are restricted
to uniform grids and are difficult to adapt for adaptive multi-resolution rendering. In addition, such
approaches lack flexibility in the evaluation of the volume rendering integral (restricted to a frustum
projection) and are highly fillrate (and therefore bandwidth) consuming. Indeed, texture fetch oper-
ations, shading operations and per-pixel blending operations are performed for a significant number
of fragments that do not contribute to the final image because the approach does not allow an early
termination of the evaluation in a per-pixel basis.

Volume ray-casting Volume ray-casting is a forward (image-order) method. The idea is to trace
rays inside the volume data from the camera in order to evaluate directly the volume rendering integral
as illustrated in Figure 2.13. With the evolution of the graphics hardware and since the advance of
programmable shading, GPU based volume ray-casting is now the most popular method for volume
rendering in interactive applications.
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Figure 2.11. Illustration of volume raycasting for direct volume rendering. Source: [EHK06]

Volume ray-casting, also called volume ray-tracing (if secondary rays are used), was first introduced
by Levoy [Lev88] to display surfaces from binary volume data and improved by him [Lev90] for per-
formance with CPU based-implementations. Levoy was followed by many others who enhanced the
approach further for CPU implementations [DH92, YS93, FS97].

Figure 2.12. Illustration the ray-casting scheme where all viewing rays are processed simultaneously. Source:
[RGW*03]

Kriiger and Westermann [K'W03a] were the first to bring volume ray-casting to real-time implemen-
tation on the GPU using the newly introduced pixel shaders 2.0 that provide flexible per-fragment
texture fetches and arithmetic. At this time, the transition from texture slicing approaches (that were
the standard for real-time volume rendering thanks to the acceleration by fixed pipeline graphics
hardware) to volume ray-casting was driven by the evolution of commodity graphics hardware from
fixed function pipelines to programmable ones that spawned completely new classes of graphics al-
gorithms [PBMHO02].

Figure 2.13. Examples of images rendered using volume ray-casting. Sources: [KW03a, Sch05]

In order to optimize bandwidth usage and computations, Kriiger performs an early-ray termination to
stop the evaluation of pixels that have already reached a saturated opacity. Due to the lack of condi-
tional branching in pixel shaders model 2.0, a multi-pass algorithm is used in order to split the ray
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evaluation and allows using the early z-test mechanism of the GPU to prevent continuation of termi-
nated rays. Kriiger’s approach was enhanced by Scharsach [Sch05] and Stegmaier et al. [SSKEO05]
who relied on a single-pass algorithm and performed early-ray termination, thanks to the conditional
branching feature and additional flexibility of the pixel shaders model 3.0. Scharsach proposed a way
to enable fly-through applications, making it possible to place the viewpoint into the dataset, and to
correctly intersect the rendered dataset with normal OpenGL geometry. He also proposed a simple
scheme for empty-space skipping based on a 2-way blocking scheme, subdividing the volume into
constant size blocks stored into a 3D texture and referenced from a second indirection texture.

Volume ray-casting is now the fastest approach to render volume data, it offers a great flexibility in
the way the volume rendering integral is evaluated, and is not restricted to a view frustum. It allows
arbitrary evaluation direction and per-ray control as well as secondary rays evaluation. That is why
we chose to rely on a ray-casting approach for our rendering algorithm, combined with a spatial data
structure as detailed in Chapter 6.
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2.4 Managing the complexity: Representations and algorithms

Interactive visualization of massive models has been a challenging problem and a very active area for
years, especially in the domain of scientific visualization where massive datasets need to be visual-
ized [GKYO08]. In the context of massive datasets visualization, efficient data access and data manage-
ment are the keys for providing interactive visualization. In addition, as explained in Section 1.3.5,
these key elements become especially critical in the current context of a limited improvement of mem-
ory accesses performance of high performance GPU architectures compared to processing power.

The choice of the rendering algorithm (Sec. 2.4.1) as well as the data structure (Sec. 2.4.2) plays an im-
portant role in the scalability of the visualization approach. In addition, visibility culling (Sec. 2.4.3)
and view-dependent multi-resolution (Sec. 2.4.4) are key techniques to optimize data access.

2.4.1 Rendering

Any rendering operation is relative to a sorting problem for each pixel of the final image, which con-
sists of determining what part of the rendered model is closer to the viewer. The various approaches
of rendering vary in the order in which this sorting operation is performed, this can be image-order,
or object-order. There are basically two classes of rendering algorithms that can be used for real-time
applications:

e Rasterization with z-buffer that performs object-order visibility determination by traversing ob-
jects and scene primitives (usually polygons), projecting and rasterizing them on the screen.

e Ray-tracing that performs image-order visibility determination by computing ray-primitive in-
tersections for each pixel.

Although the ray tracing and rasterization fields have independently developed their own approaches
in the past, the underlying issues faced when dealing with massive models are somewhat similar, and
state-of-the-art systems are converging towards applying similar solutions.

Rasterization In terms of memory access efficiency, rasterization theoretically offers better data
access locality and cache coherency. Per-batch rendering attributes can be shared between primitives
and per-primitive attributes can be read sequentially. In addition, transform and shading computations
are very coherent inside batches of primitives, ensuring an efficient parallelization of computations.
This explains the success of rasterization for real-time rendering applications, and its native imple-
mentation inside graphics hardware. However, rasterization-based approaches are limited to visibility
determination inside a view frustum. In addition, object-order approach with no special data structure
provides a linear time complexity in the number of scene primitives. All data have to be read in order
to be visibility tested, which stays reasonable for relatively small scenes, but becomes prohibitive for
very large datasets.

Interactive ray-tracing On the other hand, ray-tracing algorithms [Whi80, CPC84] support arbi-
trary point-to-point visibility determination that allows easier computation of global lighting effects.
In their most basic form, ray-tracing techniques are also limited to linear time complexity relative to
the number of primitives. Usually, the term ray-casting is used to refer to once-bound ray-tracing, in
the context of of volume rendering (Sec. 2.3.2) or when it is used only for visibility computations.
Ray-tracing usually designate Whitted’s [Whi80] algorithm, with multiple bounces used to compute
advanced global lighting effects.
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2.4.2 Spatial data structures

In order to enable rendering in sub-linear time complexity, spatial index structures must be employed.
Such scene structuring is based on a tree structure that provides a fast random access to the scene
geometry and allows visibility queries to be answered in logarithmic time. Thanks to such structures,
only the parts of the scene that are visible need to be accessed. Spatial structure can be employed to
accelerate both rasterization and ray-tracing rendering algortithms. The main difference is the gran-
ularity at which they can act. With ray-tracing, such structure allows per-ray visibility detection and
ordered traversal of objects data. With rasterisation, a much larger granularity has to be used (usually
screen granularity) in order to preserve object-order efficient GPU rendering. Reducing this granular-
ity is difficult with today’s rasterization hardware due to the fact that rasterization commands have to
be emitted from the CPU, preventing an efficient parallel traversal of the structure on the GPU.

Many ray-tracing systems based on various spatial data structures have been designed to display
massive datasets and such approaches start to be efficiently implemented on today’s GPUs (thanks
to their generic computing capabilities, cf. section 1.3.2). A comprehensive survey, analysis and
comparison of acceleration structures for CPU ray-tracing applications can be found in Havran’s
PhD thesis [Hav00]. For the state of the art in interactive ray tracing, we refer the reader to Wald
and Slusallek [WMG*07]. A large variety of special data structures has been used to acceler-
ate the intersection tests of ray tracing, like regular grids [CN94, PBMHO02, Pur04], BVH, KD-
Trees [EVG04, FSO5, HSHHO7]. A comparison of acceleration structures for GPU ray-tracing that
covers uniform grid, Kd-tree and BVH (Bounding Volume Hierarchy) can be found in Niels Thrane
and Lars Ole Simonsen Master’s thesis [TS05]. Each structure has its own advantages depending on
the context in which they are used.

Complex data structures on the GPU

The main difficulty when working on the GPU is to efficiently implement such a data structure so
that it can be quickly accessed and provides a good usage of the GPU resources, in particular of the
texture hardware units. Lefebvre et al. [[LHNO5a, LD07] proposed a GPU implementation for octrees
directly stored in texture memory with a pointer-based representation. Lefebvre and Hoppe [LLHO06]
proposed to rely on a multidimensional hash function evaluated on the GPU to encode sparse 2D and
3D images. Lefohn at al. [LKS"06] proposed a common framework to implement various hierarchi-
cal data structures on the GPU through a virtual memory abstraction (Fig. 2.14). These work were
interesting and defined the foundation for efficient GPU implementation of complex data structures.
However, their implementation now tends to become obsolete with the introduction of the compute
(CUDA) paradigm to address the GPU that provides more flexible and more standard memory access
(Sec. 1.3.2).

Figure 2.14. Tllustration of the three components of the multiresolution "adaptive page table" structure
from [LKS706] used to represent a quadtree for an adaptive shadow mapping example. Source: [LKST06]
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Volume compression and empty space skipping

In the context of volume rendering, in addition to the fast random access, spatial data structures
provide data compression through empty space skipping. Many decomposition schemes have been
proposed in order to reduce the percentage of empty voxels represented in the texture memory. Early
volume rendering papers like [SFH97] and [TWTT99] proposed to use an octree to deal with large
datasets by skipping empty regions of the volume. Empty regions are detected during preprocessing
and only non-void regions are loaded into texture memory as leaves of the octree structure. An octree
is a hierarchical binary decomposition of 3D-space along its component axes [Kno08]. Octrees pro-
vide a regular subdivision of space with non-overlapping node spacing, thus are well suited to store
rectilinear voxel data. As detailed in section 2.4.4, octrees also allow data to be stored with adaptive
levels of resolution. As we will see in chapter 5, we chose to base our GPU data structure on an octree
in order to take advantage of these structuring and compression properties.

2.4.3 Visibility culling

The first obvious way to deal with the complexity of the scene is to be able to detect and discard
all the parts that are not visible from a given point of view. Visibility determination has been a fun-
damental problem in computer graphics since the very beginning. Determining visible elements is
important for many different rendering paradigms, ranging from ray tracing [Wal04, WMG*07], to
point clouds [WBB*07], or volume rendering (cf. Section 2.3). The first usage for visibility deter-
mination is visibility culling that aims at quickly rejecting invisible geometry before actual rendering
is performed. This allows the reduction of the total amount of computation needed to render a scene
in the context of object-order rendering. In the context of out-of-core rendering of massive scenes or
objects, visibility determination is also a critical component used to prevent loading in memory all
data that will not contribute to the final image.

Traditionally, visibility culling 1is split into three tasks illustrated in Figure 2.15:

e Backface culling Back-face culling applies only to
surface-based rendering and avoids rendering primi-
tives that do not face the camera.

e View-frustum culling Viewing-frustum culling avoid
rendering primitives located outside from the view
frustum. Many hierarchical techniques based on hier-
archical space partitioning structures (Sec. 2.4.1) have
been developed to speed-up the frustum culling pro-
cess [BEW*98, AMO0, Cla76].

e Occlusion culling The most complex and most diffi- Figure 2.15. Tllustration of the three types
cult task is in fact occlusion culling. Occlusion culling of visibility culling tasks: view frustum
aims to avoid rendering primitives that are occluded culling, back-face culling and occlusion
by some other part of the scene. This is also the most culling. Source: [COCSDO3b]
studied visibility problem and that is usually the type
of culling designated by the term "visibility culling".

Occlusion culling

Conservative prediction of visibility in scenes is an important and difficult topic in Computer Graph-
ics. A survey of this domain is beyond the scope of this thesis. A comprehensive survey of occlusion
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culling approaches was published by Cohen-Or et al. [COCSDO03b] and another survey from Bittner
and Wonka [BW03] discusses visibility culling in the context of more general visibility problems.

Visibility determination approaches are generally classified into from-point and from-region visibil-
ity algorithms. From-region algorithms rely on the precomputation of a potentially visible set (PVS)
for points in cells of a fixed subdivision of the scene and are processed in an offline preprocessing
step. These preprocessing algorithms have no runtime overhead but are hard to compute accurately
for general environments and only work for static scenes. For aggressive visibility sampling [NB04],
ray-tracing can be a good option to interactively compute from-region visibility [BMW*09]. On the
other hand, from-point algorithms are computed online for each particular viewpoint and allow for
fully dynamic scenes. Most online occlusion culling algorithms work in image space, usually us-
ing rasterization. Recent image-based occlusion culling algorithms exploit graphics hardware built-in
occlusion query mechanism to perform online visibility culling [KSO1]. Before the integration of
such dedicated hardware support, software online occlusion culling was mostly considered too costly
to be used. There are some worthy exceptions such as Hierarchical Occlusion Maps from Zhang et
al. [ZMHHO97] or the dPVS portable framework from Aila et al. [AMO4].

Hardware occlusion queries

Hardware occlusion queries are relatively lightweight operations that return the number of pixels
that passed the z-buffer test during the rasterization of a proxy geometry, without having to read
back the entire frame buffer. Their main advantage is their generality and speed. However, hard-
ware occlusion queries require read-back of information from the graphics card, and due to the
long graphics pipeline this introduce a high latency when the application waits for the query to
return. In order to reduce the overhead and latency of hardware occlusion queries and to op-
timize their scheduling, spatio-temporal coherence is exploited with coherent hierarchical culling
(CHC) [BWPP04, GBK06, CBWRO07, MBWO08]. Most of these techniques rely on a hierarchical
scene structuring traversed in front-to-back order with a clever interleaving in order to reduce the
number query issued and to mask latency overhead as much as possible.

Figure 2.16. Left: A sample view point in a city scene with scene subdivision and all state changes required by
a CHC algorithm [BWPPO04] illustrated with different colors. Right: Illustration of CPU stalls and GPU star-
vation when interleaving occlusion queries with rendering (top). Qn : querying, Rn : rendering, Cn : culling.
More efficient query scheduling from [BWPP04] (Bottom). Sources: [MBWOS, BWPP04]

Gobbetti et al. exploited such hardware occlusion queries in the context of visualization of large
scenes with a mixed volume-surface representation [GMO05], and more recently full volume datasets
rendering [GMAGO8]. They rely on optimized occlusion queries [BWPP04] based on a screen parti-
tioning to detect visible parts of a tree-based space subdivision structure maintained off-core. Query
results are used to trigger loading of data for required parts of the scene.

But even when interleaved intelligently, hardware occlusion queries are complex to efficiently put
into place and still result in significant overheads. Additional costs come mainly from the GPU-CPU
synchronization induced by this approach and the serial processing of query results that must be done
on the CPU. They also come from rendering steps of proxy geometry that have to be interleaved with
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normal scene rendering. In addition to being costly, occlusion query based visibility can only provide
a rough granularity resulting in an highly over-conservative visibility approximation.

We experimented such an approach in early work on our voxel rendering model [CNO7], but we
quickly moved it further apart due to its poor performance in our context and the low granularity in
visibility tests. Instead, as we will see in Chapter 7, we turned toward a solution based on direct
tracking of visibility during rendering, that allows us to directly exploit the visibility determination
happening during ray-tracing.

2.4.4 Multiresolution rendering approaches for volume rendering

The issue of large volumes has been an important issue since the early usage of volume rendering,
even before GPU implementations. Compression inside a sparse data structure allows a significant
reduction of the amount of volumetric data to manipulate. However, even compressed inside a sparse
data structure, the volume datasets we are interested in still represent gigabytes of memory and do not
fit inside the video memory of the graphics card for rendering (cf. Section 1.3).

The idea of multiresolution approaches for volume rendering is to adapt the rendering resolution to
the distance to the viewer and data homogeneity. To do so, they break down a single large volume
into several smaller ones called bricks and rely on a spatial hierarchy with recursive subdivision and
increasing resolution (usually an octree) to index these bricks. The hierarchy is built for the data set
in a pre-processing step and each node of the spatial hierarchy contains a certain part of the volume
within its bounding box at a specific resolution.

Figure 2.17. Illustration of the difference between flat and hierarchical bricking schemes. Source [BHMF0S]

As shown in Figure 2.17, either the resolution of the spatial structure or the resolution of the bricks can
be adapted [BHMFO8]. Adapting the resolution of the octree leads to hierarchical bricking schemes,
while adapting the resolution of the bricks leads to flat bricking schemes with a constant spatial sub-
division. Thus, flat bricking schemes do not allow refining only non-empty regions and are limited to
relatively low resolution datasets.

As for any rendering approach, multiresolution rendering approaches can be either object-order or
image-order. Object-order approaches are projective approaches that traverse and render sub-parts
of the volume independently. Image-order approaches are ray-casting approaches that start from the
view and traverse the structure per pixel in order to compute the volume rendering integral.

Early texture slicing based approaches

LaMar et al. [LLHJ99] proposed the first multiresolution scheme based on an octree structure segment-
ing the dataset into a set of block tiles (also called bricks) at different resolution levels. These different
resolution levels are kept in memory and blocks are chosen according to a view-dependent criteria for
rendering. Rendering is done adaptively by traversing the structure on the CPU and selecting block
tiles to be transferred in video memory and rendered one after the other. High resolution tiles are
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selected close to the viewer, and low resolution away from it. Block tiles are rendered independently
using a slicing approach(cf. Section 2.3.2) and results are combined in the framebuffer. Boada et
al. [BNSO1] presented a similar approach with the same data structure but introduced the idea of us-
ing a frequency-based level-of-detail selection based on a data homogeneity measure when building
the set of octree nodes to be stored for rendering (the cut). In these approaches, both the octree depth
and the resolution of the bricks can be adapted and chosen for rendering based on various impor-
tance criteria. Unfortunately, they do not provide totally artifact-free rendering and spatial continuous
transitions and interpolation between resolutions levels is not ensured.

Weiler et al. [WWH"00] improve on LaMar et al. [LHJ99] by explicitly addressing the avoidance of
interpolation errors and discontinuity artifacts between bricks of the same or different levels-of-detail
inside a given cut. Continuous interpolation between adjacent bricks at the same level is ensured by
duplicating and sharing boundary voxels of adjacent bricks. Boundaries between bricks of different
resolution are managed by copying and duplicating coarser values of an adjacent brick in the boundary
voxels of the finer brick. This scheme restricts brick transitions to differ by at most one level in order
to maintain the continuity between levels (Fig. 2.18). This problem of inter-bricks interpolation was
tackled by the following research that proposed improved interpolation schemes [LLLLY 06, BHMFOg].

Even if they provide spatial inter-blocks interpolation inside a given set of bricks, these techniques
do not ensure a continuous temporal transition between different levels-of-details. No interpolation
is done between LODs (quadrilinear filtering). Thus, transitions from one resolution to another in a
given region is not continuous, leading to popping artifacts. Our scheme provides a smooth transition
between resolutions (cf. chapter 6).

Figure 2.18. Illustration of the block tile storage with border sharing used by [WWH"00]

In order to reduce even more the amount of data stored in system memory, [GWGS02] proposed a
compressed hierarchical wavelet representation for the volume data generated in a preprocessing step
and stored on disk. This wavelet representation is decompressed on-the-fly on the CPU during render-
ing in order to produce regular voxel grids transferred in texture memory and rendered using slicing
(cf. Figure 2.19). It was one of the first papers to demonstrate interactive exploration of a large dataset
on a conventional PC with a graphics card.

Figure 2.19. Left: Multi-resolution rendering with view-plane aligned slices. Right: Copy of adjacent voxels
at different resolution into 3d-texture blocks for correct interpolation. Source: [GWGS02]
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This approach was improved in [GS04] that introduces a method for coarse early termination of the
rendering evaluation. It is based on occlusion tests that prevent occluded data to be loaded and ren-
dered. An approximated occlusion calculation is done prior to the rendering. It is computed using an
approximated occlusion map at a fixed resolution built using a software raycaster based on cell pro-
jection and a uniform conservative (minimum) opacity for each block. Although relatively efficient,
the approach involves much CPU work, does not achieve temporal continuity, nor does it include
occlusion tests to cull hidden parts of the volume.

Object-order GPU volume-raycasting based approaches

All multiresolution approaches presented previously relied on a texture slicing approach (cf. Sec-
tion 2.3.2) to render sub-blocks of the original volume. Slice-based hierarchical volume rendering
approaches make it possible to skip empty blocks from rendering and, to a limited extent, to exploit
an opacity map for occlusion culling. However, these approaches are rasterization limited, hard to
optimize algorithmically and suffers from precision problems. When the graphics hardware became
flexible enough to allow it, multiresolution techniques based on volume ray-casting (cf. section 2.3.2)
started to appear. Object-order volume raycasting approaches are very similar to hierarchical texture
slicing based approaches but render each voxel tiles separately using volume raycasting on the GPU.

Figure 2.20. Comparison of [KWAHO6] of the image quality of slice-based (middle) and GPU-assisted
raycasting (right) approaches for rendering a cosmological AMR (Adaptive Mesh Refinement) dataset (left).
Artifacts in the slice-based approach are due to insufficient framebuffer precision to correctly blend highly-
transparent slices. .Source: [KWAHO06]

Such approach was first proposed by Hong et al. [HQKO05] using an octree structure and was extended
to AMR! (Adaptive Mesh Refinement) datasets by Moller et al. [KWAHO06]. Méller et al. compared
both the rendering performance and the image quality between texture slicing and volume raycasing
approaches. Image quality comparison is illustrated in Figure 2.20 on their test dataset.

The result for the texture slicing approach shows severe rendering artifacts in the refined regions due to
insufficient framebuffer precision during blending on the hardware used at this time?. The ray-casting
approach does not suffer from these artifacts since full 32bit floating point registers are used during
the accumulation in a fragment shader. At this time, the performance of the GPU volume raycasting
approach was only about 30% of the slice-based method. This performance penalty was mainly due
to the low performance of dynamic loops and branches in the fragment shaders of the GPU at this
time (NVIDIA NV40) and improved widely in later generations of hardware.

! Adaptive Mesh Refinement (AMR) is a popular technique in large scale CFD (Computational Fluid Dynamic) simu-
lations. AMR data is organized in hierarchical grids with resolution refined adaptively in regions of interest or where the
simulation requires it

These tests were made on an NVIDIA NV40 GPU supporting floating point blending only on 16bits
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Image-order GPU volume-raycasting based approaches

The transition to volume ray-casting approaches together with the improved flexibility of the graphics
hardware (GPU) made possible the storage and the traversal of the hierarchical structure itself directly
on the GPU. This approach makes it possible to traverse the structure in parallel, removing the bottle-
necks that were previously created by the serial traversal on the CPU. Researches on such GPU based
acceleration structures are described in Section 2.4.2. This transition to a GPU based parallel traversal
of the acceleration structure constitutes an important step for GPU based volume rendering and that
is the approach we decided to follow.

As far as we know, the only methods for volume ray-casting preceeding our work and relying on an
acceleration structure stored and traversed on the GPU were proposed in [VSE06] for AMR data. In
this paper, two techniques relying on two different GPU based data structures are presented. The first
technique is based on the GPU implementation of octree textures [BD02] proposed by Lefebvre et
al. [LHNO5a]. The second relies on the flat "dynamic adaptive multi-resolution GPU data structure"
proposed by Lefohn et al. [LKS"06] and referred to as the "adaptive page table" structure. The octree-
based method uses a sparse octree structure and stores individual voxels in the leaves of the octree
texture, leading to a more difficult filtering scheme. The adaptive page table implementation relies
on a full (not sparse) mipmap hierarchy of page tables to index non-empty tiles of voxels stored in
texture memory, allowing hardware interpolation, but that tends to overrefine some parts of the scene.
The comparison between these two structures concluded that the octree approach is notably more
memory-efficient, but that the adaptive page table dramatically outperforms it in rendering speed, due
to its better access complexity and the support of hardware filtering. In their test, the adaptive page
table requires a three to four times larger memory for a 40 times increase in rendering performance.

Figure 2.21. An AMR grid used for CFD simulation with refinement around the surface geometry [VSEO6].

In our model, we will take the best of both approaches by combining an octree with tiles of regular
grids (bricks) traversed on the GPU for volume-raycasting. Bricks allow the voxel data to be stored
in a 3D texture. In this way, one can benefit from several hardware related advantages, like direct 3D
addressing, trilinear interpolation, and a 3D coherent texture cache mechanism. The multiresolution
structures presented previously are view-independent but do not provide continuous temporal tran-
sition between different subdivision levels. Therefore, discontinuities appear during the exploration
of such datasets, whereas our approach adapts resolution continuously. It provides a complete 3D
MIP-mapping scheme (with quadrilinear interpolation) with smooth temporal transitions to a differ-
ent subdivision levels.
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2.5 Out-of-core data management

Multiresolution approaches allow only a subset of the whole dataset selected for a given point of view
to be present in memory for rendering. The reason why such rendering can still be efficient is that
the part of a scene needed for rendering is often much smaller than the entire dataset. However, this
subset can still represent a large amount of data in our context. Thus, transferring it entirely inside the
video memory at each frame would not allow us to achieve real-time performance.

In order to reuse data loaded inside video memory from frame-to-frame, some sort of caching must be
achieved. Cache systems can be used to turn temporal coherence to profit. Indeed, most data present
in memory for a given frame are still visible in the next frame, and new data progressively appear.
Taking advantage of this temporal coherence is the goal of our data management scheme (Sec. 7.3)
that is in charge of maximizing data reuse among frames, while loading newly required data and
evicting unused ones from memory.

In this section, we will first define some generic concepts relative to caching and virtual memory sys-
tems (Sec. 2.5.1). We will then describe previous works most related to our problem in the domain
of out-of-core scientific visualization (Sec. 2.5.3) and texture streaming for real-time applications
(Sec. 2.5.2).

2.5.1 Caching : Virtual memory based paging systems

When the size of the dataset that must be accessed is larger than the size of available memory, one way
to transparently provide access to this dataset is to rely on some form of virtual memory. The concept
of virtual memory has been used for a long time inside all modern operating systems [SGGO8]. The
purpose of virtual memory is to abstract the physical organization of the memory by giving the illu-
sion of a continuous memory address space, while allowing arbitrary physical allocation, potentially
into a complex hardware memory hierarchy (e.g. system memory, disk, network...). Virtual memory
provides the ability to transparently implement complex caching schemes, with data silently moved at
different levels of the physical memory hierarchy. A caching scheme makes it possible to temporary
keep data located inside a large slow memory (called the backing store) inside a limited amount of
fast memory so that it can be served faster for subsequent accesses.

Virtual memory works by adding a level of indirection between the physical memory and the address
space used by an application. Both physical and virtual address spaces are usually subdivided into
equally sized sets of memory called pages, that serve as an atomic unit for memory management. The
term cache is usually used to designate the hardware implementation inside a microprocessor of a
caching scheme with data cached inside small very fast memories embedded on the chip. The caching
scheme implemented inside operating systems for virtual memory (between system memory and disk)
is usually called paging mechanism.

In our context, we want to provide access from the GPU to a large dataset located in system memory
(or defined implicitly as we will see in Section 7.3) and cached inside the video memory. Our data
management scheme described in Chapter 7.3 implements a virtual memory paging mechanism with
demand paging.

As we will see in the next section, virtual memory systems with paging mechanisms have been used
for out-of-core scientific visualization since the beginnings of software-based single-threaded render-
ing on the CPU. In this section, we quickly introduce concepts linked to virtual memory and caching
mechanisms and used in the literature.
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Caching and paging concepts

Page table A page table is used to track the mapping from virtual to physical memory pages (that
are generally equally sized). Like the page tables used in microprocessor’s caches, page table data
structures must efficiently map a block-contiguous, sparsely allocated large virtual address space onto
a limited amount of physical memory. When a client to the virtual memory system accesses memory
via a virtual address, the system first converts this address to a virtual page index. This virtual page
index is converted into a physical page address using the page table, and finally the offset of the re-
quested element into the virtual page is added to the physical page address in order to get its physical
address.

Demand-paging A page-fault (or cache miss) happens whenever a virtual page is accessed while
it is not physically present in the cache. In this case, the requested page must be loaded from the
higher size, lower bandwidth data storage (the backing store). Such behavior is called demand-paging
and allows data to be loaded only when needed, on-demand from the application. This leads to a
demand-driven loading scheme.

Replacement policy When a page needs to be loaded into the physical memory (from the higher
size, lower bandwidth memory backing store), another page already resident has to be selected for re-
placement (it is evicted from the cache). The policy by which a physical page is chosen to be recycled
is called the replacement policy. Standard page-replacement policies used inside operating systems
can be found in [Tan08]. The choice of an optimal replacement policy for a given application depends
on the kind of access pattern that will made on the cache. In our case, as for all ray-tracing applica-
tions, data access are mostly random access (with a 3D locality). In this case, the Least Recently Used
(LRU) page replacement policy is acknowledged as being the best general choice. With this policy,
the page that has been accessed the least recently is selected for replacement when a new page needs
to be loaded inside the cache.

Write back With traditional virtual memory systems, when a page is replaced inside the cache, the
data it contains must be saved into the larger backing store in order to preserve it for later use. In our
rendering application, such saving is not necessary since the data loaded inside the cache are read-
only and will not be modified during the rendering operation. Thus, our virtual memory and caching
system is read-only (cf. Chapter 7.3).

2.5.2 Texture streaming

In the context of real-time rendering for interactive applications, recent works have focused on us-
ing application managed GPU memory regions to store and update texture data depending on view-
dependent and visibility informations. Current graphics APIs provide a basic swap mechanism be-
tween CPU memory and video memory. Textures are treated as atomic resources: even if only a small
part of the texture is used, it is entirely loaded in video memory. Moreover only textures fitting in
GPU memory are handled. This swapping mechanism cannot be used in practice because it results in
poor rendering performance.

User-centric multi-scale streaming

The Clipmap architecture, presented by Tanner et al. [TMJ98], relies on a dynamic multiresolution
representation centered around the user to render very large textures for terrains. This representation
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makes it possible to cache textures of arbitrarily large size in a finite amount of physical memory for
rendering at real-time rates. The idea is to keep in video memory only a view-dependent subset of the
MIP-map pyramid of full texture (cf. Figure 2.22). This subpart is stored as a stack of nested textures
of the same resolution, but covering increasing areas around the viewer. An incremental update is
done at each frame on this hierarchical texture representation in order to account for the movement
of the user by updating. In this approach, the management of the video memory texture storage is
trivial, since it is updated at the beginning of each frame with whatever texels are required for the
current frame, based on the movement of the user. However, the system targets datasets that even do
not fit inside the main system memory, and texture data must be streamed from disk. In case of fast
motions, this can lead to situations where the texture data required for a given frame are not present
in main memory. In order to ensure interactivity and not to limit the viewpoint speed, the method
relies on lower resolution data present in memory in order to render the frame while the loading from
disk is performed asynchronously. While this approach works well for texturing a single terrain with
simple topology, it does not fit well with the texturing of multiple complex objects. In addition, it
only accounts for LOD based on the distance to the viewer, but did not handle any sort of occlusion.
Thus, this kind of viewer-centric approach would not be usable in our context and would lead to a
huge amount of non-necessary data to get loaded.

Figure 2.22. Left: Clipmap concentric resolution bands centered on the position of the user. Right: Illustration
of the update process inside a clipmap using toroidal addressing. Source: [TMJ95]

Tile-based streaming

One approach to managing large textures is to subdivide the MIP-
map pyramid levels into regular grids [GY 98, CE98], defining tex-
ture tiles that will be loaded or cleared on demand. Usually a pri-
ority rule also determines in which order the tiles must be loaded.
The size of the tiles is chosen so that each tile can fit into GPU
memory. This organization of texture data is depicted in Fig-
ure 2.23. The main difficulty consists in detecting which parts of
the texture pyramid are needed for rendering from a given view-
point.

Figure 2.23. Illustration of a
tiled MIP-map pyramid representa-
tion with correspondence between
screen space (left) and texture space

Cline et al.[CE98] caches texture data in video memory by split- (1ight). Source: [LDNO/]

ting the MIP-mapping pyramid of a large texture into smaller textures (corresponding to the tiles). A
caching strategy is described to swap the small textures between main memory and GPU memory.
Needed parts of the texture are determined by a geometric computation on each polygon. Polygons
must be split according to the tiling of texture space for rendering and the discontinuities introduced by
the splitting make linear interpolation difficult, since different MIP-map levels are stored in separate
textures.

Lefebvre et al. [LDN04] proposed to use a tiled MIP-map pyramid to texture meshes and to manage
textures larger than the GPU memory. To do so, they perform a progressive loading of the tiles inside
a Tile Pool stored in video memory as a large 2D texture. Parts of the texture (the tiles) that are needed
for a given view-point are detected using a Texture Load Map (TLM). A TLM is a map of the texture
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space containing visibility information for each tile. Its computation is based on conservative rasteri-
zation of the triangle geometry directly in texture space as illustrated in figure 2.24. Only front facing
triangles located inside the camera view frustum are rendered within the TLM, and occlusion culling
is handled using a shadow buffer like algorithm. The problem with this visibility approach is that it
requires the geometry to be rendered multiple times and with a costly fragment shader in order to fill
all MIP-map levels of the TLM. In addition, the TLM needs to be downloaded to the main memory
for processing by the Texture Cache, introducing important latencies.

Figure 2.24. The Texture Load Map component of [LDN04] computes the set of visible texture tiles, marked
in green, by conservatively rasterizing the geometry in texture space. Source: [LDNO4]

The management of the Tile Pool is handled by a Texture Cache running on the CPU and that im-
plements an LRU replacement policy of the tiles. When a non-loaded visible tile is detected in the
TLM, this Texture Cache forwards the tile request to a Texture Producer in charge of asynchronously
uploading the tile inside the texture memory. This cache does not scale well to very large texture data
due to the fixed tile decomposition done at each level of the MIP-map pyramid. For very large tex-
tures, the indirection grids used to reference the tiles and the TLM can become too large to be stored
in video memory. In addition, many communications and synchronizations have to be done between
the main memory and the video memory since the management of the cache is done on the CPU.

Direct tracking of data usage during rendering

In the context of the rendering of complex scenes stored on a distant server, Goss et al. [GY 98] pro-
posed to modify the graphics hardware of this time in order to track the usage of texture data directly
during the rasterization. This makes it possible to request only visible parts of texture and quickly
stream them to the client machine. This approach is based on tile-based decomposition of the textures
MIP-map hierarchy (cf. section 2.5.2). A counter is associated with each tile of a texture, and this
counter is automatically incremented whenever a fragment using the tile is written inside the frame-
buffer. It is decremented whenever another fragment using another texture tile passes the z-test and
overwrites the pixel value. This counter makes it possible to prioritize the dynamic loading based on
the number of pixels that need a given texture data. This approach requires a deep modification of the
texturing hardware while it is restricted to a very specific usage that is the rendering of opaque meshes
using a unique texture, that is a very unlikely scenario nowadays. It does not easily scale to very large
textures due to the fact that it requires scanning the list of tile counters in software in order to trigger
loadings (requiring the list to be entirely transfered to the system memory). In addition, the whole
texture pyramid is assumed to fit entirely into video memory, which is not possible when dealing with
very large textures.

As detailed in Chapter 7, we also propose a data management approach based on direct tracking of
data usage during rendering. In contrast to Goss et al. approach, our method runs directly on current
generation GPUs without the need for hardware modifications. We implemented it as a data-parallel
process using the compute mode of modern GPUs (Sec. 1.3.2). It does not require any CPU inter-
vention, is very flexible and can adapt to many rendering schemes. With our approach, each ray
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used for rendering (either primary or secondary) directly emits data requests and provides data usage
information to a cache mechanism. This provides fine-grained visibility detection.

2.5.3 Out-of-core scientific visualization

The field of out-of-core methods, also referred to as "external memory algorithms" is large and ac-
tually dates back as far as 1950s. Out-of-core rendering of very large datasets has been a widely
studied topic for years in the domain of scientific visualization. It is still of high importance today,
for all cases where the entire model or scene does not fit into memory. A large portion of the paging
algorithms described in the literature are application-specific schemes designed to solve a particular
caching problem. In the following, we will discuss the approaches that are most recent and most
closely related to our work. A comprehensive survey of older out-of-core techniques for software
visualization can be found in [SjCC*02].

Early work for software rendering

In the area of software rendering for scientific visualization, early approaches like [CE97] suggested
using an application-managed cache mechanism in order to provide a virtual memory for rendering
data stored on disk. Such an approach is based on the idea that during the exploration of a large
scene, a visualization algorithm needs only to traverse a small subset of the entire scene at a given
time. Their system builds upon the operating system LRU (Least Recently Used) replacement pol-
icy. They demonstrate how application-controlled demand paging provides significantly better perfor-
mance than simple reliance on operating system virtual memory. They exploit on-demand loading of
pages (application-controlled demand paging) when they are used for rendering and show how using
fine-grained page size provides better overall performance. In addition, they suggest using a runtime
translation of the data loaded from disk in a packed format into an unpacked format in system mem-
ory optimized for rendering. We will see in Section 7.4 that our GPU-based data production pipeline
can exploit a similar optimization when transferring data between the system memory and the video
memory.

Distributed software ray-tracing

Many approaches exploit a PC cluster to render data sets that are too large to fit into the main memory
of a single PC. Such an approach is called distributed rendering. Wald et al. [WSBWO1] have demon-
strated the feasibility of interactive ray tracing of large triangle scenes on cluster-based systems. They
rely on a central data server to provide data to all the rendering nodes of the cluster. These data are
cached locally by the rendering nodes in order to limit costly data transfer through the network. This
cache is explicitly managed by the application. It relies on a decomposition of the BSP-tree storing
the scene into tiles (called voxels). These tiles are managed into a fixed-size geometry cache in local
system memory using a least recently used (LRU) strategy. They proposed to "suspend" rays that
would cause a page fault in the local cache and load the required data asynchronously over the net-
work while tracing other rays in the meantime. The stalled rays then get "resumed" once the data is
available. As we will see in Chapter 7.3, we rely on a similar approach in our GPU paging system.
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Figure 2.25. Tllustration of the cached BSP-tree structure used in [WSBWO1]. Left: Local caching in cluser
nodes of sub-parts of the global BSP-tree grouped into tiles called voxels. Voxels are the smallest entity for
caching purposes. Right: Display of their high-level BSP tree by color coding geometry kept in each voxel.

In the domain of interactive ray tracing of iso-surfaces, DeMarle et al. [DPH 03] improves on Wald
et al. by eliminating the bottleneck implied by a central data server. This approach builds upon a co-
hesive program that is capable of accessing the aggregate cluster memory as a global memory space,
with all nodes serving some of the data to the rest of the nodes.

Single machine software ray-tracing

Wald et al. [WDS05] show how to efficiently ray-trace large-scale polygonal models on a single com-
modity desktop PC. They improve on [WSBWOI] by using a combination of automatic OS-based
memory management and demand loading in order to detect and avoid page faults due to access to
out-of-core memory. They show that a fully manually managed cache (as in [WSBWO1]), that man-
ages large sub-parts of the scene (stored into a BSP-tree) of several thousand triangles, leads to much
too coarse granularity to scale to very large scenes. In addition, reducing the managed page granularity
would have carried too much overhead to their mono-threaded cache management scheme. Instead,
they simply relied on the memory management of the operating system that provides transparent direct
addressing of data stored on disk, and demand loading memory on a per-page basis. The advantages
are a fine-grained paging using small pages as well as an automatic handling of race-conditions in the
case of multi-threaded access. Such an approach requires to pre-compute the whole data structure off-
line and to store it on disk in the exact same binary form as the one used for rendering. The problem
when relying on the OS paging mechanism is that data are automatically paged-in on demand upon
accessing it, and the resulting page fault stalls the rendering thread until the data are available.

In order to always maintain interactivity, they proposed to shortcut the automatic on-demand paging
of the system to allow loading to be performed in a separate loading thread without stalling the ren-
dering threads. Page fault are detected by the rendering threads before accessing data on a per-tile
granularity (with tiles grouping multiple pages) using a dedicated structure. When a page fault is
detected, the rendering thread triggers a fetching of a tile using a request queue. It then simply stops
its execution and relies on a simplified proxy representation to provide an approximated color to the
computed pixel. Proxies are lightfield-like pre-rendered approximations of the model, at several LOD
levels. They are kept in memory in order to always stay available. For complex models, the loading
from disk usually does not fit inside a single frame and has to be spread among multiple frames. Thus,
this approach ensures interactive rendering (3-7 fps at video resolution for the Boeing 777 dataset),
but it takes several seconds to get all data loaded to get a complete frame as illustrated in Figure 2.26.



67

Figure 2.26. Illustration of the quality approximation of [WDS05] during startup time on the Boeing 777
dataset. Top row: No proxy information, canceled rays displayed in red. Bottom row: Using geometry proxies.
Left: immediately after startup, lot of pixels used proxy. Right: after loading for a few seconds. Even then only
a fraction of the model has been loaded. Source: [WDS05]

GPU-based rasterization

The problem with the approaches presented previously is that the lack of multiresolution data forces
the algorithm to access large parts of the dataset to produce a single frame even for distant views.
Moreover, these methods rely on software ray-tracing implemented on a cluster, and do not exploit
GPU acceleration.

In the context of massive model visualization using standard graphics hardware, Gobbetti et al. [GM05]
proposed with their Far Voxels approach to use a level-of-detail (LOD) hierarchy based on an axis-
aligned BSP-tree * of the triangle data. They exploit an idea similar to Wald et al. [WDS05] proxy
geometries as a way to filter distant groups of triangles, with the surface representation kept for close-
up renderings. The leaves of the BSP-tree partition the original triangle mesh into chunks of a fixed
maximum number of triangles (around 5000), while inner nodes contain a view-dependent voxel rep-
resentation precomputed off-line. Voxels are generated from a discretization of the bounding box of
the node with a regular grid. Due to the nature of the BSP-tree, all nodes of the tree have different size
and so must be discretized with a different number of voxels. Non-empty voxels are stored as a list
of points linked by each inner-node of the tree. Rendering is done using a breadth-first front-to-back
traversal of the structure on the CPU, sending primitives to the GPU for rasterization. Triangles lo-
cated in the leaves of the tree are rasterized and inner node’s voxel data are rendered using a splatting
approach (cf. section 2.3.2). Frustum culling as well as LOD computation (to find the correct depth
based on the distance to the viewer) are computed on the CPU during the traversal of the structure.
Visibility culling of occluded nodes is performed using hardware occlusion queries (cf. section 2.4.3).

This approach stores the entire pre-computed data structure on disk and fully relies on the automatic
paging mechanism of the operating system to access it during rendering. An application managed
RAM buffer is used to keep the most recently rendered nodes inside system memory, but no detail is
given in the paper on the way it is managed. The storage of the rendering primitives (triangles and
splatted points) in the GPU’s video memory is done using an OpenGL’s Vertex Buffer Object (VBO).
This buffer keeps the last rendered primitives available in video memory using what seems to be a
simple FIFO replacement policy, but no special care is taken for efficient data reuse and transfers.

3Binary Space Partitioning
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This approach suffers from many popping artifacts due to the lack of spatial interpolation of voxel
data, and from the lack of continuous transition between LOD levels and between voxel and triangle
representations. In addition, the pre-processing of such data is very time consuming.

Figure 2.27. . Source: [GMO5]

GPU-based volume ray-casting

Our approach was developed in parallel with the work of Gobbetti et al. [GMAGOS] that focuses on
scientific visualization applications (thus, do not follow the same goal). Similarly to us, Gobbetti et
al. proposed a multiresolution voxel data structure based on an octree combined with regular bricks
of voxels, as well as a full GPU-based traversal of this structure for rendering (cf. chapter 6). While
we share similarities with this work, our approach provides better rendering quality, more compact
storage, higher performance and more precise visibility detection as well as a more efficient data man-
agement. First, Gobbetti et al. do not provide a correct filtering of the multiresolution data since they
do not allow quadrilinear filtering (no smooth transition). Their octree data structure implementation
is less compact than ours (16 times) and thus provides less efficient storage and cache usage during
traversal. In addition, their visibility detection relies on occlusion queries which corresponds to the
first approach we tried and gave up due to its lack of efficiency in our context (Sec. 2.4.3).

Finally, their data management and caching scheme heavily relies on a serial processing on the CPU
with a cloned data structure in system memory. Our approach relies on a fast data-parallel scheme
implemented entirely on the GPU, removing all synchronization with the CPU and that does not re-
quire a cloned data structure in system memory. As in all previous approaches, their rendering scheme
requires the hierarchical structure to indicate the correct LOD for a given point-of-view, forcing an
update at each frame. In contrast, our scheme computes directly the required LOD level per-ray during
rendering, allowing a lazy update of the structure with only the newly required parts getting updated
at each frame.

Figure 2.28. Illustration of medical data rendered using the out-of-core volume ray-casting system presented
in [GMAGO8].
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The GigaVoxels rendering pipeline

Figure 3.1. Examples of scenes composed respectively of 81923 and 20483 voxels rendered interactively using
our engine.

In this chapter, we present an overview of our voxel-based GPU rendering pipeline that makes the dis-
play of large and detailed volumetric objects and scenes very efficient. Voxels increase the amount of
displayable detail significantly beyond the limits of what can be achieved with polygons and support
transparency effects natively (which is a major issue in real-time rendering).

Our pipeline deals with the three main problems that appear when rendering voxel based represen-
tation on the GPU: the rendering problem, the storage problem and loading inside video memory. It
proposes a new compact data structure, as well as an efficient rendering algorithm and an out-of-core
streaming and data generation scheme, both designed as efficient data-parallel tasks entirely running
on the GPU. It is capable of rendering objects at a level of detail that matches the screen resolution
and interactively adapts to the current point of view. Invisible parts are never even considered for
contribution to the final image. As a result, our model obtains interactive to real-time performance
and demonstrates the use of extreme amounts of voxel data for interactive applications, which is ap-
plicable in many different contexts. With such an approach, we demonstrate in Chapter 6 that voxels
can achieve higher performance than triangle-based representations for very complex scenes.
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3.1 Global scheme

Let’s start with a naive consideration. If the volume is small, GPUs allow an efficient rendering by
simply stepping through the dataset stored in a 3D texture as it is done by traditional volume ray-
casting approaches detailed in Section 2.3.2. In this way, one can benefit from several hardware
related advantages, like direct 3D addressing, trilinear interpolation, and a 3D coherent texture cache
mechanism (Sec. 1.3.4). For larger volumes, there are two problems: first, the algorithm would be
slow due to many steps that need to be taken in large datasets and, second, the whole dataset will not
fit into the GPU memory.

Previous out-of-core approaches for rendering massive amounts of data (cf Section 2.5.3) mainly fo-
cused on caching data located on disk into the main system memory. At the time they were written,
the limited amount of system memory and the limited bandwidth between disk and system memory
were the main bottlenecks in interactive application. Little care was taken about the caching of data
inside the video memory. Nowadays, massive amounts of data can be easily stored directly in sys-
tem memory, and the bottleneck is shifted to the limited amount of video memory and the limited
bandwidth with the large system memory (cf. Section 1.3).

By organizing the data in a spatial subdivision structure (Sec. 2.4.2) in video memory, empty or
constant parts of the volume can be left unsubdivided, which can already represent a significant com-
paction in our typical scenes (cf. Section 1.4.2). This also allows us to skip empty spaces during
ray-casting, speeding-up greatly the process. In addition, such structures allow a multiresolution ren-
dering scheme to be used (Sec. 2.4.4). Thus, rendering resolution can be adapted to the distance to
the viewer. Distant parts can be replaced by lower mipmap levels, leading to a lower resolution (a
different level-of-detail, LOD), thus lower GPU memory requirements. Since volume resolution, and
hence the size of stored voxels, is adapted to the distance to the observer, one can ensure that all vox-
els stored for a given point of view are sized to project approximately on the area of one pixel on the
screen.

Our goal is to provide a scheme that is able to scale to very large and detailed scenes. In this context,
the whole scene and all its scales can not be permanently kept inside the limited amount of available
video memory, even compacted inside a multiresolution spatial subdivision structure. One insight is
that, for a given point of view, the entire volume does not need to be in memory for rendering. Only
visible voxels need to be present, out-of-frustum as well as occluded data do not need to be loaded.
The subset of data required for a given point of view has to be determined using a visibility detection
algorithm (cf. section 2.4.3). Ideally, and thanks to the multiresolution scheme, only a few voxels per
pixel would need to be present in the video memory.

During the exploration of a scene, only newly visible voxel data need to be loaded inside the video
memory. Therefore, we developed an efficient streaming scheme able to dynamically load voxel data
inside the video memory. This scheme is entirely driven by demands emitted directly by the rendering
algorithm, and ensure the loading of the minimum amount of data needed for a given frame. Also,
visible data already present in memory must be kept loaded, while invisible ones can be replaced.
This loading requires an out-of-core loading scheme (cf. Section 2.5.3) as well as a caching scheme
(cf. Section 2.5.1) maximizing the reuse of data from frame-to-frame.
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3.2 Overview

We will now detail the different parts of our GigaVoxels GPU rendering pipeline depicted in Fig-
ure 3.2. Our model builds upon the hypothesis that the total amount of voxel data required for a
given point of view is less than the total amount of video memory. In such a case, only a few new
data need to be loaded in video memory at each frame, and data already loaded can be reused during
the exploration of a scene. If it is not the case, a caching scheme becomes ineffective and most of
the advantages of our system for real-time applications are lost. However, as we have seen in Sec-
tion 1.4.2, most of the scenes we are interested in are made of layers of voxel data that, even if they
are not opaque, quickly become opaque when accumulated. Thus, this ensures that for each pixel of
the screen, only a few semi-transparent voxels needs to be accumulated before a pixel becomes totally
opaque, blocking the view to subsequent data.
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Figure 3.2. Global view of the GigaVoxels rendering engine. Blue parts are stored data, green elements are
process related to the data management, the orange element is dedicated to the rendering, and pale blue elements
are examples of optional data sources.
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Data structure

The data structure has two goals: first to provide a pre-filtered geometry representation allowing high-
quality alias-free rendering (cf. chapter 4), and second to provide a compact storage for a very large
amount of voxel data, with fast access for rendering.

Our pipeline is centered around a sparse multiresolution structure storing the voxel data. As detailed in
Section 2.4, previous data structures of this kind (designed to be traversed on the GPU) stored voxel
data directly in the tree, thus preventing the implementation of fast and accurate filtering. Instead,
we designed an octree-based GPU structure, which is convenient to represent and to traverse on the
GPU [LHNO5b, LHNO5a] and is well adapted to store regular data like voxels. It is combined with
small regular grids allowing fast hardware filtering, and easy data manipulation. We will detail this
structure as well as its efficient GPU implementation in Chapter 5.
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Rendering

Our octree-based structure is used by a voxel rendering algorithm based on ray-tracing. This algo-
rithm directly traverses the data structure from front to back for each pixel of the screen, and ensures
that only the few visible voxels will be accessed for each pixel. It is detailed in chapter 6.

One of the main particularities of our rendering approach compared to previous works on multireso-
lution rendering (Sec. 2.4.4) is that it does not need the data structure to indicate the required level of
detail (LOD) for a given point of view. Instead, LOD is dynamically evaluated by each ray, allowing
the data structure to contain more data kept cached in video memory for future use, as well as arbitrary
ray directions, secondary rays (for shadows or reflection/refractions) and free spatial instancing of the
same data structure.

Caching and streaming

The data structure is stored in a video memory region managed as a cache by a Cache Manager, in
order to ensure data reuse during the exploration of a scene. This cache is based on a full LRU (Least
Recently Used) replacement policy (cf. Section 2.5.1) entirely implemented as a data parallel process
on the GPU. This cache manager implements a paging mechanism (cf. Section 2.5.1) that allows the
efficient loading of the missing data required for rendering, while recycling the oldest ones.

In contrast to previous approaches that relied on complex visibility detection algorithms (cf. sec-
tion 2.5.3) to determine newly required data and data used for rendering, our solution inherently
computes the visible parts of the scene during rendering. Our approach makes use of the ray-tracing
to directly emit data requests and usage information per ray. Since our ray-tracing approach ensures
an ordered traversal of the data, with only visible voxels actually touched, this provides us with fine-
grained on-demand loading.

We call this scheme ray-guided streaming. It allows us to transparently support many features that
were previously difficult or even impossible to support: loading data for arbitrary ray directions,
curved rays, arbitrary LOD (for instance allowing depth-of-field effects as presented in Section 8.3),
secondary rays (as exploited in our soft shadow application presented in Section 8.3), as well as free
spatial instancing of the same data structure (cf. Section 8.2). Such possibilities were not easily
allowed by previous approaches. Our whole cache management scheme is detailed in Chapter 7.

Voxel generation and loading in the GPU cache

One of the problems in using voxel representation as a natural rendering primitive is to generate these
voxel data and to efficiently transfer them inside the data structure in video memory. With previous
approaches, data were pre-computed and stored on disk to be loaded dynamically in system memory
and transfered in video memory from the CPU at runtime (cf. Section 2.5.3). In Section 7.5.3, we
show that such transfer initiated from the CPU is very slow when many elements need to be trans-
fered, due to high latencies between copy operations. It also requires a lot of communication and
synchronization between the CPU and the GPU.

Instead, with our approach, data stored in system memory are loaded in parallel directly from the
GPU, and written in video memory also in parallel from the GPU. We also allow data to be dynami-
cally generated on the GPU. Thus, this allows voxel data to be either precomputed in a pre-process and
kept available in system memory or generated on-the-fly during rendering (either fully procedurally
or from another representation, for instance a triangle mesh). This also allows compressed represen-
tations to be stored in system memory, loaded by the GPU and transformed on the fly into the voxel
representation needed for rendering, before being written in our data structure.
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This task is managed by the last component of our pipeline: the GPU producer. 1t is a fully GPU
process in charge of loading data inside the data structure, on-demand from the cache manager (and
thus from the rendering). It is a user-defined component that can implement any voxel production or
loading scheme. We demonstrate direct loading of pre-computed voxel data from the system mem-
ory, voxelization from a triangle mesh, fully procedural generation as well as combinations of these
approaches. GPU producers are detailed in Chapter 7.

3.3 Technological choices

In order to develop this pipeline and implement it on the GPU, several technological choices had to be
made. One of the difficulties of this thesis has been the fast evolution of the GPU technology, while
many choices had do be done at the beginning of the thesis, 3-4 years ago. But these choices mainly
affected the implementation of our pipeline, while the fundamental design and the major technical
choices we made stayed valid, thanks to their strong fundamental justification.

Due to these technological changes, especially in the way of programming the GPU with the in-
troduction and evolution of CUDA and the compute mode presented section 1.3.2, 3 very different
prototype implementations of our pipeline have been developed during this thesis. Our final model
builds upon CUDA to implement the cache manager and the producers, while the rendering algorithm
is implemented both in CUDA and in OpenGL GLSL [Khr].

3.3.1 Preliminary GPU performance characterization

In order to make the relevant technical choices, one of the first tasks for this thesis has been to charac-
terize various performance behaviors of the GPU. Indeed, while graphics and compute APIs provide
a view of the features provided by graphics hardware, many details are still hidden to the program-
mer and particularly performance bottlenecks and fast paths are not always easy to determine and are
usually dependent on the GPU vendor and generation.

Thus, it is important to determine these hardware behaviors in order to make the right implementa-
tion choices. To do so, we relied on unitary tests of specific hardware features. Especially, we tested
the scheduling of fragment shader threads as presented in Appendix A.2 in order to speed up our
ray-casting algorithm. We also tested the behavior of texture caches depending on various texture
types as presented in Appendix A.1, in order to make a choice of texture storage for our data struc-
ture (Chap. 5). Some publications also provide precious insight on the performance of various GPU
features and instructions of the computing ISA (Instruction Set Architecture), like [WPSAMI10].
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Volumetric geometry representation and
pre-integrated cone fracing

Figure 4.1. Left: Triangle mesh voxelized at 20483 resolution, amplified with procedural noise and rendered at
70FPS on a GTX280 with GigaVoxels. Right: Fully procedural sphere with a semi-transparent shell perturbed
with a procedural noise and rendered at 100FPS.

In this chapter, we first describe our volumetric geometry and material representation, as well as the
pre-integrated rendering model based on approximate cone-tracing that we propose in order to ensure
an accurate and alias-free rendering of pre-filtered multi-scale scenes.

As we have seen in Section 1.1.2, the idea of voxel based pre-filtering is to represent object geom-
etry using a density model stored inside a voxel MIP-map pyramid. As we will see in Section 4,
accurate geometry pre-filtering does not only imply simple density averaging, but also supposes a
pre-integration of the visibility in order to ensure a correct occlusion between filtered data.

We will demonstrate how we build our pre-filtered geometry model by starting from the integration
over a screen pixel footprint of the classical volume rendering integration formula along a single ray,
and we will detail how this double integration can be split and pre-computed in order to be stored
inside a MIP-map representation.

We will also describe how we transform a surface-based object representation into a volumetric rep-
resentation more easily filterable.
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4.1 Overview

While classical B-rep surface definitions can not be linearly combined, we replace them by a statis-
tical distribution of densities stored as voxels into a regular subdivision of space, that can be linearly
pre-filtered inside a MIP-map pyramid, as explained in Section 1.1.2. In Section 4.6, we will see
how we transform a surface-based object representation into a volumetric representation more easily
filterable.

Most of the previous work on volume rendering (cf. Section 2.3) has been done in the context of sci-
entific visualization. These approaches usually render semi-transparent the participating medium. In
such a context, only a single scalar value is usually stored per voxel, and is transformed at runtime into
optical coefficients (colored light energy and opacity, using a transfer function) for volume integration
(cf. Section 2.3.1).

In our context, we want to store filtered material and geometry information at multiple scales, that
will allow a quick rendering of very-complex geometry, and to dynamically compute the light inter-
action at all scales during rendering. Typically, we want at least a filtered density (or an opacity based
on the density), a material color and a normal information per voxel. Storing and interpolating such
information poses particular problems that have not been handled previously.

In addition, the problem of pre-filtering solid geometry information at multiple resolutions inside a
volumetric representation has never been really posed in previous work. Multi-resolution approaches
(Sec. 2.4.4) concentrate on reducing the memory occupancy of volume representation, but do not fo-
cus on providing a correct pre-integration of the characteristics of the data at smaller scales. Usually, a
simple averaging of high resolution values is used. Such filtering is usually enough to render scientific
data, but does not account for self occlusions inside the filtered volumes.

As we will see in Section 4.2, accurate geometry pre-filtering also supposes a pre-integration of the
visibility in order to ensure a correct occlusion between filtered elements. Thus, exact pre-integrated
data that must be stored per-voxel depends on the model used for rendering. In order to get a com-
plete pre-integrated and pre-filtered voxel-based geometry model allowing a fast antialiased rendering,
three key elements will be defined in this chapter:

e A voxel-based volumetric geometry representation.
¢ A multiresoltion pre-integration of this geometry representation.

¢ A model for cone-tracing based on the multiresolution representation in order to provide a pre-
cise, alias-free rendering.
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4.2 Pre-integrated cone tracing

Since first discussed by Crow [Cro77] in the middle of 1970s, aliasing has been a major problem in
rendering. One screen pixel is associated with more than just a line in space. It actually corresponds to
a cone because a pixel covers an area and not a single point on the screen (as illustrated in Figure 4.2).
This is typically the source of aliasing that arises when a single ray is used per-pixel to sample the
scene.

Figure 4.2. Illustration of the cone-shaped beam of light generated by the perspective projection and going to-
ward a given pixel. We approximate it using a single ray launched from the pixel and sampling a pre-integrated
representation of the scene geometry.

In order to integrate the incident radiance coming from a cone footprint, one needs to integrate the
incoming radiance /(D, w) coming from all w directions in the cone:

1= f I(D, w)dw .1

Q

Classical supersampling approaches (cf. Section 2.1.1) discretize this integral with multiple rays to
deal with aliasing, which lead to a very costly evaluation. Other approaches like cone or beam tracing
(Sec. 2.1.1) provide faster antialiasing, but rely on an analytical definition of the geometry and can not
be applied in a general case. Instead, we propose a model that is based on a single ray per pixel, and
deals with the aliasing by relying on a pre-filtered geometry representation stored inside a MIP-map
pyramid.

This approximated cone tracing is done under the assumption that we can approximate the integration
over a cone of visibilities, with the integration along a single ray of pre-integrated spatial visibilities.
We base our model upon the classical volume rendering integration model explained in Section 2.3.1.
It describes the integration of both the visibility and the reflected energy along a ray inside a partici-
pating medium.

In the next section, we will describe step by step how we build this pre-integrated rendering model,
together with assumptions we make on the rendered data in order to allow it.
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4.2.1 Volume pre-integration theory
Volume density model

The physical model of light transport into a participating medium that is used by the classical volume
rendering integration scheme has been described in Section 2.3.1. In this model, the medium is de-
scribed using two main optical coefficients: the total absorption (also called extinction) y = « + o,
the sum of the true absorption coefficient « and the out-scattering coefficient o-; and the total emission
n = g + j, the sum of the true emission coefficient g and the in-scattering coeflicient j.

In our model, we consider the total absorption coefficient y(s, r) on a point s along a ray r. The par-
ticipating medium represents a filtered geometry that rarely emits light on its own, but instead more
often scatters (in the view direction) some energy coming from an external light source. Thus, we do
not consider the true emission coefficient g. Instead, we consider the in-scattering coefficient j(s, r)
that corresponds to the energy reflected (scattered) by our filtered surface and material model on a
point s along a ray r in the direction of the eye.

As we will see in Section 4.5, our geometry pre-filtering model will not directly store the scattering
energy j, but instead the material properties allowing us to compute it dynamically at render time
(based on any lighting model, local or global). However, we will first build our model based on y
and j themselves, and we will explain later (in Section 4.5) how the lighting computation can be
factored-out of the pre-integration.

Toward a volume pre-integration model

In this explanation, we first assume a parallel projection leading to orthographic beams generated by
pixel footprints, we will see later how to extend this model to perspective projection with cone-shaped
beams. We build upon the notations introduced in Section 2.3.1.

Our goal is to build a pre-integration model for the computation of the average energy /(D, P) accu-
mulated over the footprint of a pixel P on the screen. This can be modelized as the integration of
the volume rendering integral (Sec. 2.3.1, equation 2.11) along a ray r over the footprint of the pixel
P as described by equation 4.2 and illustrated in Figure 4.3. In order to keep equations simples, we
first discuss this model within the parametrization of orthographically aligned rays emitted by a given
pixel. We will see later how to transform our results expressed in this ray-based parametrization in
order to get a world-space parametrization that allows a static storage of pre-integrated values inside
our voxel MIP-map pyramid.

D
I(D,P) = f f (s, e K xendigg g, 4.2)

reP so

*\)\]r/@

Figure 4.3. Integration over a pixel footprint of the volume rendering integration along orthographic rays.

What we propose is to replace the integration over a pixel of the ray-based volume rendering integra-
tion function, by a pre-integration inside a set of cubical volumes of this function in object space as
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illustrated in Figure 4.4. Our goal it to store a discrete set of these pre-integrated volumes per-voxel
inside a 3D MIP-map pyramid, in order to use them for fast rendering.

SO \"A Si V;.Pre-integrated volumes D

Figure 4.4. Accumulation for a pixel of the pre-computation inside sub-volumes of the volume integration.

Step-by-step pre-integration

We will describe step by step how we reach this goal and what are the approximations and hypothesis
we make on the data in order to allow it.

First, we need to split the volume integration along a single ray into a discrete number of sub-
integrations that can be precomputed. In order to simplify the equations, we denote 7(s1, s2,r) the
optical depth that corresponds to a local path integration of the total extinction between s1 and s2

along a ray r:
52

7(s1,52,r) = f)((t, r)dt 4.3)

s1
And we denote Q(s1, s2, r) the local path integration of the in-scattering energy:

52

O(sl,s2,r) = f (s, e TS 20 g (4.4)

sl

Based on these notations, we split the integration along rays on the interval [sg, D] into a discrete
number of local sub-paths [s;, s;+1], for both the energy integration part and the sub-integration of the
attenuation:

n
(D, P) = f > (s sivr.r) - € Emt ) g 4.5)

reP =0

These discrete summations correspond to the marching process done along rays in classical ray-
casting rendering approaches presented in Section 2.3.2.

Our final goal is to bring the integration over a pixel P inside the two discrete summations, in order
to apply it directly to the sub-paths integration of both Q and 7. Once applied to these sub-paths, that
will allows us to pre-compute them and to store them inside our hierarchical voxel representation.

For the first step, we rely on the Fubini’s theorem. Based on the continuity of all functions (all param-
eters are defined continuously in space), we can swap the discrete sum and the integral over the whole
expression:

n
ID,P) =) f O(si i1, 7) - € Hieint TORH10) gy (4.6)
i=0

=0 \ cp
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We will now use a general hypothesis on our data the impact of which will be detailed in greater
depth in Section 4.4. This hypothesis is that, on a given ray r, a sub-path integration of energy
OC(si, sis1, 7) is decorrelated from e~ 2=+ "S5+ the integration of the total absorption happening
on the whole path between s;;1 and the position of the eye. This means that these two values do not
have a statistical dependence. Within this hypothesis, thanks to the definition of the statistical corre-
lation correlation(a(), b()) = f a(Ob() — f a() f b(), we can replace the integral of the product of the
two decorrelated terms by the product of their integral, as expressed in equation 4.7

This hypothesis is linked to a more global hypothesis we make on the distribution of densities in our
scene (cf. Section 4.4). The in-scattered energy j and the total absorption y are linked together on a
given point in space through our volume density model (Sec. 4.2.1), both being multiplied by the den-
sity coefficient p. Thus, the correlation between values along a given ray could come either from the
distribution of density, or from the distribution of the initial absorption or in-scattered energy values.
We will detail in section 4.4 in which cases this correlation can appear. However in a general case, we
consider the decorrelation hypothesis as acceptable.

n
ID,Py~ Y f OCsi, Siv1, 1)dr |- f e” Zieint TCrS10) g 4.7)

i=0 <P €P
Thanks to this hypothesis, we already obtain a formulation of the in-scattered energy in the form we

were looking for, pre-integrated over a pixel P between the parameters sl and s2: Q(sl,s2, P) =
[ op Qs1, 52, r)dr.

We now need to get a similar expression for the pre-integration of the optical depth. To do so, we
need to bring the integration over P inside the inner sum of optical depths computed in the exponen-
tial. Instead of trying to pull the integration over P up in the exponential, we pull down the sum from
the exponential into a product of exponentials:

n

n
I(D,P)zz f OCsi Siv1, rdr | - f ]—[ e TS gy (4.8)
i=0

=0 \\ep ep J=iFl

In fact, this formulation as a product of exponentials corresponds exactly to the way transparency
T(sl,s2,r) = e 71527 g classically computed with a discrete integration on a given path along a ray
(cf. section 2.3.1). Thus, we chose to pre-integrate transparency instead of the optical depth itself.
With this formulation, the only operation remaining in order to get a formulation of the pre-integrated
transparency is to swap the integral over P and the product operator.

Once again, we rely on a correlation hypothesis. This time, the correlation hypothesis is a bit more
restrictive, since we need all successive optical depths T'; = e "G5+ to be decorrelated. This means
that along a given ray, successive optical depths (pre-computed along sub-paths) do not have a statis-
tical dependence. This hypothesis implies that initial densities (coming from the geometrical model)
should be distributed as randomly as possible inside a beam, on large distances'. We will see in Sec-
tion 4.4 that this is usually relatively true in the scenes we are interested in, and that violating this
hypothesis only has a limited impact on the rendering quality.

By definition of the correlation, correlation(a(),b()) =0 = [a(Ob() = [a() [ b(). Thus, thanks to
our non-correlation hypothesis, one can swap the integral over P and the product operator :

! However for short distances, correlation would be handled correctly since the integration would be pre-computed
correctly inside the pre-integrated sub-paths
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I(D,P) ~ Z[ fQ(si, s,~+1,r)dr]~ l_[ fe_T(S-/’S-"“’r)dr]] 4.9)
i=0 P

=0 \\Zp j=itl

We now get the two functions we want to pre-compute and store in our pre-integrated voxel represen-
tation, the average in-scattered energy Q and average transparency 7

0O(sl,s2,P) = f O(s1, s2, r)dr (4.10)
reP

T(sl,s2,P) = f e T6LI2N g 4.11)
reP

That leads us to the following render-time integration scheme that will be implemented by the render-
ing algorithm presented in Chapter 6:

n

ID,P) ~ Z[(é(si, sivt, P)) - | | (TG, sj+1,P))] (4.12)

i=0 Jj=i+l

4.2.2 Discrete composition scheme

Thanks to the model we just presented, and based on equation 4.12, it is possible to evaluate the
radiative light (D, P) coming from a beam, towards a pixel P, by sampling along a single ray.

To do so, we define a composition scheme that can be used to incrementally compute I(D, P). For
a pixel P, we define Q = @(s,-, si+1,P) and T, = T(Si, si+1, P), as well as accumulated energy I; at
position i and transparency 7;. This leads to the following front to back compositing scheme, with the
final I(D, P) = Iy :

I = I +T110; (4.13)
[; = TiTi (4.14)
with the initialization:
, = 0, (4.15)
[, = T, (4.16)

4.2.3 World-space definition

Based on the model we just described that is expressed in ray-space, we want to pre-compute the two
functions Q and T in world-space, so that they can be stored per-voxel in our MIP-map representa-
tion. Thus, we redefine these two functions depending on a position p, a direction d, a surface area of
integration s and a length of integration /:

@(p,d,s,l)z f (s, s + [, r)dr “4.17
re(s,p.d)
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T(p,d,s, ) = f e TSN gy (4.18)

re(s,p,d)

We will see in the next section how we discretize and store these 8D functions inside our voxel MIP-
map pyramid.

4.3 MIP-map pre-integration model

Our goal is to discretize our pre-integrated energy function

é(p, d, s,]) and pre-integrated transparency function T(p, d,s,l)

for non-overlapping cubical volumes stored in a set of regular voxel T
grids of decreasing resolutions organized as a 3D MIP-map pyra-

mid (Fig. right). Thus, we want to pre-compute these functions T
for a discrete set of positions p regularly distributed in space, and a
set of length of integration / corresponding to the size of the voxel,
and thus determining the level in the pyramid. As we want to main-
tain cubical voxels, we link this length of integration / to the sur-
face area parameter s that we pre-compute for square areas s = 2. Mipmap pyramid of pre-

Thus, the pre-computation over large pixel integration footprints integrated values

leads to long pre-integrated lengths, but this allows a storage inside cubical voxels and provides a
multiresolution scheme.

sa|dwps pajpjodiaqul
Alapauljlaponp

The pre-integrated transparency T stored per-voxel in our volumetric representation corresponds to
the transparency of the volume when seen through a section that has the same size is the voxel it is
stored in. Similarly, the pre-integrated in-scattered energy Q corresponds to the energy added along a
ray by the filtered materials represented inside a voxel. We will see that in practice, we do not want
to pre-integrate and store Q directly per voxel, but instead we want to store the shading parameters
allowing to dynamically compute Q at render time (Sec. 4.5).

With this representation, the only parameter remaining per voxel to fully represent Q(p, d, s, /) and
T(p,d, s, 1) is the direction of integration d. We propose two models for its representation: a sim-
ple anisotropic model storing an omnidirectional approximation of these two pre-integrated functions
(Sec. 4.6.3), as well as a more precise model storing a few discretized directions of integration that
are interpolated during rendering (Sec. 4.6.4).

" P

V;.Pre-integrated volumes
Figure 4.5. Accumulation along a single ray launched for given pixel of the pre-integrated sub-volumes stored
inside the MIP-map pyramid.

4.3.1 Quadrilinear interpolation

At render time, one ray is launched per pixel of the screen. Values are sampled along this ray inside
the MIP-map pyramid, at a level-of-detail (LOD) chosen in order to get a pre-integrated surface s
corresponding to the pixel size. Values for continuous volume positions p and continuous footprint
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areas s (and thus continuous length of integration /, since s and [ are linked) are reconstructed by in-
terpolation of the values stored inside the MIP-map pyramid. As we will detail in Section 5, we want
to rely on the GPU texture filtering hardware for this computation (cf. Section 1.3.4), which limits our
reconstruction filter to a quadrilinear interpolation. However, relying on a quadrilinear reconstruction
filter supposes that the sampled values can be reconstructed linearly.

We first discuss the interpolation inside a given MIP-map level in order to reconstruct values at con-
tinuous positions. If we consider a single ray, the pre-integrated transparency T does evolve bilinearly
on the plane orthogonal to the ray (parallel to the screen), and thus can be bilinearly interpolated on
this plane. Indeed, it is on this plane that the linear integration (pixel footprint averaging) of the pre-
integrated sub-paths is done. However, this pre-integrated transparency T does not evolve linearly in
the direction of the ray. In this direction, the transparency evolves exponentially due to the volume
rendering integration, and thus can not be linearly interpolated. The same linear interpolability issue
applies to the in-scattered energy Q that can be linearly interpolated orthogonally to a ray, but do not
in the direction of the ray due to the visibility integration in this direction. Since we don’t want to use
a totally custom interpolation scheme (to benefit from the hardware trilinear texture interpolation),
we rely on a linear interpolation in all axes. In practice, the impact on the rendering precision of this
approximation appeared to be negligible in most cases.

The remaining interpolation is the one that needs to be done between two MIP-map levels, in order
to reconstuct a continuous surface of integration s (since LOD footprints are quantified), and linked
length of integration /. Transparency evolves exponentially with the length of integration /. Thus,
since both Q and T contain a transparency value, these values do not evolve linearly between two
MIP-map levels. However, we chose to interpolate them linearly, once again for efficiency reasons,
and given the low impact on rendering quality in most cases.

4.3.2 Cone-shaped beams

As presented so far, our pre-integration model only allows the evaluation of the volume rendering in-
tegral inside orthographic beams generated by a parallel projection. We will now explain how we rely
on the MIP-map pyramid representation detailed in the previous section and storing our pre-integrated
energy and visibility functions to approximate cone-shaped beams generated by perspective projec-
tion.

Raycone __»
footprint

Quadrilinearly
interpolated samples >

Sparse mipmap pyramid of pre-
Voxel-based cone integrated values (Octree)

Figure 4.6. Illustration of one ray sampling using quadrilinear interpolation in the voxel mipmap pyramid.

In practice, for anti-aliasing, we rely on very thin cones (generated for each pixel) that can be con-
sidered as locally cylindrical. We approximate cone-shaped beams by simply varying the LOD used
in the MIP-map pyramid when sampling along a ray. The idea is, for each sample, to use the LOD
providing the surface of integration s approximating the section of the cone at the point where the
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sample is taken. This scheme is illustrated in Figure 4.7. As we have seen in the previous section,
interpolation must be used between the values stored for discrete area s in the levels of the MIP-map
pyramid, in order to get the exact area required for each sample.

Ep———

V;, Pre-integrated volumes

Figure 4.7. Illustration of a cone shaped beam approximated using our voxel-based cubical pre-integration. It
is computed efficiently using only a few samples taken along a single ray.

As illustrated in Figure 4.7, the local projection inside pre-integrated sub-volumes corresponds to an
orthographic projection, and not a perspective projection as would be expected. This simplification
leads to a parallax not taken into account locally in each beam part. This error increases as the size
of the pre-integrated volumes increases. In our typical case using thin cones for antialiasing, the
small parallax error that can appears inside sub-volumes integrations can be considered as negligible.
However, this error increases as much as the aperture of the cones increases.

Cone footprints

The second approximation we make with our approach is to approximate the cone footprint, with cu-
bically shaped sub-volumes aligned with the main axis of our MIP-map representation, as illustrated
in Figure 4.7. The first thing to note is that we consider the cone footprint because we represent pixels
as disks-shaped elements in order to simplify the representation.

Since values read in the MIP-map pyramid are interpolated both spatially and in resolution between
MIP-map levels, the exact footprint of a cone inside the voxel representation is not trivial to estimate.
In order to get an idea of this footprint, we display in Figure 4.8 the relative accumulated weight
of each voxel (splatted inside the maximum resolution of the MIP-map pyramid) in the quadrilinear
interpolation that is done each time they are accessed. Figure 4.8(a) presents these weights inside a
volume rendered in 3D for a cone aperture of 11.25°, and Figure 4.8(b) for an aperture of 22.5°. The
same experiment is presented for a 2D cut inside a volume in Figure 4.8(c). Even if the footprint
of a single cone appears blocky, it in fact approximates a Gaussian distribution centered around the
sampling ray. Thus, this approximation converges on a good quality sampling when multiple beams
are sent from neighboring pixels. Indeed, sampling a volume with such cones in fact globally ensures
energy-conservation. This is illustrated in Figure 4.8(d) that presents the same experiment for a set of
rays launched on an entire line of pixels. One can observe that voxels appear regularly sampled, with
a weight depending only on their distance to the screen (as expected).

(@) (b) (c) (d)
Figure 4.8. Display of the footprint of pre-integrated voxel cones, in 3D inside a volume (a, b) and inside a
single slice of a volume for a single ray (c) and for a set of rays launched on a whole line of pixels (d).
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4.4 The decorrelation hypothesis

When we defined our pre-integrated cone-tracing model in Section 4.2.1, we relied on two decorre-
lation hypotheses. These hypotheses on the definition of the scenes we can render accurately define
the limits of our model. However, we will see in this section that these hypothesis do not represent a
strong restriction on the data we can represent, and that the impact of violating these hypothesis on
the rendering quality is very limited in typical scenes.

Correlation-aware filtering is still an open problem that goes beyond the scope of this work and was
not handled in this thesis. It is the topic of another thesis currently in progress.

4.4.1 Decorrelation of densities along a beam

As we have seen in Section 4.2.1, we base the definition of both the in-scattered energy ¢ and the total
absorption coefficient y upon a volume density distribution model. The two decorrelation hypotheses
are in fact related to a more general hypothesis on this distribution of densities in our scene.

To ensure the two decorrelation hypotheses, it is enough to ensure that inside a given beam gener-
ated from a screen pixel, densities coming from the geometrical model are randomly distributed on
medium-scale distances (larger than the pre-integrated sub-paths)>. With this hypothesis, it is possi-
ble to ensure that the energy Q in-scattered in a ray by a given pre-integrated sub-path is decorrelated
from the total absorption happening from this sub-path back to the eye (first decorrelation hypothesis
used for equation 4.7). It also ensures that successive pre-integrated transparencies 7 along a ray are
decorrelated (second decorrelation hypothesis used for equation 4.9)

4.4.2 Impact of the correlation

This constraint on the distribution of densities inside ray-beams means that in order to produce an
accurate rendering, initial densities coming from the geometrical model should be distributed as ran-
domly as possible when seen through a beam. For instance, this hypothesis is violated when ob-
serving long alignments of similar densities (partial occupancy), like a wall seen from the edge (as
illustrated in Figure 4.10c). However, correlation of densities is correctly handled locally within
the pre-integrated volumes, so problems appear only for large-scale correlations, when multiple pre-
filtered volumes are correlated along a ray. Such a large scale correlation is less likely to happen than
local correlations.

Voxels

Screen
Screen

(b) (0)

Figure 4.9. Illustration of the result on the screen of volume integration with a lateral per-voxel linear inter-
polation, with one opaque voxel (a) two correlated opaque voxels (b) and three correlated opaque voxels (c).
Correlated cases lead to a non-linear integrated lateral opacity (depicted as a red curve on screens) that diverges
from the expected linear result, since (b) and (c) screen results should be the same than (a).

Large scale density correlations lead to an over-estimation of the integrated occlusion (¢ = 1 — T)
due to the violation of the second decorrelation hypothesis. This situation is illustrated in Figure 4.9

2Shortscale correlations can be accounted in the pre-integration
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for a simple exaggerated case. An alignment of linear gradients of opacity in voxel space seen from
the edge should result in the same gradient in screen space if integrated correctly. However with
our model, such an alignment would result in an exponential gradient in screen space, leading to an
over-estimation of the opacity. This error tends to make filtered objects appear a little bit larger in
screen-space than they should be. However, since we use thin cones to approximate the energy com-
ing through pixels of the screen, in the worst case the maximum error that can occur due to correlated
situation is no more than the width of one pixel on the screen, which is nearly unnoticeable. The prob-
lem becomes worse when the aperture of the cones is increased (for instance when approximating a
depth-of-field effect as detailed in Section 8.3).

On the other side, the violation of the first decorrelation hypothesis (equation 4.7) would result in oc-
cluded energy to be considered. This problem is potentially compensated partly by the over-estimation
of the opacity. This can lead to the integration in the final color of a pixel of color contributions com-
ing from occluded materials. But once again, since we rely on thin cones, this error is practically
imperceptible in most cases.

4.4.3 Typical cases

In addition to the limited impact of correlation on the rendering precision when using thin cones, this
problem of correlation appears only in specific situations that are not very common. Three typical
rendering situations (corresponding to the typical scenes we are interested in, cf. section 1.4.2) are
depicted in Figure 4.10. In situation (a), short density alignment are encountered, leading to very
small rendering errors. In situation (b), rays traverse only a single pre-integrated voxel, leading to
zero integration error. Situation (c) is the only situation where important errors can be observed: de-
spite traversing many partly occupied voxels (@ = (1 —T) = 0.5), the final total opacity of the selected
pixel should be a = 0.5, but we overestimate it.
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Figure 4.10. Illustration of three typical rendering situations with the comparison between obtained and ex-
pected screen-space results for a cylindrical beam launched for each pixel.

4.5 Pre-filtering shading parameters : toward a multiresolution re-
flectance model

The model as described thus far assumed that the reflected energy j was entirely known before render-
ing, and we stored its pre-integrated value Q in the pre-computed MIP-map representation. In order to
allow fully dynamic lighting computation, we will now explain how it is possible to factor the lighting
computation out of the pre-integration of j inside Q, and to pre-integrate only material parameters.
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Figure 4.11. Illustration of our local shading model based on pre-filtered surface and material parameters.

Each voxel at a given LOD of the pre-integrated MIP-map pyramid must represent the light behavior
of the lower levels - and thus, of the whole scene span it represents. As we have seen in Section 2.1.2,
texture pre-filtering techniques rely on the fact that, under some linearity assumptions, it is possible
to factor-out from the shading integration some shading parameters and to pre-filter them separately
in order to produce antialiased rendering. This operation is possible only when the shading parame-
ters that are factored-out have a linear relationship to the final color, meaning they are involved only
linearly in the shading function.

4.5.1 Material parameters

Many different lighting models and material parameters can be used. In this section, we will only
describe the parameters used to compute a simple local shading model, assuming single scattering.
This is the model we used for most of the examples presented in this thesis. A more complex model
allowing indirect lighting will be described in Chapter 9. This simple model is based on a single
vector of material colors Crgp, a surface normal N and a global analytical BRDF (Phong). Since the
material color has a linear relationship to the final color in the shading computation, it can be freely
factored-out and pre-integrated separately. We store a vector of pre-integrated color values Crgp for
each voxel of our representation and filter it during the MIP-map construction described in Section 4.6.
Things are more difficult concerning the normals, as we have seen in previous work (Sec. 2.1.2), a
simple vector-based normal description can not be linearly filtered. Thus, we rely on a normal dis-
tribution function stored per-voxel and representing the filtered distribution of surface normals in a
given volume. The simple normal distribution model we chose to use is described in Section 4.5.2.

More precise material definitions and varying BRDFs models could be used, but this was not the focus
of our work.

4.5.2 Simple normal distribution function

While the material color can be freely pre-integrated, it is not the case for the surface normal infor-
mation N that is needed to compute a local shading model. As we have seen in Section 2.1.2, filtering
normal map representations has been a long studied problem. Normal map filtering approaches are
based on the idea of representing the normal information using a statistical distribution of normal
directions over a surface (called normal distribution function, NDF), that can be linearly filtered. Ac-
curate NDF representations (based on spherical harmonics for instance) have been proposed in the
past [Fou92b, HSRGO7, BN11]. While such representations are totally allowed by our model and are
required for a high degree of filtering (when many objects are aggregated), we considered them too
memory-intensive for moderate filtering. Instead in our examples, we choose to store only isotropic
Gaussian lobes characterized by an average vector D and a standard deviation o as proposed by
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Toksvig [TokO5]. In order to ease the pre-filtering (computation of the MIP-map pyramid) and inter-
polation, the variance is encoded via the norm |D| such that o> = %. This representation supposes
an anisotropic sub-geometry distribution, a moderate filtering and a single filtered face per-voxel.

4.5.3 Local shading model

At render time, the actual pre-integrated in-scattered energy Q is computed for each sample taken
inside the voxel representation. This computation is done by applying a local shading model (in our
examples a simple Phong), based on the vector of material colors ERG B, the filtered normal distribution
(NDF) N and the directions to the eye, and to the point light source.

For this, we have to account for the variations in the embedded directions and scalar attributes. For
relatively large cone apertures, the span of the cone that is currently accumulating the current voxel
must also be taken into account as illustrated in Figure 4.12. As shown in [Fou92b, HSRGO7], this
can conveniently be translated into convolutions, provided that the elements are decomposed into lobe
shapes. In our case, we have to convolve the NDF, the BRDF and the span of the view cone, the first
already being represented as Gaussian lobes (cf. previous Section).

We consider the Phong BRDF, i.e., a large diffuse lobe and a specular lobe which can be expressed
as Gaussian lobes. Nonetheless, our lighting scheme could be easily extended to any lobe-mixture
BRDE. As previously discussed, the NDF can be computed from the length of the averaged normal

vector |N| that is stored in the voxels, via the approach proposed by [Tok05] (o2 = %).

We fit a distribution to the view cone, by observing (Fig. 4.12), that the distribution of directions going
from a filtered voxel towards the origin of a view cone is the same as the distribution of directions from
the origin of the cone towards the considered voxel. We represent this distribution with a Gaussian
lobe of standard deviation o, = cos(i), where s is the view cone’s aperture.

Figure 4.12. Illustration of the direction distribution computed on a filtered surface volume from an incident
cone.
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4.6 Practical implementation of the model

4.6.1 Initial voxelization of surface geometry

B-rep representation is the standard representation of shapes in computer graphics. Although if our
model supports any input representation, an important element to determine is how a B-rep geome-
try is transformed into a volume density representation. Generally, we represent watertight (closed)
geometry with a solid voxelization (filling inside objects volume). Non-watertight geometry (like the
leaves of a tree) can also be voxelized simply with a surface voxelization, with each intersected voxel
assigned an arbitrary density (usually full).

Our goal is to obtain an average material color Crgp, a normal distribution N and a transparency 7 for
the maximum resolution level of our MIP-map multiresolution representation. Then, we will be able
to filter and pre-integrate these parameters inside the inner levels of the MIP-map pyramid (cf. next
sections). This voxelization is ensured by our GPU producer model presented in Section 7.4.

For each voxel at maximum resolution, a total density p is computed by approximating the union
of the volume of the intersection of all objects (in case of watertight geometry) with this voxel. An
average absorption coeflicient «” is also estimated simply based on the transparency of all intersecting
objects. Taking «” into account during the voxelization makes it possible to represent and filter semi-
transparent objects. Following the density model presented in Section 4.2.1, both «” and p are used to
compute a weighted absorption x = «’p. It is used to compute an average transparency T = ¢ **x for
the voxel, with A, the size of a voxel. On the other hand, an average vector of material colors Cggp is
computed by averaging the vectors of material colors of every intersecting geometry, scaled by their
ratio of density relative to the total density p of the voxel. Similarly, we also compute a normal dis-
tribution N combining the average normal (in the voxel) of all intersecting geometry scaled by their
ratio of density.

In practice, we store Cggp and T as an RGBA value, with the opacity component @« = 1 — T. The
RGB color component is an opacity weighted color RGB = aCrgp in order to provide a correct linear
interpolation that does not suffer from bleeding of transparent colors. Following the simple model
described in Section 4.5.2, the normal distribution N is stored as a simple 3D vector Ny,.. It is also
pre-multiplied by « for a better interpolation.

4.6.2 Isotropic and anisotropic voxel representations

In the MIP-map model for pre-integrated cone tracing presented in Section 4.3, the discretization of
the parameter d defining the direction of pre-integration inside a given voxel was not defined. We
propose two practical implementations for the discretization of this parameter. The first implementa-
tion neglect this direction parameter and considers isotropic per-voxel values. The second proposes a
simple approximation of anisotropic per-voxel values based on a discretization along the six principal
directions.

4.6.3 Compact isotropic voxels

The advantage of the isotropic voxel representation is its compactness, since only one value needs to
be stored for each parameter maintained per-voxel. This is the implementation we use for nearly all
examples shown in this thesis, apart in Chapter 9.

This representation is a rough approximation of our theoretical pre-integration model. The MIP-map
pyramid is built from top to bottom, starting from the highest resolution. Instead of pre-computing
the actual volume integration model for the parameters T, Crgp and N (the normal distribution), we
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neglect the visibility inside pre-integrated volumes. Thus, we simply apply a traditional MIP-mapping
scheme. In order to compute a lower resolution voxel from the immediately higher resolution ones,
we simply average the parameters (presented in the previous section) of the 8 higher resolution voxels.

In practice, this implementation works pretty well for antialiasing of primary rendering rays that are
relatively thin. However, it becomes insufficient when large cones are required. This is the case for the
depth-of-field model presented in Section 8.3.2, or the indirect lighting model presented in Section 9.

Rendering with isotropic voxels

The transparency 7', and also the opacity « = 1 — T, are values that depend on the length of the
traversed medium. With the approach we just described, the opacity « stored in a voxel at a given res-
olution in the MIP-map pyramid is not defined for the scale of this voxel. Due to the averaging we use
to compute the MIP-maps, it is defined for the scale A, of a voxel at the highest resolution. The nice
thing is that this allows us to adapt the opacity sampled inside our representation during ray-casting to
the actual step taken between successive samples and corresponding to the actual length of integration
of each sub-volume. Thus, if opacity values are sampled along a ray separated by a distance A’, these
values must be corrected with o’ = (1 — @)+/4x,

4.6.4 Anisotropic voxels for improved cone-tracing

While the voxel representation we describedso far already provides a good approximation of the vis-
ibility when tracing thin cones, it poses several quality problems for large cones that we propose to
address. To do so, we propose a directional voxel model that implements our pre-integrated geometry
model presented in Section 4.3 much more precisely.

The first problem with the isotropic model known as the two red-green walls problem is illustrated
in Figure 4.13. This problem is linked to the way we rely on averaged values in the octree as a
pre-integrated visibility value for a given volume. With this approach, when two opaque voxels with
different colors (or any other value) -coming from two plain walls for instance- get averaged in the
upper level of the octree, their colors get mixed as if the two walls were semi-transparent. The same
problem occurs for opacity, when a set of 2x2x2 voxels that is half filled with opaque voxels and half
filled with fully transparent ones, the resulting averaged voxel will be half-transparent. This wrong
estimation of the opacity and the wrong mix of materials can cause visible artefacts when using too
large cones (as it is the case for the indirect lighting approach presented in Chapter 9).

Ideally, we would like to accurately encode the directional parameters d for
both the T(p, d, s,/) and the @(p, d, s,]) functions (cf. Section 4.2) inside
our MIP-map representation. This would allow a mipmapped voxel to be
fully opaque when seen normally to the half set of opaque voxels, and half-
transparent when seen tangentially to the set (Fig. right). In the two walls
case, we would like the mipmapped voxel to be red when seen from the red
side, green when seen from the green side, and a mix of the two when seen
tangentially.

Storing values for a precise discretization of d would be very costly. To ap-
proach that goal, we propose an anisotropic voxel representation that is built
during the MIP-mapping process, when building or updating the octree with
irradiance values. Instead of a single channel of non-directional values, voxels
store 6 channels of directional values, one per major direction. As illustrated in Figure 4.13, a direc-
tional value is computed by doing a step of volumetric integration in depth, and then averaging the 4
directional values to get the resulting value for one given direction. At render time, the voxel value is
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retrieved by linearly interpolating the values from the 3 directions closest to the direction the voxel is
viewed.

Figure 4.13. Ilustration of the voxel MIP-mapping process without (left) and with (right) anisotropic voxels
and directional pre-integration. The directional integration steps is illustrated in the right green box.

We chose this simple representation instead of a more complicated one because it is fully interpolable
and can be integrated easily to our voxel storage (cf. Chapter 5). In addition, this directional repre-
sentation needs only to be used for voxels that are not at the full resolution and are not located in the
last level of the octree. Thus, storing directional values for all the properties present in our structure
only increases the memory consumption by 1.5x.

A comparison of image quality between isotropic and anisotropic pre-integrated voxel representations
is presented in Figure 4.14. Voxels are sampled directly from a proxy surface geometry and voxel
view direction is provided by the normal of the proxy geometry. One can observe that many more
details can be captured and reproduced thanks to the isotropic voxel representation.

Figure 4.14. Image comparison with direct voxel sampling on a proxy surface geometry from the octree
between isotropic voxels (left) and anisotropic voxels (right). Observed voxel direction is given by the normal
of the geometry.
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4.7 Conclusion

In this chapter, we presented our new voxel-based filtered geometry representation together with its
multiresolution pre-integration scheme. This representation is the foundation for our approximate
cone-tracing approach providing a fast estimation of visibility and light transport integration inside a
beam using only a single ray. This voxel model will be stored inside our sparse hierarchical GPU data
structure presented in chapter 5, and the cone tracing scheme will be implemented by our rendering
algorithm presented in chapter 6.

Even if our pre-integrated cone tracing model does not always produce very precise results, especially
in case of large cones, it provides the great advantage of always computing smooth results. Indeed,
the main problem with stochastic supersampling approaches (Sec. 2.1.1) is that they generate a lot of
noise, especially when evaluating large cones (for indirect lighting for instance), which is a lot worse
for realism than a global imprecision. We will see in sections 8.3 how this nice property can be ex-
ploited to very efficiently estimate soft shadows and depth-of-field effects. We will also demonstrate
in chapter 9 how our voxel cone tracing model can be used to estimate indirect lighting in real-time.



Data Structure

Figure 5.1. Spatial partitioning of the octree structure. Left: A voxelized version of the Stanford XYZRGB-
Dragon model (10243 voxels) rendered at around 8OF PS . Right: A 20483 voxels lion model modelized directly
in voxels using 3D-Coat [Shp! 1] and rendered at 60 — 80F PS with GigaVoxels on NVIDIA GTX 480.

In this chapter, we present our generalized data structure and discuss its condensed representation on
the GPU. The design of a data structure suitable for manipulating very large data sets is one of the
three key elements (along with the rendering algorithm and the out-of-core streaming mechanism) of
our voxel rendering system.

Our structure provides a compact storage of the dataset, allows a fast traversal for rendering opera-
tions (Sec. 6) and is easy to modify, allowing interactive updates (Sec. 7). It provides a fast logarithmic
complexity access to the entire dataset and all MIP-map resolutions. It is also designed to allow the
storage of multiple scalar or vector material and shading parameters in order to allow the implemen-
tation of arbitrary shading models.
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5.1 The octree-based voxel MIP-map pyramid: A sparse multi-resolution
structure

An adaptive space subdivision is essential to render large volumetric scenes and to adapt to memory
limited environments. Such a hierarchical representation allows us to adapt the volume’s internal res-
olution, to compact empty spaces, and to omit occluded parts according to the current point of view.
This reduces enormously the memory consumption and avoids storing the entire information on the
GPU.

< :

(a) (b)

Figure 5.2. Illustration in 2D of our 3D sparse MIP-map pyramid representation, (a) Full MIP-map pyramid,
(b) Sparse MIP-map and an illustrative corresponding octree structure.

5.1.1 Octree + Bricks representation

The structure we designed is a combined structure, mixing both the advantages of a hierarchical rep-
resentation and a regular structure. It is based on a generalized octree structure, for hierarchical space
subdivision (similarly to [LHNO5b]), with a small voxel volume associated with each non-empty/non-
constant node. These small volumes are low resolution regular grids we refer to as bricks. A brick
is a small voxel grid of some predefined size M> (usually M = 8) that approximates the part of the
original volume that corresponds to an octree node (similarly to [CB0O4a, GMAGO8]). For example,
the brick for a root node would be an M? voxel approximation of the entire data set. This kind of
scheme corresponds to a hierarchical bricking scheme as described in Section 2.4.4.

This data representation thus combines the memory efficiency of an adapted structure with small 3D
texture units that can be efficiently cached and allows us to exploit the hardware support of 3D textures
to accelerate rendering (Sec. 6). Figure 5.3 summarizes the data structure of our approach and will be
of help during the following discussion. In 2007 when it was designed and presented, we were among
the first to propose such a kind of structure that can be efficiently traversed entirely on the GPU.
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Figure 5.3. Our sparse voxel octree data structure. This structure stores a whole voxel scene or object filtered at
multiple resolutions. Bricks are referenced by octree nodes providing a sparse MipMap pyramid of the voxels.

Such a structure combines two major advantages: the octree leads to a compact storage (empty space
skipping, occlusion culling, local refinement), whereas the bricks are implemented as small 3D tex-
tures and, thus, benefit from hardware-based interpolation and cache coherence. Another advantage
is the constant size of the node and brick data types. Consequently, it is simple to store them densely
in memory pools on the GPU (Sec. 5.2.1). This facilitates the update mechanisms which are crucial
to ensure the presence of the data needed to produce the output image (Ch. 7).

An important property of this structure is that it provides information at multiple scales, in order to
match the resolution needed for a given point of view. The bricks linked by interior nodes of the octree
contains filtered data obtained by downsampling higher resolution data located in child nodes. This
filtered data will also enable us to perform high-quality filtering via mipmaps (cf. Section 4.2).

5.1.2 Constant regions and frequency-based compression

Instead of storing a brick pointer, we further allow each node of the octree to store a constant value.
Storing a single value in the case of almost homogeneous regions (empty or core) reduces memory
requirements enormously. In addition, during rendering we can avoid traversing constant regions by
directly computing the region’s contribution by using the single constant value.

Boada et al. [BNSO1] presented a similar approach with the same data structure but introduced the
idea of using a frequency-based level-of-detail selection based on a data homogeneity measure when
building the set of octree nodes to be stored for rendering (the cut).

More generally, the maximum level of subdivision of the octree is determined by the frequency of
variation of the data (homogeneity) in the spirit of [BNSO1]. Indeed, low frequency data like smooth
gradients can be accurately reconstructed by linear interpolation of low resolution voxel data, and do
not require a deep subdivision of the octree. Such data variations are detected during the building of
the structure (cf. Chapter 7) and used as the main criteria to determine the level of subdivision of the
tree.
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Figure 5.4. Illustration of constant regions encoding inside a voxelized mesh. Source: [SS10]

5.1.3 The N3-tree : A Generalized Octree

The organization we just presented is flexible enough to rely on generalized octrees called N3-trees
(similar to [LHNO5a]), partitioning space and subdivided through an adaptive LOD mechanism driven
by visibility, data frequency and distance to the current point of view. Low-frequency regions are not
subdivided (LOD of visible leaves is the coarsest of distance-based and content-based LODs).

Each node in an N3-tree can be subdivided into N3-uniform children, hence its name. In the case of
N = 2, this results in a standard octree, but using a different N can modify the algorithm’s behavior.
A trade-off between memory efficiency (low N, deep tree) and traversal efficiency (large N, shallow
tree) is easily possible and can be adapted to the repartition of the input data at each scale.

5.1.4 The bricks

The 3D bricks linked by the nodes at each level of the octree are used to provide a fast and interpo-
lated access to the actual voxel data. They are stored inside texture memory allowing them to benefit
from the support of hardware accelerated interpolation and 3D-local cache. Each brick voxel can
store multiple channels of values used for rendering, usually at least a color, an opacity and a normal
distribution (for shading). As illustrated in Figure 5.5, brick voxels can be located either at the center
of octree nodes, or at the corners.

Brick borders and voxel centering

In order to ensure a correct trilinear interpolation by the hardware at brick boundaries, some voxels
must be replicated between adjacent bricks. Replication-free interpolation schemes have been pro-
posed in the past [LLL.Y06], but this comes at the cost of a high runtime access overhead that we want
to avoid. In the case of node-centered voxels, an additional one voxel border must be added around
all the bricks, replicating neighboring bricks voxels. This border introduces a lot of redundancy in
the stored voxel data as illustrated in Figure 5.6. The redundancy is especially important when small
bricks are used, and can induce an important storage overhead. Thus, such a configuration must be
used with sufficiently large bricks, in our case we use bricks of at least 8 voxels (without border).
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Figure 5.5. Comparison between bricks with voxels on node centers (a) and voxels on node corners (b). We
show two bricks (blue an green) et different levels of the tree, brick voxels are represented by colored circles.

Corner-centered voxels allow us to reduce this overhead by providing all data necessary for a correct
interpolation inside octree nodes, but using one less voxel on each dimension. Such a brick config-
uration allows using much smaller bricks and so provides better data compaction and empty-space
skipping. However, corner-centered voxels induce a more complicated filtering process when com-
puting the MIP-map pyramid. While MIP-mapping node-centered voxels can be done using a simple
box filter, corner-centered voxels require the use of a 3*-Gaussian weighting kernel which, for our
case, is an optimal reconstruction filter [FP02a].
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Figure 5.6. Factor of increase in size induced by the replication of voxels between bricks depending on the
brick resolution and both in case of node-centered and corner-centered configurations.

Brick neighbors for interpolation

In order to ensure a correct interpolation between data located in different neighboring nodes of the
octree, special care must be taken with the voxels located on the border octree nodes. Indeed, as
illustrated in Figure 5.7, if any voxel located on the boundary of a brick is not "empty" (or does not
have the same value as the constant value of the neighboring node), then a brick must be attached to
the neighboring node at the same LOD in order to ensure a correct interpolation of any sample taken
inside the neighboring node near the boundary. Thus, within this constraint, an unsubdivided neighbor
could get subdivided in order to provide a brick at the same resolution. Note that this constraint can
be relaxed with very few and imperceptible visual artifacts by allowing the neighboring node to be
subdivided one level higher than the node containing the boundary voxel, providing a brick at half the
resolution of the neighboring brick.
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Figure 5.7. Illustration of a configuration where no neighboring brick is needed (a), nodes containing a brick
are colored blue, "non-empty" voxels inside the displayed brick are colored green and "empty" voxels are col-
ored blue. Illustration of a configuration where additional neighboring bricks are needed (b) due to voxels
located on the boundary of the node. Modified octree with necessary octree subdivision and new bricks (c).

5.2 GPU implementation

Figure 5.8 summarizes the data structure of our approach and might be helpful during the following
discussion of the implementation.

Our octree structure is implemented as a pointer-based tree. Other approaches like [GMAGO8] (de-
veloped in parallel with ours) requires eight pointers to be stored for each node (in the case of an
octree) for the child, as well as pointers to neighboring nodes. Our structure is much more compact
and requires only a single pointer per node for the child. To make this possible, nodes are organized
into blocks of N3 nodes sharing the same parent node and stored contiguously in memory. Grouping
the children of a node in one such block makes it possible to access all N* child nodes with a single
pointer. In this way, not only is coherence largely improved during the traversal, but also memory re-
quirements are largely reduced. The main focus of our implementation has been to keep the structure
as compact and simple as possible, in order to provide a minimal memory occupancy, good caching
behavior and allow fast incremental updates (Sec. 7).

Even though our structure does not exhibit neighbor pointers between adjacent nodes, we will show in
Section 6.1 that an efficient traversal remains possible. Each tree node also contains a pointer towards
a brick or is indicated as constant/empty space (homogeneous volume).

5.2.1 Structure storage: the pools

Our data structure is stored in pre-allocated GPU memory regions we call pools. These pools are used
as application managed caches (cf. Section 7.3), and their size is fixed once at initialization time. In
a video-game context, they would be chosen depending on available video memory and bandwidth
between GPU and CPU. The node pool stores the octree as a pointer-based tree and the bricks are
organized into a brick pool.
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Figure 5.8. Our sparse voxel octree structure and its storage inside video memory. Nodes of the octree are
stored in 2 X 2 X 2 node tiles inside a node pool located in video memory, Bricks are stored inside a brick pool
implemented as a large 3D texture.

Node pool

The node pool is implemented in global linear GPU memory (cf. Section 1.3). It is accessed from
the GPU (a CUDA kernel or a Shader) through an 1D linear cache that can be either the texture cache
on Pre-Fermi GPUs or the generic global cache hierarchy. In order to provide a good cache behav-
ior when accessing the structure, a single entity in the node cache actually regroups the N X N X N
sub-nodes of the same parent node, instead of storing each node separately. We call these 2 X 2 X 2
nodes organization a node tile. To enhance traversal efficiency during rendering, both parts of a node
description (sub-node pointer and data, cf. Figure 5.10) are not interleaved in memory, but stored in
two separate arrays. Indeed, since each part of the node description is not used in the same render-
ing sequence, this allows us to further enhance data access coalescing and texture cache efficiency.
This kind of memory organization, where the members of a set of structures are grouped and stored
continuously in memory is a classical approach in parallel computing. This memory organization is
called Structure Of Arrays (SOA), as opposed to Array Of Structures (AOS) that interleaves structure
members in memory.

Brick pool

On the other hand, the brick pool is implemented in texture memory (cf. Section 1.3), in order to be
able to use hardware texture interpolation, 3D addressing, as well as a caching optimized for 3D lo-
cality (cf. Section A.1). Brick voxels can store multiple scalar or vector values (Color, normal, texture
coordinates, material information ...). These values must be linearly interpolable in order to ensure a
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correct reconstruction when sampled during rendering. Each value is stored in separate "layer" of the
brick pool, similarly to the memory organization used for the node pool.

Figure 5.9. Illustration of the packing of non-empty bricks of our sparse voxle octree inside a 3D texture-based
brick pool.

5.2.2 Octree nodes encoding

Although the octree structure memory occupation is much lower than for the bricks, having a com-
pact representation is still very important for rendering, in order to reduce the amount of data read
during the traversal of the tree, and to maximize cache efficiency. In addition, updates to the structure
(Chap. 7) can also be achieved more efficiently and with less bandwidth usage.

Figure 5.10 shows the data elements in an octree node. Each node is composed of a data entry, and a
sub-node (child) pointer. The data can either be a constant value (for empty/homogeneous volume),
or a pointer towards a brick (a small texture). As indicated before, each entity in the node pool cor-
responds to N3 (usually eight) sub-nodes. It is exactly this property that allows us to only rely on a
single child pointer. Because all sub-nodes are stored contiguously in memory, one can address any
single one by adding a constant offset to the pointer.

Figure 5.10. Compact octree node encoding into two 32bits values.

Our structure produces a very compact octree encoding as each node is represented by only two 32bit
integer values. The first integer is used to define the octree structure, the second to associate volume
data. Of the first, one bit indicates whether a node is terminal, which means refined to a maximum, or
whether the original volume still contains more data and so the node could be subdivided if needed.
Another bit is used to indicate the nature of the second integer value, either it represents a constant
color or a pointer to a brick encoded on 30 bits. The same amount, 30 bits, is used for the child pointer
to the sub-nodes.



103

Pointers representation and scalability

One can see the 30 bit pointer representation we are using as a limiting factor for the scalability of
our approach. Indeed, such pointers when used as traditional pointers would only allow us to address
1GB of data. That means that the size of the pools we are manipulating would be limited to 1GB,
while current generation video cards loads between 1GB and 4GB of video memory. This restriction
would not be currently a problem for the node pool that does not require big storage compared to the
brick pool that actually stores voxel data. It would indeed be a problem for the brick pool that should
be able to fill nearly all the available video memory. In addition, we would like our implementation
choices to stay valid for some years with the amount of embedded video memory increasing quickly.

To overcome this problem and increase the number of elements we can address, we chose not to di-
rectly store GPU memory addresses (in Bytes) of individual elements (nodes or voxels). Instead, we
chose to reference the groups of elements stored inside the pools. These groups are node tiles for child
pointers and bricks of voxels for the brick pointer.

The actual encoding we are using depends on the natural addressing of the actual storage (Texture or
video memory) of the referenced data:

o Node pointer: the index in the pool of the node tiles is stored. Each node tiles is made of N°
nodes and each node is 8 Bytes. For an octree (N = 2), our representation can manipulate node
pools of 230 x 8 x 23 Byte = 64GB.

¢ Brick pointer: bricks are stored in pools located in a 3D texture memory. 3D texture memory
is addressed using a three coordinates vector representing the XYZ position of the voxel in the
texture. We chose to keep this 3D representation in order to maintain a fast conversion into nat-
ural addresses. A brick pointer encodes the 3D index of a brick in the brick pool with three 10bit
XYZ coordinates as illustrated in figure 5.10. In case of bricks of size 8 and containing 4Bytes
voxels (RGBAS), this representation allows to manipulate brick pools of 230 x 83 x 4Byte = 2TB.
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5.3 Structure characteristics

In order to analyze the main characteristics in terms

of compaction of voxel data, we present the analy-

sis of the structure generated for 2 typical scenes,

the Sponza and the Coral scene presented in the

right figure. Figure 5.11 presents the memory occu-

pancy of both the bricks (left) and the octree struc-

ture (right) depending on the resolution of the brick,

and the voxel centering scheme that is used (node-

centered or corner-centered voxels, cf. Section 5.1.4). We limited the octree subdivision to the level
9, providing a virtual resolution of 512°. One RGBA vector with one Byte per component (RGBAS)
is stored per voxel. With a dense storage inside a regular grid, a MIP-map hierarchy with a maximum
resolution of 5123 storing RGBAS values per voxel takes 1023MB in memory.

For these two typical scenes, we observe that the optimal configuration in terms of storage cost is
the use of 43 voxels bricks with corner-centered voxels. For the Sponza scene, this configuration
leads to a total storage cost (bricks+octree) of 68.48M B + 1.93MB = 70.41 M B for the whole sparse
MIP-map pyramid. In this case, our structure requires only 6.88% of the storage required by a dense
representation. For the Coral scene, our representation requires only 4.9% of the storage of a dense
representation. We also observe that in this configuration, for corner-centered voxels, the overhead
induced by the border (for correct inter-brick interpolation) is around 95%, thus nearly doubling the
memory requirement.
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Figure 5.11. Comparison of the storage cost of our octree + brick structure depending on the resolution of the
bricks and the voxel centering scheme for the Sponza scene (top) and the Coral scene (bottom).



Rendering

Figure 6.1. Examples of renderings done with GigaVoxels. Left: Real-time rendering of a voxelized mesh
object enhanced with a procedural noise (30FPS on NVIDIA 8800GTS). Right: Interactive rendering (20FPS
on GTX280) of a voxel based medical dataset generated from CT scan (2048°, 32GB on disc).

In this chapter, we will discuss how to render the volume representation of a scene stored inside the
octree-based structure described in the previous chapter. This rendering implements, for each pixel of
the screen, our pre-integrated voxel cone tracing algorithm presented in Chapter 4. The rendering as
described here assumes that the data structure contains all data necessary for rendering. Refinement
and update mechanisms will be discussed in the next chapter.
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6.1 Hierarchical volume ray-casting

The color of each pixel is evaluated by traversing the structure using volume ray-casting [K'W03a,
RGW™'03, Sch05], executed on the GPU using either a CUDA kernel or a fragment shader. In or-
der to proceed in parallel, we generate one thread per screen pixel, each tracking one ray through
the structure as illustrated in Figure 6.2. Each ray implements our cone tracing model described in
Section 4.2 in order to evaluate the volume-rendering integral (cf. Section 2.3.1) and to produce an
accurate antialiased rendering as illustrated in Figure 6.3.

Basically, view rays are initialized on the near plane of the cur-
rent view, covering the whole screen and traversing the scene
front to back. Starting from the near plane, we accumulate color
C and opacity «, until we leave the volume, or the opacity sat-
urates (meaning that the matter becomes opaque) so that farther
elements would be hidden (similarly to early ray termination
in [Sch05]).

Alternatively, when adding volumetric details on a triangle

mesh for instance, a proxy surface can be used to initialize the

view rays. An approximate geometry that contains the non-

empty areas of the volume can be rasterized, delivering the ori- Figure 6.2. Illustration of the volume
gins and directions of the rays. This also provides a starting ray-casting process launching one ray
point and an exit point for each ray, speeding-up the skipping Pper pixel and traversing the hierarchi-
of empty spaces. This proxy geometry can also simply be the cal structure.

bounding box of the scene, when observed from the outside.

Figure 6.3. Our method (top) based on pre-integrated voxel cone tracing does not show the aliasing artifacts
of standard ray-casting with one ray per pixel (bottom).

6.1.1 Global scheme

Each view ray implements the cone-tracing algorithm presented in Section 4.2 that provides us with
an accurate multiresolution rendering scheme. Our data structure (presented in Chapter 5) encodes
a sparse MIP-map pyramid in order to provide different levels of details (LOD). As we have seen in
Chapter 4, each such level contains pre-integrated volumes at a different resolution.

To trace a cone and compute the color of a pixel, successive samples need to be taken along the view
ray inside our sparse MIP-map pyramid. The LOD (Level-Of-Detail) of each sample is chosen in
order to account for the correct pre-integrated volume, and correctly approximate the footprint of the
cone as detailed in Section 4.2 and illustrated in Figure 6.4.

For each sample, pre-integrated geometry and material parameters Cgrgp and N are transformed
(through the application of the local shading model presented in Section 4.5.3) into a pre-integrated
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in-scattered energy Q that can be accumulated. The accumulation scheme implements our discrete
front to back composition scheme based on Q and T and described in Section 4.2.2.

As detailed in Chapter 5, our sparse data structure is made of an octree with a brick or a constant value
linked to each node. The main problem when implementing this scheme is to traverse efficiently the
octree structure as well as the associated bricks on the GPU.

Ray cone
footprint

Quadrilinearly
interpolated samples >

Sparse mipmap pyramid of pre-
Voxel-based cone integrated values (Octree)

Figure 6.4. Illustration of one ray sampling using quadrilinear interpolation in the voxel mipmap pyramid.

6.1.2 Traversing the structure

Our goal is to take advantage of our octree based data structure to collect efficiently successive sam-
ples along a ray, and quickly skip constant or empty regions. The idea is for each ray, to traverse the
octree structure, find each successively intersected brick of voxel at the correct resolution, and sample
inside it. Our octree ray traversal algorithm builds upon the previous work on spatial data structure
traversal for GPU ray-tracing applications that is presented in Section 2.4.2.

On the CPU, an efficient way to traverse a hierarchical data structure is to rely on a recursive traversal
based on a stack. Until recently, it was not possible to implement such a stack efficiently on the GPU,
due to the lack of fast and large enough dynamically indexable memory accessible from a shader (or
a CUDA kernel). We tested this approach on SM4 generation GPUs (cf. Section 1.3) which provide a
dynamically indexable local memory, but it was totally inefficient. On the same hardware generation,
we also tried approaches using a stack stored in the shared memory [NVI11a] and shared between
tiles of rays. But this approach also appeared slower than the simpler approach we adopted.

Instead, we use a stackless algorithm that descends iteratively from the tree root. This algorithm
is similar in the spirit to the kd-restart algorithm presented in [HSHHO7] and developed for kd-tree
traversal. This allows us to recover each successively needed node (containing a brick or a constant
value) along a ray by doing a top-down traversal (descent) in the tree. It is particularly efficient
mainly because it is simple, requires few hardware registers !, and highly benefits from the memory
organization of the octree structure for cache coherency. This scheme is illustrated in Figure 6.5.

"The number of hardware registers used by a shader or a CUDA kernel is a very important factor of performance on
current generation GPUs [Kir(9]
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Figure 6.5. Illustration of the structure traversal with bricks marching and LOD computations based on pro-
jected voxel size.

For each descent, a ray starts from the root node and then proceeds downwards as described in Sec-
tion 6.1.4. The descent stops at a node whose resolution is sufficient enough for the current view,
based on the LOD criteria. Such a node either represents a constant region of space, or contains a
brick (cf. Chapter 5). For a constant node, the distance between entry and exit points in the node is
used to analytically integrate the constant material color along the ray, and skip the constant region
with a large step. For a brick, we rely on standard ray-marching into a regular grid (cf. Section 2.3.2)
to accumulate samples as described in Section 6.1.5.

One important observation is that our traversal does not need the structure to indicate correct level-of-
details (while it is necessary in other methods, for instance in [GMAGO0S8]). The needed voxel resolu-
tion is determined during the traversal based on the cone-tracing model described in Section 4.2. As
we will see later, this is a key feature to minimize update operations.

6.1.3 GPU scheduling and traversal efficiency

Our rendering algorithm is split into two main tasks: octree top-down traversal and brick sampling.
These two tasks are performed in one unique pass using a big kernel (or one fragment shader) alternat-
ing between both tasks. Generally, using such a big kernel on the GPU results in high register usage
that provides less occupancy of the computation resources and so less efficiency. But in our case, this
approach proved more efficient than making these two steps separate passes.

Indeed, in order to improve branching coherency and decrease register usage of the shader (a critical
parameter on current GPUs), we tried to split this big shader into two smaller shaders. this leads to a
tree traversal step interleaved with a brick marching, communicating through the video memory. This
multi-pass approach proved less efficient than the unique kernel approach on SM4 GPUs (cf. Sec-
tion 1.3). This is due to the penalty of having to write and read local ray data into the video memory.
Indeed, such a memory access consumes hundreds of cycles [WPSAM10] of latency, and keeping all
these data in register finally appeared more efficient.
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6.1.4 Descending in the Octree

A descent in the octree structure has do be done for the first sample taken along a ray, and then
each time a sample position ends up outside the current node. This descent is fast because, follow-
ing [LHNO5a], a point’s coordinates in texture space can be used directly to locate each successive
sub-node that needs to be followed in order to get to the node containing the point. This scheme is
illustrated in Figure 6.6.

Descent algorithm

Let’s explain the details for selecting the sub-node of a given node, at each step of the descent of the
octree. As we have seen in Section 5.2, we call a node-tile the 2 X 2 X 2 children of a given node
that are stored contiguously in the node pool. A node-tile is pointed by a unique address stored in the
parent node. Thus, a 3D offset inside a node-tile as well as its address is enough to select a child.

Index;p = int(x* N)
= int((0.6 %2,0.4 % 2))
= int((1.2,0.8))
= (1,0)

Figure 6.6. 2D localization into a node tile to find the index of the sub-node where x lies.

Let x € [0, 1]° be a point’s local coordinates in a node’s bounding box and ¢ be the pointer to its chil-
dren (node-tile). Thus, the 3D offset in the sub-tile of the child that contains x can be simply obtained
by off = int(2x), the integer part of 2x on each axis. E.g., in 1D for one axis with x,;s € [0, 1], there
are two possible offset values for the children, namely 0 (x4 < 0.5) and 1 (x4y5 >= 0.5). Since the
node pool in which we store the nodes is allocated in a linear memory, the 3D offset off needs to be
transformed into a linear offset of f = off . + 2off, + 4off,. To descend into the sub-node containing
x, we can thus use the pointer ¢’ = ¢ + of f. We then update x to 2x — off and continue the descent”.

Level of detail
We will now detail how we chose the LOD (Level-Of-Detail) of the node to stop at when descending

the octree. In order to simplify computations, we approximate voxels as spherical elements and screen
pixels as disks. As explained previously, for each successive position sampled along a ray, we want
to get a voxel whose size will correctly approximate the section of the cone at the current position
(cf. chapter 4). The aperture of this cone is defined by the field-of-view of the current camera, and all
along a ray its diameter projects to the size of pixel on the screen.

Thus, we want the size of each successively sampled voxel to project on the size of a pixel on the
screen. The size of a voxel is determined by the depth in the octree (LOD) of the brick it is stored in,
as well as the global resolution M of the bricks. When descending the octree to find a node, we stop
at the first level containing voxels whose projected size is smaller than a pixel on the screen. More
precisely, at each step of the top-down traversal, we estimate the voxel size V via V := %, where N
is the current node’s side length and M? the global brick resolution. We estimate its projection size

ZNote that this descent can be generalized to N*-Trees using off = int(x = N), and updating x with x = N — off.
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from the viewpoint of the near plane by V),,,; := V5, where d is the node’s distance to the near plane
n. Based on the field-of-view of the camera, we can then compare this size to the pixel’s size P. If
Vyroj < P, the descent can be stopped.

As detailed in Section 4.3.1, continuous voxel sizes are reconstructed by linear interpolation between
the two closest discreet levels of resolution. Thus, in addition to the brick located in the currently
selected node (that corresponds to the immediately higher level of resolution), the brick located inside
its parent node must also be provided. To make this brick available for marching (cf. next Section),
we have to keep track of the parent node of the current node at each step of the descent.

6.1.5 Brick marching

During the ray-traversal, for each brick node crossed by a ray, we evaluate the volume rendering equa-
tion by sampling along the ray from the 3D texture part corresponding to the brick. More details on
this kind of ray-marching can be found in [EKEO1, Sch05, EHK*06].

This marching scheme inside bricks implements our dis-

crete front to back composition scheme based on pre-

integrated geometry and material properties described in

Section 4.2.2. During this marching, samples are taken in-

side the two bricks obtained during the descent of the oc-

tree. They are interpolated linearly in order to reconstruct

a quadrilinear interpolation in order to provide continuous

voxel footprints. As we have seen in chapter 5, bricks are

stored in a brick pool located in texture memory. Thus, gigure 6.7. Tllustration of the brick march-
for each sample taken in a brick, we rely on the fast and ing process for one ray with quadrilinearly
highly optimized texture sampling hardware to do the tri- interpolated samples.

linear interpolation of the data stored per voxel. We show

in Figure 6.8 a comparison of rendering quality between renderings with and without trilinear inter-
polation.

The brick marching step stops once the coordinates of the next sample ends-up out of the current node,
or a maximum opacity is reached for the accumulated color. Once the ray leaves the brick, we use the
new ray position as the origin for the next top-down descent in the octree. Brick marching must also
stop when the LOD of the next sample falls outside of the range of LODs provided by the two current
bricks. In this case, a new top-down descent must also be performed in order to get lower resolution
bricks.

(@) (b) (©
Figure 6.8. Comparison of rendering quality without (a) and with (b) trilinear interpolation of the samples
taken inside the bricks. Figure (c) display the difference between the two images with a 2x amplification.
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Stepping distance and adaptive sampling

Following the Nyquist-Shannon sampling theorem [Nyq28], at least one sample must be taken for
each peak and another for each valley of the original signal. At the highest frequency that can be
represented inside a regular voxel grid, each voxel can either represent a peak or a valley of the signal
we sample. Thus, the stepping distance between two successive samples along a ray must be chosen
to correspond at least with the size of a voxel in the brick, in order to ensure a correct reconstruction
of the original signal with minimal sampling.

As we have seen in Section 4.6, both an isotropic and an anisotropic voxel scheme can be used. The
stepping distance used between two successive samples taken along a ray (and so in successive bricks)
depends on this scheme:

e When relying on the anisotropic voxel scheme (Sec. 4.6.4), a directional pre-integration of the
material and geometry parameters is provided per voxel. This pre-integration has been com-
puted specifically for a length of integration / corresponding to the size of the voxel it is stored
in. Thus, the distance between two samples taken in a brick must respect this pre-integration
distance to ensure a correct reconstruction. Since we interpolate linearly between two samples
to reconstruct the required voxel size, we use this interpolated voxel size as the stepping distance
taken between two successive samples. This allows us to use the minimum amount of sampling
along a ray, reducing the number of texture access and thus providing high performance, while
maintaining high rendering precision.

e When relying on the isotropic voxel scheme (Sec. 4.6.3), both the material color, normal dis-
tribution and opacity are simply averaged per-voxel. Thus, in-depth opacity and occlusions are
not correctly handled in the pre-integration. As we have seen in Section 4.6.3, this imprecision
can be compensated during the marching process by using a smaller stepping distance than the
voxel size. In this case, the stored opacity must be corrected to correspond to the actual length
of integration (stepping distance). In practice, we usually use a stepping distance d = %V, with
V the interpolated voxel size. This leads to more texture access, but better rendering quality.

Both schemes compute the inter-sample stepping distance as a factor of the voxel size. Since we make
this voxel size always projecting to the size of a pixel on the screen, this provides us with an adaptive
sampling scheme, reducing the sampling frequency when going away from the camera. As we have
seen in Chapter 5, the octree subdivision is also adapted to the frequency of the dataset. Thus, since
our sampling scheme follows the stored voxel resolution, it also adapts to low-resolution regions of
the dataset.

Brick marching optimizations

Depending on the data stored in the voxel representation, various optimizations can be done to enhance
the efficiency of the ray-marching. An important performance penalty appears when the structure is
configured with a large brick resolution M. In this case, large empty regions can be marched in the
bricks, generating costly texture accessed for data that will not contribute to the final color.

To optimize this case, we rely on the higher bricks available for the MIP-mapping mechanism (quadri-
linear interpolation) to detect fully transparent regions and proceed with larger steps in this case. To
allow this, the lower resolution brick is always sampled first when fetching a value. If this value
appears to be fully transparent, one can know that a step at least the size of a voxel in this lower
resolution brick can be taken safely.

In some applications, one can rely on another optimization. In addition to the geometry and material
properties, an information on the distance to the closest non-empty voxel can be stored per voxel in
constant or empty regions. This distance can be used similarly to proximity clouds [CS94] in order
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to skip large empty spaces in the volume during marching inside a brick. Some applications like the
procedural noise amplification presented in Chapter 8 require such a distance to an isosurface to be
stored. In this case, using it for such optimization is a welcome side effect.

6.1.6 Empty or constant space skipping

As we have seen, when a constant node is traversed by a ray, its constant value is analytically inte-
grated on the distance traversed inside the node, and the node is skipped directly to proceed with the
next descent in the octree to find the next traversed node. However, care must be taken when such
skipping is done as illustrated in Figure 6.9. Indeed, while a given node can contain a constant value,
its parent node necessarily contains a brick (if it did not, the children nodes would not have been
created). This brick in the parent node necessarily contains the constant value of the child node in all
voxels covering this sub-node. However, due to the linear interpolation, a value sampled in the parent
brick in this area does not necessarily correspond to this constant value, but can be interpolated with
another voxel located outside the constant area (as illustrated in Figure 6.9). This situation can happen
in a limited area the size of half a voxel in the parent brick, at the boundary of an empty node. Thus
when skipping an empty node, this thin border must not be skipped. Instead it must be sampled with
the values interpolated between the constant node value and the values read in the parent brick.

~ ~ N
N ~ ~
< [
~ ~
~ ~

(@) (b) (©
Figure 6.9. Care must be taken with empty space skipping when MIP-mapping is used. White nodes are empty
while blue nodes contain bricks. When a ray skips a node because it contains a constant value (a), artifacts can
arise from the loss of information that would have been used in the upper node’s brick if the empty region had
been sampled (b, c).

Finally, when skipping an empty node, care must also be taken to ensure that the large step taken still
keeps the required LOD level (to approximate the cone footprint) inside the range available in the
constant node. If not, values that should have been sampled in higher bricks will be missed.
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Figure 6.10. The XYZRGB-dragon voxelized at 20483 voxels into our multiresolution sparse voxel octree
structure and rendered at 60FPS on a GTX280 with our approach using voxel cone tracing.

6.2 Integration with traditional CG scenes

Our rendering approach can be transparently integrated into tradi-
tional CG scenes rendered using rasterization through composit-
ing, as illustrated in Figure 6.11. To do so, our renderer takes the
current color buffer and depth buffer as input, and provides them
updated with new voxel objects rendered with our approach.

All opaque rasterized objects of the scene must be rendered be-
fore voxel rendering. This allows us to optimize voxel rendering
by adjusting the entry point and exit point of each ray based on
the depth present in the depth buffer, and thus allows skipping oc-
cluded parts. Semi-transparent objects must be split between ob-
jects in front of voxel objects, that are rendered before, and objects
behind voxel objects, that are rendered after (with a front-to-back
compositing scheme). Once again, such scheme allows us to op-
timize voxel rendering by initializing the accumulated color and

Figure 6.11. Scene mixing a ras-
terized terrain with voxel trees ren-
dered with GigaVoxels.

alpha of each ray with the input RGBA color of the pixel (provided in the color buffer), and thus to

stop quickly rays that saturate opacity.
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6.3 Performance analysis

6.3.1 Performance comparison with rasterization

In order to evaluate the performance of our rendering algorithm, we compared it with the perfor-
mance of the GPU rasterization pipeline on two complex scenes: the 12M triangles SanMiguel scene
presented in Figure 6.12, and the 13.5M triangles Coral scene presented in Figure 6.12. These exper-
iments were done on an NVIDIA GTX480. Both scenes were pre-voxelized into a 9 level octree, and
we compared average frame rates depending on the distance of observation. A 16x MSAA (multi-
sampling) was used on the SanMiguel scene and a 32X MSAA on the Coral scene in order to ensure
a similar rendering quality between both approaches (as can be verified on the accompanying screen
shots). We compared performances on 5 increasing viewing distances, with the average number of
triangles projected per pixel ranging from 50 to 1000. We observe that in such situation, the perfor-
mance of our approach is between 3.2 and 41 times faster than the rasterization approach. In addition,
while the performance of the rasterization approach decreases with the increase of the number of tri-
angles per pixel, our approach tends to be faster as much as the object covers a smaller area on the
screen. More analysis would be required in order to evaluate precisely the number of triangles per
pixel starting from which our approach is faster. We estimate it to be around 20-30.
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Figure 6.12. Comparison of rendering speed (FPS) between our sparse voxel octree raycasting rendering and
standard rasterization for the same rendering quality on the San Miguel scene. 5122 framebuffer. Rasterization:
12M triangles, 16X MSAA. Raycasting: 9 levels octree, 3% voxels bricks. NVIDIA GTX480.
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Figure 6.13. Comparison of rendering speed (FPS) between our sparse voxel octree raycasting rendering
and standard rasterization for the same rendering quality on the Coral scene. 5122 framebuffer. Rasterization:
13.5M triangles, 32X MSAA. Raycasting: 9 levels octree, 3* voxels bricks. NVIDIA GTX480.

6.3.2 Rendering costs and silhouettes

We analyzed rendering costs on a typical scene depending
on the brick resolution M and the location of the rays on
the screen. These experiments were done on an NVIDIA
GTX480. Figure 6.14 shows in grayscale the time taken by
our ray-casting procedure for each pixel of the screen. We
observe that rays traversing the silhouette of the object tend
to be more costly than other rays. This is due to the fact that
a high octree subdivision is encountered in this area, making
rays traversing many nodes without being stopped early by
opaque materials. We compared the cost of silhouettes and
interior rays on a typical scene (a Mandelbulb [Whi09]), a
3D Mandelbrot fractal, cf. Figure 6.15(c)) with no limit on
the depth of the octree. Figure 6.15(b) shows the average
time (in nano seconds) per ray passing through the silhouette
and interior rays, depending on the brick resolution M used
in the structure. Figure 6.15(a) shows the global rendering

Figure 6.14. Display of ray execution
times in grayscales for a 1024 voxels
scene and 16° bricks. Time is measured
per tile corresponding to the SIMD execu-
tion entities (warps) of the GPU.

performance (in Frames Per Seconds, FPS) of the same scene depending on the brick resolution. All

measures have been made with a Phong shading computation.

The first observation is that the smallest brick resolution M provides the highest rendering perfor-
mance (141FPS for 42 bricks). An increase of the brick resolution M leads to a decrease of rendering
performance, and an increase of the average time per ray, whatever their location on the screen. As we
have seen in Section 5.3, small bricks (but still > 4%) also tend to provide the most compact storage.
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The second observation is that silhouette rays tend to be on average 1.5X more costly than interior
rays. In addition, the increase of the brick resolution tends to make silhouette rays even more costly,
which is logical given that silhouette rays have to traverse more transparent or semi-transparent voxels
in large bricks.

Rendering performance Rendering time per ray
FPS ¥ nano s/ray
160,00 2754 80,00 66,70
140,00 12821 /%00
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120,00 +—  ——— ——109,89 50,00
40,00 -
100,00 30,00
80,00 +— — 20,00 -
60,00 ~— 10,00 -
0,00 -
4000 +— 1 = 5 = 8 3 8
2000 +—  — g g g
£ £ £
0,00 ; ; .
Axdxd 8x8x8 16x16x16 Ax4x4 ‘ 8x8x8 ‘ 16x16x16 ‘
(a) (b) (c)

Figure 6.15. Average rendering performance on a GTX480 of our approach on the Mandelbulb scene depend-
ing on the brick resolution (a). Comparison of the rendering cost per ray (in ns) between rays traversing the
silhouette (called "border”) and rays traversing the interior of the object, depending on the brick resolution
(b). Figure (c) shows the full data set (top), parts considered for silhouettes (middle) and parts considered for
interior (bottom).

We also evaluated the relative cost per-ray between the traversal of the octree structure itself (Sec. 6.1.4)
and the marching of the bricks (Sec. 6.1.5), depending on the brick resolution M. Results for the Man-
delbulb scene are presented in Figure 6.16. For small bricks, the rendering cost is largely dominated
by the traversal of the octree, while as expected, when increasing the brick resolution, total time tends
to be dominated by the marching of the bricks.

W Brick sampling
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Figure 6.16. Average relative costs of the octree traversal and marching of the bricks rendering steps, for rays
located on the silhouette, on the interior and on the whole image, depending on the resolution of the bricks.
Tested on a GTX 480.



Out-of-core data management

Figure 7.1. Examples of a very large 81923-voxel scene composed of medical data and rendered at 20-40FPS
using GigaVoxels on an NVIDIA GTX 280 GPU.

In previous chapters, we described our GPU based data structure and we have seen how to use it effi-
ciently for rendering. We will now investigate how to deal efficiently with arbitrarily large amounts of
voxel data, given a limited budget of video memory. To do so, we developed a new out-of-core data-
management scheme based on an application controlled demand paging mechanism, that allows us to
virtualize our voxel data structure. This allows for virtually infinite volume resolution and provides
a full scalability of the amount of voxel data that can be manipulated. It is built around three main
concepts: a ray-based visibility detection, a fast GPU cache mechanism, and a data parallel building
and update of the data structure based on a GPU data producer.

Parts of the structure are incrementally loaded on-the-fly in video memory based on data request
emitted directly during rendering. These parts are maintained in video memory using an efficient
GPU-based caching scheme. This cache is in charge of maintaining the most recently used elements
in video memory, while providing room for new elements by recycling the oldest ones. It is applied
on both the octree structure, and the bricks (cf. Section 5). Contrary to previous approaches, this
allows us to decouple the storage from the actual rendered data resolution. This results in a fully scal-
able solution that can deal with extremely large volumes. This cache was designed as a generic GPU
cache mechanism that can be used in a wide range of ray-tracing applications, beyond our voxel-based
rendering pipeline. In this thesis, we mainly target real-time applications, but our system also allows
off-line usage. Indeed, even for off-line applications, rendering large datasets can be problematic, and
off-line rendering engines increasingly rely on GPU acceleration to speed-up computations [ZHR *09].
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7.1 Overview and contributions

We address the problem of dealing with very large amounts of voxel data, while the available amount
of video memory is limited, as well as the bandwidth to access it from a larger mass storage. The
amount of memory embedded on the video card is usually many times smaller than the amount of
system memory (cf. Section 1.3). In addition, there are many situations in practice where only a small
subset of this video memory is available for voxel rendering. This is the case for instance in a video
game environment, where much of the video memory is already used by other parts of the game. This
limitation makes it necessary to transfer data from the, much larger, system memory (or even the hard
disk), or to generate them on-the-fly inside video memory (in case of procedural data or data generated
from another representation). Both transfers between system memory and video memory (cf. Sec-
tion 1.3) and procedural generation of data are slow. Thus, it is necessary to carefully control memory
updates. Our goal is to provide a scheme that is able to scale to very large and detailed scenes. In this
context, the whole scene and all its scales can not be permanently kept inside the limited amount of
available video memory, even compacted inside the multiresolution spatial subdivision structure pre-
sented in Chapter 5. One insight is that, for a given point of view, the entire volume does not need to
be in memory for rendering. Only visible voxels at the right scale need to be present, out-of-frustum
as well as occluded data do not need to be loaded.

In such a context, we propose an out-of-core scheme to manage very large datasets that do not fit
entirely into the limited amount of video memory available. As we have seen in Chapter 6, our mul-
tiresolution ray-casting scheme ensures that only the subset of visible voxels, at the exact necessary
resolution (to project one voxel on one pixel of the screen), will be used for rendering. Thus, for a
given frame, only a few voxels per-pixel of the screen are required to be present in video memory,
which represents only a very small subset of the whole dataset. In addition, during rendering, when
the point of view changes, only a small amount of new data is needed (e.g, because it was previously
occluded, out-of-frustum, or at the wrong resolution), while most information can be reused. We
propose a new data management strategy to maintain in video memory only subparts of the voxel
structure needed when exploring a region of a large scene at a given scale, plus additional parts kept
in memory for being reused. This strategy is illustrated in Figure 7.2. The maximum depth that can
be explored is only limited by the number of nodes that can be kept loaded in order to connect to the
root of the octree (Fig. 7.2).



119

Figure 7.2. Illustration of the state of our voxel structure stored in GPU cache during the exploration of a very
detailed scene. Current view frustum position is displayed in red. Displayed nodes and bricks are the ones
actually stored in the caches. Black filled nodes and colored bricks are marked as used for the current frustum
configuration. Others are not marked as used but kept in the cache for later usage.

7.1.1 Application controlled demand paging on the GPU

In order to allow only a subpart of our data structure presented in Section 5 to be physically present in
video memory, we propose to rely on some sort of virtual memory (cf. Section 2.5.1). Virtual memory
has been used for a long time inside operating systems, with demand paging (cf. Section 2.5.1) of
data from the hard disk in order to provide a much larger address space than the available amount of
system memory. Current generation GPUs do not expose such a mechanism to allow the manipulation
and the rendering of datasets (generic data or textures) larger than the total amount of video memory.

In order to bring a virtual memory mechanism on the GPU, we propose an application controlled
demand paging scheme (cf. Section 2.5.1) entirely controlled and managed on the GPU. It is imple-
mented through a new GPU cache mechanism (detailed in Section 7.3) that allows us to keep only a
subset of our whole data structure inside video memory, and to exploit the temporal coherence dur-
ing the exploration of a scene by maximizing the reuse (from frame-to-frame) of data already loaded
in video memory. Data requests on this cache (cache miss) are emitted directly by our ray-tracing
algorithm that ensures a parsimonious traversal, and only visits the strictly required subset of the
whole dataset. Data requests are forwarded by the cache mechanism to a GPU producer (detailed in
Section 7.4) that is in charge of loading data inside the cache in video memory. Note that this demand-
driven mechanism is independent of the usage: data visiting can be caused by primary rendering rays,
but also secondary shadow rays, reflections or indirect lighting computations.

Figure 7.3 illustrates how our new GPU cache is inserted in the memory hierarchy (of current PCs, cf.
Section 1.3) providing the data necessary for rendering the shader cores in charge of the ray-tracing
computations.
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Figure 7.3. Left: Classical cache hierarchy used during GPU based rendering. No caching is available between
the system memory and the video memory. Right: Our new GPU cache that allows on-demand paging of data
inside video memory. Data is either loaded from system memory or generated on-the fly by a GPU producer.
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Quick recall of the previous work

As detailed in Section 2.5.2, texture streaming approaches have been proposed for the GPU rendering
of triangle meshes in order to solve the problem of out of core rendering [TMJ98, CE98, LDN04,
GMO05, LKST06]. The problem with these previous approaches is that they involve complex multi
pass rendering schemes, with costly visibility determination in order to track usage of visible texture
parts and detect missing data. The management of the replacement policy (that controls the strategy
of eviction inside a cache, cf. Section 2.5.1) was done serially on the CPU, forcing the transfer of
visibility information to the system memory. Due to the low bandwidth between video memory and
system memory (Sec. 1.3) and the costly visibility determination, these schemes were restricted to
a low number of managed elements, and thus to a very coarse-grained granularity, in order to allow
interactive processing. In addition, precise LRU (Least Recently Used, cf. Section 2.5.1) replacement
policy was usually too costly to implement. It requires tracking of all the elements used by each
rendering pass, as well as a sorting operation based on the usage of each element. Thus, most of the
previous schemes implement only a simple FIFO (First In, First Out) replacement policy, that does
not ensure the most efficient reuse of data present in the cache. Goss et al. [GY98] proposed to do
direct tracking of data used for rasterization in order to prevent using a complex visibility detection
algorithm, but this approach required a deep modification of the texturing hardware. In addition, it still
required a software (CPU) scanning and management (sorting) of the list of used elements in order to
trigger loading. Such sequential streaming and data caching schemes for video memory buffers and
implemented on the CPU do not scale to very large datasets, with real-time fine-grained management.
The approach of Gobbetti et al. [GMAGO8] developed in parallel to our work also suffers from the
same problems.

The need for application control over paging

Demand paging for real-time rendering applications on the GPU is still a wide open problem. How-
ever, a fully automatic virtual memory and generic paging scheme on the GPU for the video memory,
on the model of what is done on the CPU, would not fit the needs of high performance graphics ap-
plications. Indeed, in the context of software (CPU-based) rendering (cf. Section 2.5.3), multiple
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authors [CE97, WSBWO1, DPH"03, WDS05] have shown that simple reliance on the virtual memory
and generic automatic paging mechanism of the operating system leads to egregious performance.
Thus, they have proposed specific application-controlled demand paging approaches in order to by-
pass the inefficiencies of the automatic paging mechanism of the operating system. Especially, they
have shown that application control over load/store operations (page-in/page-out), page size and ad-
dress translation (to allow 2D and 3D storage) are essential to provide good performance and to adapt
to the specificities of rendering applications.

In addition, the particularities of the data-parallel processing model of the GPU must also be taken
into account in the design of a cache that will serve algorithms running on such architecture. Indeed,
on the CPU, algorithms are usually tightly synchronized with the availability of the data, because
only a few threads are running in parallel. On the GPU, there are thousands of threads running the
same code in parallel, but there is no parallel multitasking and we do not want individual threads to
proceed to the loading of their own data. This loading would not be efficient since it has to be done in
parallel in order to fully exploit the hardware. Overall, we do not want individual rendering threads
to be synchronised with the data they need. Thus, as we will see, we have to manually manage this
multitasking between rendering tasks and loading tasks in order to provide an efficient data-parallel
paging scheme. This multitasking totally desynchronizes rendering threads from the availability of
the data they need, by collecting data requests in order to answer them all together in parallel, in a
special phase separated from the rendering.

7.1.2 Details on our approach

As we have seen, no automatic paging mechanism is provided by today’s GPUs, and anyway an
application-specific approach is essential to provide high performance paging for rendering appli-
cations. Thus, we propose a very efficient "software” implementation of such a scheme on today’s
GPUs, dedicated to the real-time rendering of very large voxel datasets. This implementation is based
on a new generic high performance GPU cache (Sec. 7.3) implementing a fine-grained LRU (Least
Recently Used) page replacement policy. We make possible the tracking of fine-grained usage and
data requests thanks to a data parallel implementation of the LRU replacement policy on the GPU.
This cache is used to virtualize the access to the data structure in order to keep only a subpart of the
entire dataset inside video memory at a given time, while allowing on-demand access to the whole
dataset.

The most important characteristic of our approach compared to previous methods is that it places the
control of the whole paging and caching scheme on the GPU, removing the need for costly communi-
cations and synchronization between the CPU and the GPU that were previously needed to manage the
cache. It requires minimal interaction with the CPU, freeing it entirely for other tasks. It also removes
the need to maintain a mirrored version in system memory of the GPU data structure. This was previ-
ously required in order to track element usage and to steer data structure updates [GMO05, GMAGOS].
This involved many supplementary CPU processes and the cumbersome maintenance of two data
structures. This also involved a lot of small memory transfers from the CPU to the GPU memory
resulting in a very low efficiency of the updates (cf. our comparison in Section 7.5.3).

Generic high-performance GPU cache

Our application controlled demand paging scheme is built around a new generic cache mechanism
entirely implemented on the GPU. This cache mechanism has been designed to handle the memory
management of any data buffer located in video memory. It basically relies on an LRU (Least Recently
Used, cf. Section 2.5.1) recycling scheme in order to allocate slots for new elements (pages), by re-
cycling slots occupied by those elements that have not been used for a long time. This generic cache
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is entirely implemented on the GPU as data-parallel processes and its implementation is detailed in
Section 7.3.

As we will see in Section 7.3, our generic cache manipulates batches of requests ("cache misses”) and
usage information generated directly by our ray-tracing (Sec. 6). Batches of requests are forwarded
by the cache to a GPU Provider interface implemented by a GPU Producer mechanism (presented
in Section 7.4) that can implement multiple Provider interfaces in order to fulfill data requests for
multiple caches. The GPU Producer is in charge of actually loading new data inside the cache. Many
different kinds of data producers can be implemented. They can either load requested data from the
system memory, generate data dynamically or provide a mix of both, loading data and modifying
them before writing them inside the cache. They are implemented on the GPU as data parallel tasks,
dealing with batches of requests in parallel, and providing a parallel loading or generation of the voxel
data and octree structure.
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Figure 7.4. Illustration of the virtualization of our voxel data structure using two generic GPU cache mecha-
nisms and a GPU Producer answering data requests and loading bricks and nodes inside the caches through two
GPU Provider interfaces.

Interface

In practice, as illustrated in Figure 7.4, we use two instances of this cache. One to manage the node
pool containing our octree data structure and one to manage the brick pool that contains its associated
bricks (cf. Section 5.2.1). This leads to a unified management of the brick pool and the node pool as
two LRU controlled caches. This allows us to virtualize our whole data structure, enabling deep zooms
and exploration at arbitrary scales. In order to maintain these caches, rays used for rendering provide
information about the nodes and bricks that were traversed during the ray-casting process, and ask for
sub-nodes and for bricks when the ones they need are not present in the cache (cf. Section 7.1.2).

There are situations where large pre-computed datasets do not even fit inside the system memory.
As we have seen, much previous researches focused on providing efficient paging schemes in system
memory for data located on disk or accessed over a network. However, such scheme was not the target
of our research, and we believe that today’s real challenge lies more in the smart virtualization of the
video memory. As we will see in Section 7.4, we still propose a loading producer able to load large
datasets from disk.

Ray-based visibility and data requests

Our approach does not require a costly visibility determination as was the case for previous GPU
rendering approaches in order to detect required missing data and to track the usage of data already
loaded to maintain the LRU replacement policy. Other approaches like [GMO05, GMAGO8] rely on
costly visibility determination passes interleaved with normal rendering passes. They use the CPU to
issue visibility queries or to compute culling, and then to send drawing commands to the GPU. This
requires a complex scheduling of visibility tests in order to be efficient. In addition, these methods
also require a CPU traversal of a clone acceleration structure maintained in system memory. This



123

clone structure is used to issue visibility queries, to load necessary data for a given point of view, and
to manage the LRU mechanism. These approaches involve a lot of transfers and synchronizations
between the CPU and the GPU, making them heavy and difficult to implement efficiently (in order to
carefully overlap transfers and computations).

Our application-controlled demand paging mechanism provides us with what we call a ray-guided
streaming approach. With this approach, visibility information and data requests are collected di-
rectly during the GPU traversal of the structure for rendering (cf. chapter 6), on a per-ray basis. The
idea is to exploit the natural characteristics of ray-tracing within a structured space-subdivision struc-
ture! that ensures an ordered traversal. Indeed, traversing such a structure allows for visiting nodes in
order of visibility along rays. Ray individuality combined with early ray termination (stopping when
accumulated opacity gets saturated) during front-to-back traversal, ensures that only visible parts of
the structure will be visited during rendering. In addition, as explained in Chapter 6, our rendering al-
gorithm ensures the selection of the required level of detail on a per-ray basis, which makes it possible
to request data to the producer at the exact necessary resolution. The result of this per-ray visibility
scheme is illustrated in Figure 7.5.

Figure 7.5. Demonstration of the result of the ray-based occlusion detection on a simple model. When the
loading mechanism is disabled, one can see that occluded parts of the structure have not been loaded.

This approach leads to a very good solution to treat very complex multiscale scenes. In this way, it is
possible only to trigger data load based on what is actually needed for the current point of view. Each
ray informs accurately about the needed data instead of having to heuristically estimate the need for
data, as it was the case with previous methods. This also leads to minimal CPU intervention and no
synchronization, since both LOD and visibility computations are performed per-ray on the GPU.

Another advantage of this ray-based visibility and data request scheme is that it allows totally arbi-
trary rendering schemes. Indeed, since each ray individually reports its own data usage and emits its
data requests, rays can be launched in any direction, not necessarily in order to directly compute an
image, as shown in our global illumination application presented in Chapter 9. This also makes it pos-
sible to support general ray-tracing schemes, with an arbitrary number of secondary rays as illustrated
by our soft shadow application presented in Section 8.3. This new scheme provides a great flexibil-
ity compared to previous approaches (Sec. 2.5.3) that were final rendering centric and restricted to
frustum-launched rays, with no support for secondary rays.

Structure updates and building

Since not only the bricks but also the octree structure are managed with our cache, GPU producers
are actually in charge of providing data necessary to build the octree structure dynamically. It is im-
portant to note that in this context, because of the cache mechanism, updates of the octree structure
are performed lazily and only when necessary, while other approaches need to update it entirely at

'Like an Octree, a Kd-tree or a regular grid, but not a BVH for instance whose nodes can overlap.
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each frame [GMAGO8]. The basic principle is to subdivide or fuse nodes in the octree in an LRU
manner. When node tiles ar no longer used, they become more and more prone to be recycled inside
the node cache. Thus, this also provides a progressive and lazy un-building of the structure during the
exploration of a scene.

At a given point in time, the cached octree leaves do not necessarily correspond to the nodes used
during the rendering (Sec. 6). For instance, it might be that the current tree encodes a very fine rep-
resentation, but due to a distant point of view, the used data might solely be taken from higher node
levels. The unused nodes, although currently useless, might need to be reused later. Hence, it makes
sense to try to keep them in memory as long as no other data is needed. But if new data is needed,
these are the first elements to be overwritten.
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7.2 Multi-pass update scheme and progressive refinement

During the traversal of the hierarchical volume described in Section 6.1, rays visit several nodes in the
structure. For some rays, the data needed to get the right volume resolution (according to the LOD
mechanism described in Section 4.2) might be missing. Nodes might need to be subdivided, or nodes
could be present at the right depth, but might miss the corresponding volume brick. In both cases, a
ray will ask for missing data by issuing a data request to one of the two caches.

In classical CPU-based paging mechanisms, when a thread tries to access data that is not available in
the cache, this thread gets suspended until the data have been loaded and are available in the cache.
However, in the massively data-parallel environment of the GPU, we do not want threads to be auto-
matically and individually suspended, and data loading to be processed immediately. Indeed, we want
to process data requests all together and in parallel, in order to efficiently load or create required data.
We want to maintain a coherency in the processed computations, in order to efficiently use the data-
parallel architecture. Thus, we want to separate data loading operations from the rendering operation,
and process them in a separate pass. Data requests on a cache will not be processed immediately,
but instead will be added to a batch of requests to be processed in a separate update phase during the
cache management presented in Section 7.3.

Thus, in order to manage the cache, our system operates in two steps, it interleaves a ray-tracing
phase and an update phase. The first step traces rays until they need to render a part of the scene that
is currently not present in the cache. In this case, the corresponding rays trigger a data request by
adding it to the batch of requests as detailed in Section 7.3.3.

As we will see in Section 7.2.2, once a ray has issued a data request, two strategies can be employed.
If we want to ensure a maximum rendering quality, the ray suspends its execution and saves all nec-
essary data in a state context buffer to continue rendering in a successive rendering pass. Multiple
rendering passes are issued per frame in order to provide all necessary data to get a complete image.
On the contrary, if the priority is to ensure real-time interactivity, the ray can continue rendering using
the lower resolution data present in the cache. In this case, only one rendering pass is used per frame.
As we will see, these two strategies can be combined in order to provide a continuous range of degrees
of interactivity.

7.2.1 Top-down refinement

The rendering process is organized into passes. Each pass interleaves a ray-casting phase, producing
an image and a batch of requests, and an update phase. The update phase fulfills update requests by
uploading new data to the GPU and updating the structure providing the rays with the necessary data
for the next ray-casting pass.

Structure updates are then executed incrementally, from top to bottom, subdividing nodes one level
at a time. This scheme ensures that unnecessary nodes (not accessed by rays because of occlusions
for instance) will never be created nor filled with data. With this strategy, we avoid excessive data
refinement and we reduce data requests, resulting in a higher frame rate.

This multi-pass incremental update scheme is illustrated in Figure 7.6 with a simple case employing
a real-time update strategy, giving the priority to the loading of the bricks over the subdivision of the
octree:

e In pass (1), the ray hits a node not initialized and requests data and subdivision (since needed
LOD is not reached). At the end of the pass, a brick is loaded for the node and it gets subdivided.

e In pass (2), the ray goes down, traverses newly created nodes and uses the higher level brick in
order to produce an image. Data is requested for both nodes and the LOD is still not reached.
The first node gets a brick and the second a constant value.
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e In pass (3), the ray traverses the first new node and requests data for it. Subdivision is not re-
quested since the correct LOD is reached. The second new node is not touched because, due to
opacity, the ray stops in the middle of the upper brick.

o Starting with pass (4) the ray gets all data it needs and no more updates are necessary.

Figure 7.6. Illustration of ray-guided multi-pass update sequence for one ray.

7.2.2 Update strategies

The progressive top-down refinement scheme we use (first low- then high details) is very useful to en-
sure real-time responsiveness even in the case of fast movements and small time budgets per frames.
We provide a control over the achieved image quality and interactivity by allowing the update scheme
to be balanced between a real-time and a "quality"” strategy.

Real-time strategy

In a full real-time strategy, only one rendering and one update pass are performed per frame. This can
be achieved by producing an image even when data are missing. This is done by allowing rays to rely
on a coarser brick that is actually present in upper levels of the octree when a brick is not present at
the right resolution.

Another important parameter that controls the building of our structure is the respective priority be-
tween the subdivision of the octree and the loading of the bricks. Indeed, for a given node at the wrong
LOD encountered by a ray, a choice has to be made between first requesting a brick for this node, and
first requesting a subdivision. In the context of a real-time strategy, priority is given to the loading
of the bricks. Giving priority to the brick requests allows to continuously get an increasing rendering
precision among multiple frames. In addition, we ensure that lower resolution bricks will always be
available in the octree, which allows us to always produce an image.
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The disadvantage of this strategy is that for fast movements, due to the top-down building scheme, this
leads to a lot of data loaded at lower resolution before the actual needed resolution is reached. Thus,
this real-time strategy leads to higher convergence time before reaching the correct view resolution.
With this approach, it takes more time to reach the correct required resolution, since time is taken to
load bricks that are not needed at the correct LOD.

Quality-first strategy

In a quality-first strategy, the priority is not to quickly display a complete frame, but to quickly subdi-
vide the octree structure in order to get a maximum quality as fast as possible. This is done by issuing
multiple interleaved rendering and update passes per frame. Thus, priority is given to the subdivision
of the octree. In this case, the required octree subdivision can be reached much more quickly, since
no time is taken to load unnecessary bricks. However, in the context of a real-time strategy, such an
approach would make the rendering quality converge less smoothly to the correct one.

In this mode, rays do not use lower resolution bricks to provide a complete image, but instead keep
requesting subdivisions on the structure as long as the needed resolution is not reached. Once the
needed subdivision is reached, rays ask for the required brick at this level of subdivision in order to
produce an high-quality rendering.

Balanced strategy

In order to provide a control and a smooth transition between these real-time and quality strategies, we
control the number of passes done per frame in order to get the higher rendering quality in a given time
budget. To achieve this, quality-first passes are first computed with priority given to the subdivision
of the octree, in order to quickly update the structure to the needed resolution. Then a final real-time
pass ensures that a complete image will be displayed. The number of quality-first passes issued can
be determined based on the remaining time budget for the frame, and an heuristic estimation of the
time required for the final real-time pass.

Multi-pass ray-casting is achieved by providing rays the ability to suspend their execution whenever
data are missing, and then to continue it from this point in the following rendering pass in a stop-and-
go manner. The number of passes that is authorized per frame determines the degree of interactivity
of the rendering.

The choice of the balance between real-time and quality strategies depends on the context of the ap-
plication. For games for instance, it is acceptable that some frames show fewer details, to favor high
frame rates which can be achieved by producing an image even when data is missing. For this, rays
can rely on some coarser data that is actually present in upper levels in the tree. For off-line rendering,
physical simulations, or movie productions, for instance, it is important that each frame is accurately
computed and, hence, the stop-and-go solution is most appropriate.
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7.3 A High Performance GPU Cache for graphics applications

In this section, we detail the design of our generic GPU cache mechanism. While this cache has been
primarily developed to manage our voxel octree data structure with bricks (Sec. 5), we demonstrate
in Section 7.5.5 that it is generic enough to be used with any kind of data structure in the context of
GPU ray-tracing.

Our cache automatically manages dedicated video memory regions we call pools (cf. Section 5.2.1).
It can serve linear global memory sections as well as textures (cf. Section 1.3.4). As illustrated in
figure 7.7, it is composed of a request interface (described in Section 7.3.3), that is used by ray-
tracing kernels to emit data requests and usage information, a data loading interface allowing user
defined data Providers (cf. Section 7.4) to load data inside the cache, and a management mechanism
implemented as data parallel tasks (Sections 7.3.4 and 7.3.5).

Figure 7.7. Global view of our generic GPU cache mechanism.

While previous caching methods for the GPU were CPU centric and relied on sequential computa-
tions, our method is completely run on the GPU. Having the cache managed on the GPU provides
several advantages. The basic motivation for a parallel implementation of the cache mechanism is
provided by the Amdahl’s law [Wik11] that describes the maximum speedup that can be expected
from a system given the ratio of codes running in parallel. Basically, this law shows that in order
to get a maximum speedup from an increase of parallel processing units, it is critical to parallelize
a maximum portion of a system. Thus, in order to offer a maximum scaling of our system with the
increase of parallel processing power of the GPU, it is important to make a maximum portion of our
system run in parallel. We demonstrate that managing a cache as a series of data-parallel tasks ap-
pears a lot more more efficient and greatly reduces management cost (Sec. 7.5.4). We also show how
parallel streaming of the data directly from the GPU greatly reduces transfer overhead compared with
CPU-triggered copies (Sec. 7.5.3). This scheme also allows efficient GPU data production that were
not possible with previous approaches (Sec. 7.4). It also removes nearly all synchronizations between
the GPU and the CPU, and totally frees the CPU from management computations.

Our system relies entirely on the GPU to manage the data structure, download necessary data from
central memory (thanks to the latest CUDA features), and manage the cache mechanism. The CPU
is used solely to make sure that the required data are available, making any supplementary work
unnecessary. Our mechanism relies on the compute capabilities of modern GPUs (>= SM4.0, cf.
Section 1.3). While we demonstrate it on NVIDIA hardware with a CUDA implementation, one can
also easily implement it using a multi-vendor language like OpenCL or DirectX compute.
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7.3.1 Cache structure and storage

As described in Section 5.2.1, we rely on video memory regions (that can be textures or linear mem-
ory) we call pools to store both the nodes of our octree structure and the voxel bricks. We generalize
this concept of data pools in the context of our generic cache mechanism. These pools represent the
physical memory regions managed by a cache mechanism. Following the formalism of virtual mem-
ory systems (cf. Section 2.5.1), a data pool is divided into fixed-length pages that are the atomic units
managed inside a cache.

As for any virtual memory system, pages inside a pool are addressed through a page table. We define
the page table as a simple array of references (pointers) into a pool, with no assumption on its actual
structuring or spatial organization. Similarly, the actual encoding of a reference is defined depending
on the client application, it is usually simple indexes inside the data pool.

Figure 7.8. Illustration of the two components of our generic GPU cache structure: a page table with entries
referencing pages inside a data pool. The data pool can contain an arbitrary number of layers

This pair of page table plus data pool defines our generic cache structure as illustrated in Figure 7.8.
Since we target graphics applications, a data pool can have a 1D, 2D or 3D spatial dimensionality.
Each data pool can be composed of multiple data layers (or fields) that are stored separately in mem-
ory. Each layer can contain a different set of data associated with each element of the pool. They
can be implemented using different physical memory (texture or linear memory) and spatial organi-
zation (linear, Morton curve, texture blocks...). Elements can be of different sizes in each layer, only
a one-to-one mapping between elements needs to be ensured (same number of elements in all layers).
Typically, a pool containing voxels for instance could be composed of two layers: an "RGBAS8" color
layer stored in texture memory, and a "float" specular exponent layer stored in linear memory using a
Morton curve.

Pages represent the basic element manipulated by the cache. They have the same 1D, 2D or 3D spa-
tial dimensionality as the data pool they are stored-in. Their size can be freely configured depending
on the application and the desired granularity of data management. The choice of this page size is
one of the critical elements to ensure high performance of an application-controlled demand paging
mechanism. It must be adapted to the data structures stored inside the cache.

A cache (meaning a data pool and its associated page table) can be used to store multiple instances of
the same kind of data structure. As we will see in Section 7.4.1, in the context of real applications (in
video games for instance), this allows us to store the structures of multiple different objects inside the
same caches.
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7.3.2 Building GigaVoxels data structures based on cached storages

In the context of GigaVoxels, we want to ensure a full scalability of our data structure with the increase
of the resolution of the dataset. Thus, we propose to store both the octree structure and the associated
bricks (cf. Chapter 5) in two separate caches, meaning that we manage both the node pool and the
brick pool with two instances of our generic cache mechanism as illustrated in Figure 7.9. A page of
the brick pool is sized to contain a single brick. Similarly, a page of the node pool is sized to contain
a single node tile*. This allows us to virtualize our whole data structure, enabling deep zooms and
exploration at arbitrary scales.

Figure 7.9. Illustration of the implementation as caches of the node pool and the brick pool storing the different
elements of our voxel data structure.

Other approaches like [GMAGO8] only manage the voxel brick dataset using a caching strategy, but
limit the octree structure to a maximum resolution. In their case, the octree structure stored in video
memory is updated every frame from a clone structure located in system memory. Such an approach
induces a static transfer cost of the structure every frame, limiting its maximum extent. In our case,
the rendering algorithm autonomously chooses the data resolution used for rendering (cf. chapter 6),
which makes it possible to completely decouple the actual storage of the structure in the cache, from
the state of the octree needed to render a given frame. In normal rendering situations, the stored struc-
ture is much larger than the one actually needed for a given frame that is only a subset of it. Thanks
to that, many parts of the structure that are kept in the cache can be reused during the exploration of
the scene.

Virtualized hierarchical page tables

The interesting point in our approach is that, instead of relying on dedicated page tables inside the two
caches, whose sizes would limit the maximum number of different pages (node-tiles and bricks) that
could be stored in each cache, we use the octree structure itself as the page table for the two caches.
Indeed, both bricks of the brick pool and node-tiles of the node pool are already referenced by nodes
of the octree in our data structure, as pointers located in different layers of the node pool. Thus, we can
directly use these layers as page tables for the two caches. This scheme is illustrated in Figure 7.10.

2A set of N x N x N nodes, with generally N=2 for an octree, cf. Section 5.2.1.
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As described in Section 5.2.1, the octree structure is implemented in SOA (Structure-Of-Arrays) order
using two separate arrays. The first array stores the ChildIdx field of the node structure (cf. Sec-
tion 5.2.2, that is used to reference a node-tile that contains the set of sub-nodes (children) of a given
node. Similarly, the second array of the octree structure stores the BrickIdx field used to reference
the voxel brick associated to a node. Thus, the textttChildIdx array is used as the page table for the
brick cache, and the BrickIdx array is used as the page table for the node cache. This configuration
is illustrated in both Figures 7.9 and 7.10 .

Figure 7.10. Illustration of the use of the octree structure itself as page tables for both the node cache and the
brick cache.

As a result, the particularity of this system is that page tables themselves are hierarchical, virtualized
and managed inside a cache, allowing for arbitrary large and detailed domains. In addition, since our
original rendering scheme already relies on the same indirection to access data, no additional cost is
induced by the translation from the virtual domain to the physical storage through the page table as is
classically the case.
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7.3.3 Interface with the cache

A client application using our generic cache mechanism (in the case of GigaVoxels, the ray-tracing
algorithm) needs to interact in two ways with this cache. First, it needs to emit data requests (cache
misses), when a page (not present in the cache) is required. Second, the application needs to pro-
vide the cache with the usage information required by the LRU replacement policy (presented in
Section 7.3.4), and informs the cache each time it uses one of the page of the data pool.

Our cache is designed to be used in massively parallel environments, with thousands of threads run-
ning in parallel and interacting with it. This is the case for our ray-tracing rendering algorithm pre-
sented in Chapter 6, running one thread per ray launched on each pixel of the screen. In such envi-
ronments, an important question is how to efficiently handle concurrent access on the cache from a
high number of threads to provide usage information and emit data requests. The efficiency of the
interface allowing this interaction is critical for the overall performance of our rendering algorithm,
since it will be used each time a thread (a ray) accesses data present in the cache. Thus, we want a
minimum impact on performance coming from this interface.

Figure 7.11. Illustration of our cache interface for data requests and tracking of used pages, based on a request
buffer and a usage buffer.

Data requests on the page table

A data request is emitted by the client application each time an element of the page table is required
but its associated page is not present in the cache. The goal is to build a batch of requests (a list
containing all page requests) that we will be able to answer in parallel in a subsequent pass using
our data producer mechanism described in Section 7.4. A naive approach would be to use a queue
(FIFO) in which threads directly add their requests. However, in order to prevent race conditions,
concurrent access to such a structure would require costly atomic operations [NVI11a] or complex
parallel schemes [NVI09]. In addition, multiple threads can require the same data and thus ask for the
same page. However, since we want to load this page only once, we must ensure the uniqueness of
the request inside the queue, which represents a very costly operation.

Instead of directly building a list with unique elements, we rely on a special request buffer stored in
the GPU global memory as illustrated in Figure 7.11. Its size is chosen to match exactly the number
of elements in the page table. It is arranged in the same way in memory to ensure a one-to-one cor-
respondence between entries in the page table and in the request buffer. Doing so, we can store one
request slot for each entry of the page table. A data request is simply a boolean flag indicating that
data are requested for a given entry in the page table. Each time a page is required for an entry of the
page table, the slot in the request buffer associated with this entry is flagged. Then, as we will see in
Section 7.3.5, a list of requests is built by collecting all the entries flagged in the request buffer.
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This scheme has several advantages. First, it ensures the uniqueness of the requests in the request
list. Second, there is no need to enforce any write ordering when a concurrent access is done since
all threads write the same request flag value. This provides us with a fast request mechanism, and
prevents us from relying on an "atomic" write operation that is a very costly operation on a parallel
architecture (and especially on current generation GPUs) due to the fact that it forces the serialization
of write operations.

Data usage information

As we have seen, our cache mechanism relies on an LRU (Least Recently Used) scheme. It allo-
cates slots for new pages, by recycling those occupied by pages that have not been in use for the
longest time. In order to reflect the actual usage of the pages in the cache, the application provides an
information on what pages were used during a given rendering pass.

To collect this information, we use a similar approach than for data requests. We rely on a usage buffer
that associates a usage flag with each page in the data pool, as illustrated in Figure 7.11. Whenever
a page is used during a rendering pass, the application is in charge of writing the associated flag in
the usage buffer to keep track of its usage. In the case of GigaVoxels, this information is provided by
each ray during the ray-tracing of the data structure, for both the brick cache and the node cache.

Implementation details

In practice, both the request buffer and the usage buffer are implemented as an array in linear video
memory so that it can be very quickly accessed from a CUDA kernel (or a fragment shader) during
ray-tracing.

Instead of simply storing a boolean value for each slot of these buffers, we chose to store a 32 bit
integer timestamp. This timestamp is affected with the time of the current pass (a global counter is
maintained) by the threads of the client application in order to flag a slot. Since all rays will write the
same value (the time of the current rendering pass), no atomic operations are needed and the approach
remains efficient and fast. Using such timestamps prevents us from clearing request and usage buffers
at each frame, and entries containing the time of the current pass are known to be the flagged ones for
the current pass.

Fine-grained usage and data request informations

In the scheme we just described in this section, there is no way to order and prioritize usage infor-
mations and data requests provided inside a given rendering pass. However, in a context of real-time
rendering, it can happen that the available time budget per frame is not sufficient to allow processing
all the data requests emitted in a given rendering pass. Thus, it becomes important to prioritize data
requests in order to first proceed with the most important ones. We build upon the hypothesis that the
most important requests are the ones emitted by the highest number of threads (rays). Indeed, in our
GigaVoxels application, these are the ones that correspond to elements with the largest footprint on
the screen. Also, in the context of a small cache with a lot of memory contention, it becomes useful
to sort usage information inside a given rendering pass, in order to recycle in priority pages that were
less visible in a previous pass.

Thus, instead of simply storing a boolean flag, both our request buffer and our usage buffer can store
counters incremented each time a rendering thread requests or uses a given page. During the pro-
cessing of these buffers, counters will allow the sorting of the requests and usage information with
a fine-grained intra-pass priority. Counters are incremented by rendering threads using atomic op-
erations, in order to prevent race conditions on parallel read-modify-write operations. This scheme
forces us to proceed with a cleaning of the two buffers at the beginning of each rendering pass, while
it was not needed with the simpler approach.
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7.3.4 LRU replacement policy

Now that we have seen how our cache interacts with a client application through its buffer-based in-
terface, we will describe how we manage the LRU (Least Recently Used) replacement policy on the
GPU. This LRU policy is used by our data request management scheme presented in Section 7.3.5 to
determine where to store new data in the cache when a request for a page is emitted. It is based on the
usage information provided by the usage buffer described in Section 7.3.3.

The principle of an LRU scheme is to replace the pages that have not been used for the longest period
of time when new data need to be written into the cache. This scheme allows us to take advantage of
the frame-to-frame coherence of the data needed to render a scene. In order to make sure the algorithm
always discards the least recently used item, it is essential to keep track of what data was used, and
when it was used.

LRU page list

We implement this LRU caching scheme on the GPU by maintain-

ing a list of all the pages present in a cache, sorted by the time LRU Page List

since they were last used (Fig. right). This list is called the LRU

page list, it is stored in linear video memory and updated and main- Lastly used Least recentl,
page idx used page idx

tained using data parallel operations on the GPU. This list contains
as many entries as there are pages in the cache. Each entry stores
the reference (or pointer) to a page in the cache. A reference is a 32bit value whose encoding depends
on the application and the physical storage of the data pool (cf. Section 7.3.1).

In this LRU page list, references to the most recently used pages are kept at the beginning of the list,
whereas those, not used for a long time, are at the end. When n new pages need to be inserted in the
cache, replacing the n pages corresponding to the last n entries of the list perfectly respects the LRU
scheme (cf. Figure 7.12). Using such a list gives us the nice property that the n elements addresses can
be fetched in parallel by the threads in charge of loading data into the cache as described in Section
7.3.6.

Data-parallel LRU management

The LRU management is the first step of the cache management phase that is executed for each cache
after each rendering pass (cf. Section 7.2). Usage information provided by the application through
the usage buffer is used to maintain the LRU page list described in Section 7.3.4 in order to keep the
most recently used elements at the beginning of the list, whereas those not used for a long time are at
the end.

Sorting the LRU page list at each rendering pass on the GPU using a sorting algorithm would be
prohibitive [SA0O8]. Instead, we rely on an incremental sorting scheme that makes use of two order-
maintaining stream-compactions [BOA(09]. This incremental sorting scheme, or maintenance proce-
dure, is illustrated in Figure 7.12. Stream compaction, is a very important primitive building block
for algorithms that exploit the massive data parallelism that is emerging in GPU hardware. It allows,
in a parallel process, to compact elements of a list into a new list containing only the flagged ele-
ments [BOA09]. Basically, the idea is to grab in the LRU page list all the references to pages that
were used in the current rendering pass, and to put them at the end of the list without modifying the
order of the other references.
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Figure 7.12. Incremental update of the LRU page list based on a per-page usage information provided inside
a usage buffer by the application. Two stream compactions are used in order to keep references to lastly used
pages at the beginning of the list.

As we have seen in Section 7.3.3, usage information in the cache is provided on a per-page granularity
using a usage buffer. We use this usage buffer to generate a usage mask that indicates for each element
of the LRU page list whether it was used in the current rendering pass. In practice, this is done in a
data-parallel way with CUDA by launching a kernel with one thread per element of the LRU page list.
Each thread checks in the usage buffer if the page was used in the current pass. If the stored timestamp
matches the time of the current frame, the element is flagged.

The LRU page list then undergoes two stream compaction steps. The first stream compaction will cre-
ate a list U, that only contains the used elements, the second a list that contains all unused elements
U_. Because inside each of these sublists, the order remains the same, the list of the unused elements
will still have the oldest elements at the end and the most recently used in the beginning. Therefore,
when concatenating U to the beginning of the U_ we inherently sort the usage list.
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7.3.5 Managing data requests

In the previous section we saw how we efficiently maintain the LRU replacement policy on the GPU.
This scheme provides us with information on where new data need to be loaded inside the cache
through the ordered LRU page list. We will now look at how to handle data requests emitted on the
cache interface (Sec. 7.3.3) during a rendering pass.

Computing the compacted request list

After the rendering pass, the request buffer presented in Section 7.3.3 is filled with the time of the
current frame for each node that needs data to be loaded into the cache. In order to process these
requests efficiently in parallel (Sec. 7.4), we want to collect the needed load operations in a compact
request list. This compacted request list is computed by applying a stream compaction operation (cf.
Section 7.3.4) on the request buffer, as illustrated in Figure 7.13.

We rely on a slightly modified stream compaction operation in order to interpret the timestamp infor-
mation stored in the request buffer as a boolean flag, based on the comparison with the time of the
current pass. We also tweaked the last step of scattering of the stream compaction (cf. [BOA09]) in
order to directly write (without memory read) inside the request list the index inside the page table of
selected elements.

Page Table Request Buffer
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Request List

List of page
LLLLT] Table indexes
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Figure 7.13. Generation of the compacted request list using a stream compaction operation on the request
buffer.

At the end, this compact request list contains the index in the page table of all the entries that require
a data load. In addition to a compact request list itself, the stream compaction operation provides us
with another interesting information that is the length of this list, corresponding to the total number
of flagged elements in the piece of request buffer. Indeed, this length also corresponds to number of
pages that need to be loaded into the cache.

Prioritizing requests

As we have seen in Section 7.3.3, data requests in the request buffer can contain information on the
number of threads that have issued the same request, instead of a simple timestamp. This scheme has
a more important impact on the rendering performance than the simple boolean flag and is not used
uppermost. However, this information on the number of threads issuing a data request can be used
to parameterize the requests. In the context of an application with a strict real-time constraint, the
number 7 of data requests handled per frame can be limited in order to bound the time taken by the
loading of data inside the cache.
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In our application, data requests that have been triggered by the highest number of threads are likely
to be the most important ones, because they are the ones with the biggest impact in the image quality.
In such a context, it is important to first serve data requests that have been triggered by the highest
number of threads, used as a weighting factor. Thus, once compacted into the request list, data re-
quests can be sorted based on this weighting factor, and only the first n requests of this list can be
answered in a given frame.

Page table localization

As explained previously, the page table of our generic cache is manipulated as a simple list of refer-
ences to pages stored into the cache. We do not want to make any assumptions about the actual data
organization inside this page table. In the case of GigaVoxels, this page table actually stores nodes or-
ganized in an octree (or a set of octrees, cf. Section 7.4.1). In another graphic application, data could
be organized into a Kd-tree or a regular grid for instance. In a non-graphic application, data could
simply be a list of objects with no more structure. In order to stay generic, the cache management
mechanism does not have to know anything about this data organization inside the page table.

However, the actual data organization inside a cache must be taken into ac-
count in order for the producer in charge of answering the data request to
know "what" data it needs to load into the cache. As described in previous | | | | | | | | | | |
sections, a data request is only identified by the index into the page table of | [ocalization Buffer
the entry data is requested for. Thus, there is no relationship between the | | I [ |
. L. . L1 | |
index of a page table entry which is provided for the data requests, and the

actual localization inside the underlining data structure.

Page Table

The mapping between an index into the page table and the actual data provider and localization inside
the underlining data structure is made through what we call localization information. Depending on
the application, this localization information can be either implicit (in the case of a simple list or a
grid for instance) or can have to be stored explicitly (e.g. for an octree or a Kd-tree) in a localization
buffer. The actual format of localization information is also totally application dependent since it de-
pends on the underlining data structure. Thus, it is manipulated as an opaque format by our generic
cache management mechanism, with only the user defined data producer interpreting it.

Concretely, we abstract the management of this localization information inside the page table, which
is able to provide a localization information for any entry of the table. In case of explicit localization
information, the actual management of the localization buffer used to keep the mapping between an
index into the page table and a localization information is done by application specific code. If the
page table itself is "dynamic" and managed by a cache mechanism as it is in the case in GigaVoxels,
the localization buffer is updated by the user defined data producer when generating a page.

The localization buffer must be kept as compact as possible, in order to limit the memory overhead
it induces. Explicit localization information does not have to be specified in a per-entry basis for
the page table. Indeed, in our application for instance, since the page table is in fact a layer of our
node pool, it is enough to store one localization information per node-tile, since inside a node-tile
localization can be implicitly reconstructed.
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7.3.6 Parallel data load

Once the compacted request list has been computed with the data requests and the LRU page list has
been updated to account for the data usage in the current pass, actual data loading into the cache can
be achieved. We are now able to determine what data to load (the entry in the page table) and where
to store it (through the LRU policy), we have everything needed to actually load data into the cache.

The loading of data into the cache is done through a generic mechanism we call a GPU data provider.
GPU data providers are in charge of writing the data into the pages that are physically located into
a data pool (cf. Section 7.3.1). As we will see in Section 7.4, data providers are implemented by
GPU producers that are application dependent and can implement multiple data providers for dif-
ferent caches. Producers can be either procedural, generating new data on the fly inside the cache,
or loading producers, loading data from the system memory. The data loading procedure is initiated
through the launch of a generic CUDA loading kernel, in charge of calling the loading function of the
user defined data provider.
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Figure 7.14. Illustration of the parallel loading procedure of data inside the cache.

Scheduling of data loading threads

The generic kernel responsible for loading into the cache is launched by associating one CUDA thread
group [NVI11a] per page that needs to be filled. Indeed, since cache pages contain multiple elements,
having one thread group per page allows the parallel processing of these elements by the producer, as
well as the parallel processing of all the requested pages. In addition, thread groups provide the ability
for the threads in a group to communicate through a fast shared memory [NVI11a]. This organization
of parallel computation allows the threads in charge of a given page to collaborate together for an
efficient loading or generation of the data.

Inside each group, the number of threads is chosen in order to maximize the occupancy of the GPU
multiprocessors [N'VI11a] and to be able to share computations (like destination addresses computa-
tion) between all data written into a given page. This scheduling of the working data-parallel threads
is a critical point for the efficient execution of the production task. It totally depends on the size of the
pages and the actual processing of the producer. Therefore this thread group organization is provided
directly by the user-defined GPU producer.

Interface with user-defined producers

As illustrated in Figure 7.14, the interface between the generic data loading kernel and the user defined
GPU producer is made by passing the index of the page table element that requests data (extracted
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from the request list) and the index of the page in the data pool to write data into (extracted from the
LRU page list) to the data loading function of the producer, on a thread group granularity. These two
informations provide the producer with both the "what"” data to load and the "where"” to load it into
the data pool.

For each request, the producer will usually use the provided page to write data into, but there are cases
where it will not write data or will not use the provided page:

e The first case is when, during the production of the data, it appears that the generated data are
not really necessary. In the case of GigaVoxels for instance, this happens when during the pro-
duction of a brick, the value of all voxels appears to be the same. In this case, we do not want to
store an actual brick, but instead a constant value in the node. There are also situations where
the data needed to fulfill a request are not available immediately to the producer. In this case,
the producer may differ the loading of these data to a subsequent request.

e The second case is when we want to share pages between multiple entries of the page table. In
GigaVoxels, this situation appears when we want to instantiate a brick inside multiple octree
nodes, or we want to instantiate sub-parts of the octree (cf. Section 8.1). In this situation, the
producer will not write data into a new page, but instead will provide the index of another page
in the pool it wants to reference to.

In order to handle these cases, the GPU producer itself returns the index of the actual page to be writ-
ten into the page table entry. The page table is automatically updated with this index by the generic
loading kernel. In the usual case the returned index is actually the index of the pages that were re-
served in the LRU page list to be recycled to handle this request. If it is not, it means that we are in
one of the two situations we presented previously. In the first case, this index will be null, and in the
second case it will be the index of the existing page the producer wants to reference to.

In the case where the page reserved in the LRU page list is actually used and recycled, an invalidation
procedure described in Section 7.3.7 needs to be executed, in order to invalidate all references in the
page table that were previously pointing to this recycled page. In order to prevent the reference we just
created to be invalidated during this procedure, a flag indicating this case is put into the corresponding
request element of the compacted request list (in practice a single most significant bit is set to one).

7.3.7 LRU invalidation procedure

Once new data have been loaded into the cache, some pages of the cache have been recycled to load
new data, and the data previously stored in these pages have been overwritten. In order to keep the
page table coherent with the new data, a special procedure needs to be applied in order to invalidate in
the page table all previous references to the recycled pages. Indeed, without such a procedure, over-
writing a page might lead to another one still pointing to this location assuming that the old content is
still present. In other words, each time cache pages are recycled in order to make room for new data,
an invalidation procedure has to be executed to remove all the references to the data being recycled.
This cleanup procedure is non-trivial because pages in the cache could be referenced by more than
just a single page table entry (in the case of instantiated data).

This invalidation procedure must be done after the data production step, since the actual page usage
is only known at this time, due to the ability of the producer not to produce data, or to use an existing
page instead of loading a new one (cf. Section 7.3.6).
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Figure 7.15. Illustration of our two steps invalidation procedure of recycled page table references.

Two steps procedure

Our solution to invalidate old page table references reliably is to use a two step procedure as illustrated
in Figure 7.15.

First, for each of the requests of the compacted request list indicated as using a recycled page during
the data load procedure (cf. Section 7.3.6), a flag is associated with the actual recycled page in the
data pool (whose index is provided by the LRU page list). This flag is efficiently written in parallel
for all entries of the compacted request list using a CUDA kernel with one thread per entry of the list.

Then in a second step, all entries of the page table are tested in order to detect if they reference a page
that has been flagged as overwritten. If it is the case, and the corresponding entry in the request list
is not flagged as being written in the current pass, the entry in the page table is set to null to indicate
that the referred element is no longer present. Since all invalidation operations are independent, this
step is also executed efficiently on the GPU as a data parallel kernel.

One of the priorities during the design of the whole cache mechanism was to keep its memory over-
head as low as possible. Following that goal, we chose to rely on the usage buffer used for the LRU
management procedure (cf. Section 7.3.4) in order to store the invalidation flag written in the first
step. The invalidation flag is encoded as a special reserved value, not used for the LRU (in practice
we use zero). This trick allows the invalidation procedure not to use any additional memory.

Producer specific invalidation processing

When a page table reference is invalidated, there are some GPU producers that need to perform a
special processing. This is the case for instance for the data load producer described in Section 7.4.3,
that needs to keep a system memory address in the data structure. To allow this scheme, an invalida-
tion function is called by the invalidation kernel (step 2) on the GPU provider interface whenever a
page table reference needs to be invalidated. This invalidation function is in charge of invalidating the
reference in the page table entry and can perform whatever processing it needs. This function is not
intended to perform complex computations that would require a parallel processing. It is intended to
perform only a simple serial processing and it is triggered only using a single thread per invalidated
entry.

This scheme also allows the producer to implement a write-back procedure for cached data. Such a
procedure is not useful in our application, since cached data are simply used for rendering, and thus
are not modified. However, one can imagine other usages of our cache where data stored in the cache
could be modified on the GPU, and would need to be written-back to the system memory when their
pages are recycled, in order to preserve their value for future use.
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7.3.8 Application specific optimizations

As we have seen, in our GigaVoxels application both a node cache and a brick cache will always be
instantiated in order to build and manage the data structure (Sec. 5). Thus, some memory buffers can
be factored and shared between these two caches in order to save video memory. This is the case for
the request buffer (Sec. 7.3.3) as we will see in the next section. It is also the case for the localization
buffer (Sec. 7.3.3), since in our GigaVoxels application it describes the same octree structure in both
the node cache and the brick cache. Also, all temporary buffers like the compacted request list that
does not need to maintain data between passes can be factored between the two caches.

Factoring the request buffer storage

The request buffer presented in Section 7.3.3 is used to handle data requests on a cache. Both the node
cache and the brick cache use the node pool as a page table. Thus, they both handle data requests on
the same domain. Therefore, we chose to use the same video memory region to store a request buffer
shared between both caches. Inside this buffer, the discrimination between requests emitted for one
cache or the other is made through a special flag added to each request slot as a single bit.

This restricts the ability to emit requests for both caches at the same time for a given element, but
this appears not to be a problem in our application. Depending on the streaming strategy (cf. Sec-
tion 7.2), a single ray will generally issue either a node subdivision request on the node cache or a
brick request on the brick cache, but not both at the same time. Nevertheless, with some streaming
strategies, different rays can sometimes issue different kinds of requests. This is not the case for the
"real-time" strategy presented in Section 7.2 since bricks are always requested before requesting a
node subdivision, in order to always ensure the ability to render a complete image, even if it is not at
correct resolution. However, this is the case for the "quality first" strategy presented in Section 7.2. In
this case, some rays can ask for a brick because they detect that the octree is at the right resolution for
their needs, while other rays can request a subdivision because they need higher resolution. Therefore
in this case a conflict is possible but we do not consider this situation as a problem. Indeed, only one
of the two requests will be handled in a given rendering pass. Fortunately, the latter will be in the next
pass because, now that one request has been handled, subsequent requests for this node can only be
of the other type.

This scheme does introduce a one-pass delay for the request to be handled in case a conflict actually
occurs, but we do not consider it as a problem in the context of an off-line "quality first" strategy. The
main benefit of such a scheme is that it keeps us from relying on an atomic operation on the request
buffer, that would impact rendering performance. This would be necessary in case we would like to
be able to handle both types of requests at the same time using two bits.

Using this kind of shared request buffer is handled by our generic cache by allowing the application
to provide the test function used in the stream compaction operation described in Section 7.3.5. This
test function is used to select the element of the request buffer that will be kept by the compaction
operation. The behavior of the default function is to keep elements with a timestamp corresponding to
the time of the current frame. To handle a shared request buffer, this function is just slightly modified
in order to test the bit indicating the type of request.

With this approach, two stream compactions are still performed on the shared request buffer. One
for the management of the node cache, and the other for the brick cache. In our tests, this stream
compaction appeared to be one of the most costly operations done for the management of a cache.
In order to reduce the cost of having to perform it twice, we rely on an additional optimization pass
that performs a first stream compaction on the whole request buffer that extracts all valid requests.
This compacted request buffer is a lot smaller than the original one. It is then passed to both caches
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and handled exactly in the same way as if it was the original request buffer. The difference is that the
per-cache stream compaction is a lot faster thanks to the reduced size of the buffer.

Implementation summary

Figure 7.16 presents a summary of all permanent GPU memory regions used by the two instances of
our cache mechanism managing the node pool and the brick pool in the context of GigaVoxels. In this
section, we present a typical usage scenario of our cache mechanism inside GigaVoxels, in order to
analyze the impact our caches in terms of memory occupancy.

Figure 7.16. Summary of every GPU memory regions allocated for a typical usage of our cache mechanisms
in GigaVoxels.

In our typical scenario, the brick pool is allocated with 483 = 110592 bricks, each containing 83
voxels. This represents 384> voxels containing two 32bit values (a 4 byte color and a 4 byte normal
distribution as described in Section 4.5), for a total of 432MB. The node pool is allocated with 262144
node-tiles, representing 2097152 nodes each containing 8 bytes, for a total of 16MB.

e Node Pool: 262144 node-tiles (2 X 2 X 2 nodes), 2097152 nodes x 8Bytes = 16MB
e Brick Pool: 110592 bricks (8* voxels), 56623104 voxels x 8 bytes = 432MB

The node pool is managed with a node cache containing:
o Usage Buffer: 262144 x 4 bytes = IMB
e LRU Page List: 262144 x 4 bytes = IMB
And the brick pool is managed with a brick cache containing:
o Usage Buffer: 110592 x 4 bytes = 432KB
e LRU Page List: 110592 x 4 bytes = 432KB
These two caches share the following memory regions:
¢ Request Buffer: 2097152 x 4Bytes = SMB
e Request List: 262144 x 4Bytes = IMB
e Localization Buffer: 262144 x (4 + 4) = 8§Bytes = 2MB

Thus, total video memory used by the two caches for their operation is 13.84MB, compared to the
448MB of data actually stored and managed by the caches. Thus, the memory required for the man-
agement of our caches represents only a 3.08% overhead in this typical situation.
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7.4 Handling data requests : Voxel producers

Requests made on our generic cache mechanism are handled through a data provider interface. A data
provider interface is actually implemented by a GPU data Producer, that can actually implement mul-
tiple provider interfaces, in order to answer multiple caches. Data producers are in charge of actually
fulfilling data requests by generating or loading all data necessary for a given voxel structure (Sec. 5).
By implementing multiple provider interfaces, a single data Producer can manage the multiple types
of data that are necessary to build a given data structure.

In the case of GigaVoxels, as illustrated in Figure 7.17, producers implement two provider interfaces,
one for the node cache and one for the brick cache. Thus, a producer provides the data needed for
both building the octree structure and filling bricks.

As we will see in Section 7.4.1, each GPU cache can rely on multiple data Providers to get data from.
This makes it possible to connect multiple Producers to the same cache, and thus to store data for
multiple different structures associated with different objects of a scene in the same cache.
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Figure 7.17. Illustration of a GigaVoxels data producer implementing a data provider interface for both the
node cache and the brick cache, thus providing both octree nodes and brick data. Multiple kinds of data pro-
ducers can be used, a few examples are shown here.

GPU producers directly write into the video memory from data-parallel production threads generated
by a kernel launch as described in Section 7.3.6. In GigaVoxels, data can come from any kind of
source. We identified three main classes of data producers than can be used within our voxel based
rendering pipeline:

o The first type is loading producers. Loading producers load voxels and octree data precomputed
and stored in system memory. The download of data in system memory from CUDA threads is
made efficient by relying on a direct mapping of the system memory inside the address space of
the GPU [NVI11b]. Whereas previous solutions had to trigger many independent updates, our
solution transfers data more efficiently in parallel from multiple threads.

e The second type is procedural producers. Procedural producers generate data entirely on the
fly on the GPU to answer data requests. This generation can be done based on a mathematical
function (such as a fractal), or from the transformation of another representation stored on the
GPU. For instance, we demonstrate in Section 7.4.6 a mesh-voxelisation producer that gener-
ates data (to build the structure and fill the voxel bricks) by voxelizing a triangle mesh stored
inside the video memory (in a grid acceleration structure). We also show how procedural details
can be added in order to amplify the voxelized mesh.

e The third type is mixed producers. Mixed producers both load data from system memory and
add procedural details in order to amplify them.
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In practice, our GPU producers are composed of both a CPU and a GPU function. The CPU function
is mainly in charge of passing configuration parameters to the GPU production function in charge of
actually loading data in the cache. In the case of producers loading data from the system memory, the
CPU function is also in charge of preparing data and making them available in system memory so that
the GPU loading function can access them.

7.4.1 Managing multiple objects

We call objects individual voxel-based models that are used in a given scene and that can be rendered
separately using our ray-casting algorithm (Sec. 6). Each object has its own data structure stored in
video memory and used for rendering. Objects that share the same kind of data structure (in our case
the octree-based structure with associated bricks presented in Section 5) can be stored in the same
caches, since the type of data to store is the same and they require the same page size (in our case
page sizes correspond to the size of a node-tile and the size of a brick).

In the cache management scheme described in Section 7.3, we assumed that data stored in a cache
came from the structure of a single object, thus from a single Producer. In practice, we want to be
able to use a cache to store data coming from multiple objects. These objects must be instances of
the same type, since a given cache is dedicated to the storage of a specific set of types organized in
the data layers of a data pool. Data for a given object are provided by an instance of a GPU producer
dedicated to provide these data.

Figure 7.18. Illustration of multiple objects binding to the cache mechanisms in GigaVoxels.

To allow this usage, a GPU cache accepts the connection of a set of producers implementing the
provider interface accepted by the cache. Each connected producer is identified by an instance or
object id. This object id information is associated to each entry of the page table. It is used by the
cache manager to route data requests to the right data provider interface. In practice, this information
is added to the localization information described in Section 7.3.5.

In order to ensure an efficient data generation, a segmentation pass is performed on the compacted
request list (cf. Section 7.3.5) in order to group together all requests intended for a given producer.
These requests can then be handled together by the same kernel call using the dedicated GPU pro-
ducer.

Also, our cache can serve multiple rendering client applications totally transparently through our
cache interface described in Section 7.3.3.
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7.4.2 Writing into texture pools

GPU producers are in charge of directly writing data inside pages located into the data pools. As
we have seen in Section 7.3.6, this writing is done in parallel by multiple GPU threads executing a
data production function of the producer. The GPU pools used to store the data maintained in caches
can be located inside two kinds of video memories: the linear memory and the texture memory (cf.
Section 1.3). Thus, a GPU Producer must be able to write directly into such memories.

The problem of texture memory

Writing into a linear video memory from a CUDA thread is a straightforward operation. It is done, as
on the CPU, through a classical pointer dereferencing. However, writing into a texture memory is not
so straightforward. Indeed, texture memory can not be addressed directly in CUDA. It is encoded in
a proprietary format dedicated to providing a fast texture sampling. For a long time, this memory was
not even writable from a CUDA thread. With the lastest generation of NVIDIA hardware (based on
the Fermi architecture [fer10]), a Surface API was introduced in CUDA, providing random read/write
access into textures. The problem is that this API only supports 1D, 2D and Layered 2D? textures,
and not 3D textures.

In GigaVoxels, our brick pool is stored inside a 3D texture, to be able to take advantage of the hard-
ware trilinear filtering, the 3D locality cache organization and the 3D addressing. In order to motivate
the usage of a 3D texture, we compared the performance of texture sampling when using a Layered 2D
texture and a 3D texture for ray-casting on last generation hardware. The results of these experiments
are presented in appendix A.1 and clearly show the advantage of 3D textures in our application.

Reverse-engineering texture format

In order to be able to use 3D textures together with GPU based producers, and to keep both fast sam-
pling access during rendering, and fast write access during data loading, we designed an alternative
write access to 3D textures. To do so, we reverse-engineered the proprietary 3D texture format as well
as the CUDA API in order to get a direct access to the texture memory from a CUDA thread through
standard video memory pointers.

7.4.3 GPU load producer

The first kind of producer that we developed for GigaVoxels is the loading producer that loads pre-
computed octree nodes and voxel bricks (generated following our pre-integration scheme described
in Chapter 4) and stored inside the system memory. It is used to implement an actual caching scheme
between a full pre-computed structure stored in system memory and the working subset of this struc-
ture maintained in video memory for rendering. Of course, this GPU producer assumes that the whole
dataset fits inside the system memory, that is usually many times larger than the video memory. We
will see in the next section how we can manage larger datasets that do not even fit inside the system
memory.

Other approaches like [GMAGO8] transfer individual data elements (voxel bricks) from the system
memory to the video memory using copy operations triggered from the CPU. Each individual element
has to be copied to a different position in the data pool that is specified by the LRU scheme. The prob-
lem with such an approach is that the cpu-to-gpu copy operation used to transfer each element has
a long latency of execution, probably due to driver software overhead and synchronizations between

3Layered 2D textures are composed of a stack of 2D textures that do not support interpolation between layers
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successive calls. This overhead makes a series of such copies very inefficient when a small amount
of memory is transfered per copy operation. In this case, as shown by our experiments presented in
Section 7.5.3, the bandwidth available on the bus connecting the graphics card to the main memory
is not exploited fully and the hardware is underused. This problem appears to be even worse when
doing transfers inside a texture (as it is the case for our voxel bricks). In this case, in addition to the
CPU software overhead, we observed an additional cost per copy operation that is probably due to the
format conversion operation needed to transform the linear memory provided by the application into
a hardware specific texture format. In addition, this problem prevents transfers to texture memory to
be proceed asynchronously, with computations done on the GPU at the same time.

This problem appears very important in our case, since we specifically designes our cache mechanism
to be able to operate on small units of cached data (pages), in order to provide a very fine caching
granularity and reduce over-storage of non-useful data. This is true for the bricks that we try to keep
small (83 or 33 voxels) and for the nodes that we group inside 2 X 2 X 2 node tiles (however, note that
in practice we store nodes inside a linear memory region).

GPU based data download

In order to overcome this problem, we propose to do this memory transfer manually from CUDA
threads directly into our GPU data production function. By doing so, we are able to reach perfor-
mances close to the theoretical bandwidth of the bus as shown in Section 7.5.3. To perform this
loading, we rely on a feature of CUDA named zero-copy [NVI11a] that allows us to access a subpart
of the system memory mapped inside the GPU address space directly from a CUDA thread. To be ef-
ficient and use the full available bandwidth with the system memory, such an access must be made on
adjacent words for each thread of the same CUDA warp [NVI111a] (this property is called coalescing).
We ensure a maximum efficiency of such a GPU producer by carefully choosing the CUDA thread
blocks configuration used by the GPU data production function (Sec. 7.3.6). In addition, this scheme
also ensures a best usage of the available bandwidth with the video memory, thanks to the very large
amount of memory accesses initiated in parallel from multiple warps processed inside different Multi
Processors [NV111a] of the GPU.

Compressed transmission

In addition to the immediate performance gain, this GPU-based loading approach allows us to perform
other interesting optimizations. Data loaded from system memory can be transfered in a compressed
form, and decompressed on the fly by the GPU producer before being written into the cache in video
memory. With such a scheme, the GPU cache acts as a temporary cache for uncompressed data used
for rendering. The interesting point in this scheme is that all computations that are done during the
data transfer are virtually free to process. Indeed, the latency of memory access done from a thread
into the system memory is hundreds of time higher than the latency of an arithmetic operation, thus
even complex computations done in parallel with the transfer inside loading threads happen to be
totally masked by the transfer.

Maintaining system memory source data location

Now that we have seen how we efficiently transfer data from the system memory, one remaining
question is how the GPU producer gets the information on where given data (needed to fill a page) are
located in system memory. The simplest approach would be to keep this information as an explicit
localization information that would be different for both the node cache and the brick cache. It would
be stored inside localization arrays associated with the page tables (cf. Section7.3.5).
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But this would require a lot of additional storage since one unique system memory location would
have to be associated with each entry of the two page tables. Such a scheme would be like duplicating
the octree structure with system memory locations for the sub-nodes and the bricks, and would require
twice the video memory storage for it.

Instead of relying on such additional localization arrays, we rely on the observation that a system
memory location is only needed for entries of the page table that do not reference a page already
loaded in the cache. Thus, for entries of the page table that contain a null pointer. In this case, instead
of storing a null value inside the page table, we store the address in system memory where the page
can be loaded from. Thus, when the page is requested, this address can be used by the Producer to
actually load the data into the GPU cache. In order to differentiate valid references to pages actually
loaded in the cache, from references in the system memory of pages not loaded in the cache, we add
a special flag to each entry of the page table. This flag indicates if the reference is actually a valid
reference to a page in the GPU cache, or not. Thanks to this scheme, we rely directly on the GPU
data structure to keep references to the data located in system memory, with absolutely no memory
overhead.

7.4.4 Loading from disk and system memory caching

Even if it is very fast, the problem with the loading producer we described in the previous section is
that it restricts the total amount of voxel data that can be manipulated to what can fit inside the system
memory. Allowing out-of-core management of data located on disk was not the priority of our work,
and we focused on the caching inside the video memory. However, we will quickly show that our
scheme can be extended to manipulate data larger than the system memory and stored on disk, with a
special disk loading producer. The overall idea is to add a second level of caching inside the system
memory. This caching is totally demand-driven exactly as our caching inside the video memory is.
In order to keep it simple, and since it was not our primary focus, we implemented a simple FIFO
replacement policy (Sec. 2.5.1).

Instead of directly storing flagged references to pages kept stored in system memory (as it is the case
for our simple scheme explained previously), the node-tiles loaded from the system memory contain
null pointers for all their nodes to both associated bricks and children node-tiles. However, we rely
on the localization information associated with a node-tile (cf. Section 7.3.5) to store the address in
system memory of this tile. Thus, when a sub-tile or a brick is required for one of the nodes of a tile
loaded in the cache, the GPU producer checks in system memory (based on the address stored in the
localization information) if the address of this associated element is present. If it is, the producer can
directly load it from system memory.

If it is not, the producer simply does nothing (and alerts the cache manager as explained in Sec-
tion 7.3.6). However, at each rendering pass, the batch of requests of both the node cache and the
brick cache are downloaded to the CPU*. This allows it to detect from the CPU when given data are
required and needs to be loaded from disk. This loading can be done totally asynchronously from the
rest of the application. At each successive rendering pass, the same data will be requested. If they
have been loaded in the meantime, their addresses will be available in system memory and the GPU
producer will be able to load it. If they have not been loaded yet, the GPU producer still does nothing,
and the request will be fulfilled in a successive rendering pass.

Depending on the memory available in system memory, pre-fetching schemes can be employed in
order to load more data than required from disk. In case these data are requested later, they would be
already present in system memory and ready to be downloaded by the GPU producer.

4This represents a small amount of data per pass and does not entail a significant overhead.
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7.4.5 Examples of dynamically loaded datasets

Figure 7.19 shows the result of interactive rendering with GigaVoxels of two datasets loaded dynam-
ically and on-demand using our GPU loading producer. The first dataset in 7.19(a) is a lion model
generated using 3D-Coat [Shpl1], a voxel sculpting software. The full dataset has a resolution of
20483 voxels and represents 64GB on disk, with 8 bytes per voxel (a RGBAS color channel and
a vec4 normal distribution). It is rendered with our approach at 60-80 FPS depending on the explo-
ration speed and distance to the object, on an NVIDIA GTX480 and at 512 x 512 rendering resolution.
The second dataset in 7.19(b) has been generated by tomographic reconstruction [CCF94] from the
X-ray scan of a lizard. Its resolution is 2048° and it represents 32GB of data on disk.

Also, the scene presented in Figure 7.1 (this chapter’s teaser) has been rendered at 20-40FPS using
GigaVoxels on an NVIDIA GTX 280. Its full resolution is 81923 voxels and it has been generated by
cloning a single 1024% medical dataset 8 times on each axis. It is stored actually cloned on disk and
loaded dynamically using our GPU disk loading producer.

(@) (b)
Figure 7.19. Two examples of high resolution datasets rendered in real-time using GigaVoxels and loaded
from system memory using our data loading producer.
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7.4.6 GPU procedural and mixed producers

GPU procedural producers directly generate voxel data and the octree structure, either from a mathe-
matical function, or from another representation. Mixed producers can also be implemented, loading
data from the system memory, then amplifying them using a procedural function. At the end of this
section, we present results obtained with fully procedural producers generating 3D Mandelbrot and
Julia fractals, as well as a producer voxelizing a triangle mesh on-the-fly on the GPU and amplifying
it by adding details using a Perlin noise function.

Compact localization information

In the case of a loading producer as presented in the previous section, no special localization informa-
tion (Sec. 7.3.5) is required on the page tables of the two caches since the only information we need
is the address in system memory where to load data from.

The situation is a little bit more complicated with procedural Producers. Indeed, there is no relation-
ship between the address of an entry of the page table, which is contained in the data request, and
the spatial extent it represents as a node of the octree (position and size). In fact, due to the cache
mechanism, the organization of the nodes in the node pool can be arbitrary and has nothing to do with
the actual scene. However, for procedural producers, a spatial localization information is required in
order to know what portion of space (position and size) needs to be generated. What we need is infor-
mation about the spatial extent (position and size) of the node that requests data, in order to generate
it. This information is stored inside the localization array presented in Section 7.3.5.

To be able to provide a compact information about the spatial organization, we rely on a localization
array composed of two layers :

e To each node, we associate a code, which we call localization code that encodes the node’s
position in the octree and is stored in three times 10 bits, grouped in a single 32bit integer. Each
10bits represent one axis. Bit by bit, this series encodes a sequence of space subdivisions, so
basically a descent in the octree. More precisely, the n/bit of the first 10bit value represents the
child taken on the X axis at level n. Each bit represents the choice (left or right child) along this
axis. This encoding restricts the maximum octree depth to 10 levels. In case more resolution is
needed, we rely on three 32bit values.

e Each node also stores a localization depth value in form of an 8bit integer. It encodes how deep
in the tree the node is located. A localization depth of n means that only the first n bits of the
localization code are needed to reach the node in the tree.

Consequently, these two values describe exactly one node in our octree subdivision structure. This
allows us to derive exactly what information needs to be loaded or produced by the GPU producer,
both in terms of octree nodes and in terms of bricks. Of course, values in these two arrays need to be
updated or created when nodes are written in the node cache by the GPU producer.

In practice, it is actually possible to reduce both array sizes by a factor of eight by storing these values
per node-tile (group of eight nodes) instead of per single node. Due to the fact that nodes in a tile are
grouped together in memory, the node address allows us to complete its localization code. We can
derive the final bit that misses from the node’s localization code with respect to the tile’s localization
code from the last bit of the node’s address.
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Examples of procedural and mixed producers

Figure 7.20 shows two images rendered using GigaVoxels and a fractal-based procedural GPU pro-
ducer. The first image 7.20(a) has been rendered using a 3D Julia procedural function amplified using
a Perlin noise that adds holes and detailed textures. The second image 7.20(a) uses a 3D Mandel-
bulb function [Whi09] that is a special 3D Mandelbrot set. Both are rendered at 70-90FPS on an
NVIDIA GTX480, they provide "unlimited" resolution, with only the localization information and
floating point precision limiting the maximum depth of the octree.

(@ (b)
Figure 7.20. Two examples of highly detailed datasets generated on-the-fly by a fractal-based procedural GPU
producer and rendered at 70-90FPS using our approach on a GTX480.

Figure 7.20 shows two images rendered in real-time using mixed GPU producers. Image 7.21(a) has
been computed using a voxelization GPU producer that computes a distance field on-demand from of
a triangle mesh stored in video memory. It adds a Perlin noise on the voxelized data, with a lookup
table used to generate a lava-like material. Image 7.21(b) presents a rendering with GigaVoxels of
the 4096° Visible Human dataset, enhanced with a Perlin noise providing a Mummy-like look. This
dataset represents 256GB on disk (one RGBAS value per voxel) and is loaded dynamically using our
disk loading GPU producer 7.4.4. It is rendered at around 15-20FPS on an NVIDIA GTX 280.

(a) (b)
Figure 7.21. (a) : Triangle mesh voxelized on-the-fly and amplified using a Perlin noise, rendered at 70FPS on
a GTX280. (b) : 4096° voxels Visible Male dataset, amplified using a Perlin noise and rendered at 15-20FPS.
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7.5 Results and performance analysis

In order to evaluate the performance of our out-of-core caching and streaming mechanisms, we stud-
ied their behaviors in typical rendering scenarios. All these experiments have been made using an
NVIDIA GTX480 GPU and an Intel Core 2 Duo E6850 CPU @3GHz.

7.5.1 Repartition of the costs per frame

The actual performance of our paging system needs to be evaluated on a sequence. Thus, in our first
case study presented in Figure 7.22, we analyze the repartition of the costs per frame of the differ-
ent processing phases, on a typical sequence of exploration (presented in Figure 7.22 top) inside the
Mandelbulb scene. This scene is generated by the fully procedural fractal Producer presented in Sec-
tion 7.4.6. We use the real-time update strategy presented in Section 7.2.2, with only one rendering
pass and one update pass per frame. We present the repartition of the costs (in ms), for each frame of
the sequence, between the rendering phase (our ray-casting presented in Chapter 6), the data manage-
ment of the two caches (node and bricks), the loading of the nodes and the loading of the bricks inside
the caches. The top graph shows the repartition of the timings when the exploration is done at "nor-
mal" speed, during 64 seconds. The bottom graph shows the results for the same sequence explored
at 4x the normal speed, during 16 seconds. The first observation is that the rendering time is quite
constant all along the sequence. It slightly increases as the camera zooms inside the dataset, most
probably due to the deeper traversal of the octree that is induced. On average, the rendering phase
represents 56% of the total time of a frame at 1x speed, and 34% at 4x speed. Inside the ray-casting
pass, we also measured the cost of interacting with the two cache interfaces (Sec. 7.3.3). On average,
emitting data requests and usage information on the two caches only increases the total rendering time
by 5%.
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Figure 7.22. Repartition of the costs (in ms) per frame of the main operations computed in our approach, on
a 64 second exploration sequence inside the Mandelbulb scene. The top image shows 6 snapshots of the whole
sequence, first graph times with normal speed exploration, second graph times with 4x exploration speed.

The cost of the management of the two caches (LRU scheme Sec. 7.3.4 + data requests management
Sec. 7.3.5) is totally constant and represents on average 4% of the total frame time at 1x speed and
2.5% at 4x. As we will see in Section 7.5.4, this cost is very low compared to the cost of the CPU
management schemes employed in other approaches. The cost of loading nodes inside the node cache
is very low, and represents on average 1.5% of the total frame time. However, as expected, the cost of
generating bricks that contain actual voxel data and loading them inside the brick cache is very high.
It represents 30% of the total frame time on average at 1x speed, and on average dominates the cost
of a frame at 4x with 57% of the frame time.

7.5.2 Cache efficiency

In our second case study presented in Figure 7.23, we analyze the efficiency of our cache mechanism
in the management of the brick pool. On the two graphs, we show the percentage of data that have
been loaded and used inside the brick cache for each frame of the same sequence than the one used
in the previous section, with 4x exploration speed. The top graph shows results when using a 512MB
cache, while the bottom graph shows the results with a smaller 128MB cache. This allows us to com-
pute the ratio of data used in the cache per frame over the data loaded. This ratio appears to be very
good, with only 2.6% of cache misses on average with the 512MB cache, and 5.9% with the 128MB
cache.

Since we load data entirely on-demand, without using any pre-loading of data (based on statistical
prediction for instance), almost all loaded data are actually used in the subsequent rendering pass and
this does not generate trashing. Trashing can only appears when the total amount of data required for
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a given frame is larger than the size of the cache. In this case, quality reduction strategies have to be
employed to ensure real-time rendering.

30
20

10

Percentage of the cache

0

7
0N ANOWOWMONT VL ANOODWOMONST =00 oNOOWmMOIN S QD O MmO
AN AN T NN ONNOOODNDO A ANNOMOSCS TN OO 0D ONDO dd N MMSST N O O N

— ™ o = AN NN AN NN NN AN NN

d Frame

512MBBrICkCaChe Used Loade ram
150

GJ
=
v
©
v
[
£
S
&
o
()
[
8
<
[
Y
&

00 N AN OO MONTEHOWUL NONDNOMONST 0! NOONDOUMONST 0L NOWMOIN

SN ANOMO ST NN O NN O N AN OO TN OWON0DNDNDO 4 d NMOMOMm T 1N O OIS

E e o A e H e H AN NN NN NN NN NN

128MB BrICkCaChe = Used Loaded Frame

Figure 7.23. Percentages of pages loaded and used in the brick cache for each frame of a 16 second sequence
of exploration of the Mandelbulb scene on a GTX480.

7.5.3 Comparison with CPU-based transfers

One of the major differences of our approach compared with previous work is the streaming of the
data located in system memory in parallel directly from the GPU using kernel fetches (cf. GPU load
Producers presented in Section 7.4.3). Figure 7.24 compares the transfer speed we have been able
to achieve using our GPU-based method, with the speed obtained using the CPU-based transfer ap-
proach used for instance in [GMAGO8]. The CPU-based approach issues multiple copy-to-texture
instructions (CUDA cudaMemcpyToArray instruction [NVI11a]), one for each brick to transfer. Fig-
ure 7.24(a) shows the transfer rate in MB/s of the two approaches, depending on the number of bricks
and with 183 voxel brick resolution, and Figure 7.24(a) shows the same comparison with 66> voxel
brick resolution. We clearly see that our approach is increasingly faster than the CPU approach as
much as the number of transfered bricks increases. With around 480 bricks of 18 voxels and 137
bricks of 66> voxels, we reach a little bit more than half the theoretical bandwidth of 8GB/s of the
PCIExpress bus (cf. Section 1.3), which is a very good performance. However, the CPU approach
can not do better than 41—0 of the theoretical bus bandwidth for 183 bricks, and % of this bandwidth with
66° bricks.
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Figure 7.24. Comparison of the transfer rates (in MB/s) achieved with CPU-based copies and our GPU-based
streaming approach (kernel fetch), for 183 voxels bricks (a) and 663 voxels bricks (b).

7.5.4 Comparison with CPU-based LRU management

Another major difference of our approach compared with previous work is the management of the
cache done entirely on the GPU, and in particular the management of the LRU replacement policy. In
order to show the advantage of our method in terms of execution speed, we compared the cost of our
GPU-based LRU management with a CPU-based management similar to the one used in [GMAGOS].
Figure 7.25 shows the average time per frame in milliseconds taken by the two approaches, depending
on the size of the managed pool in MB, with 64B pages. We see that our approach performs increas-
ingly better than the CPU-based approach as the size of the cache, and thus the number of pages to
manage, increases. In this test we limited the maximum cache size to 64MB and our approach is 1.7x
to 27.5x faster than the CPU approach.
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Figure 7.25. Comparison of the average time (in ms) for the management of the LRU replacement policy
between our GPU approach and a CPU approach, depending on the size of the cache (in MB) and with 64B
pages.

7.5.5 Out-of-core ray-tracing of triangle scenes

In order to demonstrate the genericity of our cache mechanism (Sec. 7.3), we used it to implement
an out-of-core renderer for large triangle scenes. This renderer is based on a BVH (Bounding Vol-
ume Hierarchy, [LGS09]) structure, instead of an octree, that stores sets of triangles in its leaves.
It is rendered on the GPU using a dedicated ray-tracer that traverses the BVH structure and renders
stored triangles. As for GigaVoxels, both the BVH space subdivision structure and the triangle data
are managed with our generic cache, inside a BVH node cache and a triangle cache. Triangles are
grouped in pages inside the triangle cache, and each leaf of the BVH can only reference one page of
triangles. Both BVH nodes and triangles are streamed using a dedicated GPU Producer from a pre-
computed structure stored in system memory. This rendering scheme was not particularly optimized
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and our goal was not to contribute to the domain of out-of-core real-time ray-tracing of large triangle
meshes, but simply to demonstrate how our cache mechanism can adapt to different data structures
and representations.

Figure 7.26 shows screen-shots taken during the exploration of the 13M triangles Power Plant scene
rendered using our dedicated ray-tracer, from the BVH-based representation stored and managed in
video memory using our GPU cache. This dataset takes approximatively 512MB stored in system
memory and we allocated only SOMB of triangle cache in video memory in order to simulate a con-
strained memory environment. We get 15-30FPS on an NVIDIA GTX 280 during the exploration
of the scene, with the framerate varying per-frame in function of the amount of triangle data loaded
inside the cache.

Figure 7.26. Images of the Power Plant 13M triangles model rendered at 15-30FPS using a dedicated ray-tracer
and our GPU-based cache mechanism on a GTX280.
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Direct applications

In this chapter, we present some interesting applications of our method to render specific effects that
are difficult to achieve with the classical triangle-based representation. In particular, we show how our
hierarchical data structure can be used to synthesize fractal geometry and create virtually infinite res-
olution procedural scenes in Section 8.1. In Section 8.2, we demonstrate how our caching scheme and
ray-based on-demand paging allows a very easy instancing of voxel objects in space, which was diffi-
cult to achieve with previous approaches. Finally, in Section 8.3, we demonstrate how our voxel-based
pre-integrated cone tracing can be used to very efficiently render blurry effects such as soft-shadows
and depth-of-field.

8.1 Octree-based synthesis

Our pointer-based octree structure allows us to produce many in-
teresting scenarios. A first feature is the ability to implement in-
stancing of interior branches, as well as recursions. We can reuse
subtrees by making nodes share common sub-nodes. This can be
very advantageous if a model has repetitive structures and can sig-
nificantly reduce the necessary memory consumption. This kind of

. L. L. Figure 8.1. Instantiated octree.
octree instancing is illustrated in Figure 8.1.

The node pointers further allow us to create recursions in the graph. This is particularly interesting
in the context of fractal-like representations. The self-similarity is naturally handled and the resulting
volumes are virtually of an infinite resolution. Figure 8.2 shows an example of a Menger sponge
fractal. It is implemented using the generalization of our octree, an N>-tree node with N = 3 (see
Section 5.2). These two usages, instancing and recursivity, are also made available by our GPU cache
mechanism that correctly manages such cases.

Figure 8.2. Example of a Sierpinski sponge fractal fully implemented with recursivity in the octree. This
example is running around 70FPS. The bottom graph shows the only node recursively linked used in this case.
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8.2 Voxel object instancing

Figure 8.3. Example of instancing of thousands of voxel trees in a forest scene rendered at 20-25FPS on a
GTX280.

Our ray-tracing framework is compatible with several voxel entities, or objects, present in the scene.
This can be either multiple different objects, each with its own octree structure and data producer and
stored in the same caches in video memory as we have seen in Section 7.4.1, or this can be the same
octree structure "instantiated" (ie. rendered) multiple times at different positions in the scene.

Such instantiation of the same octree structure in a scene is made possible by the autonomous traver-
sal of the structure by our ray-tracing algorithm (Sec. 6). During the rendering of each instance, the
required parts of the structure will be requested to the caches, depending on the distance to the viewer
and potential occlusions. Scaling, rotation and LODs are automatically handled and allow us to rep-
resent scenes with many complex objects at high framerates. Figures 8.3 and 8.4 show two examples
of such scenes.

Figure 8.4. Examples of free instancing of multiple GigaVoxels objects in space.
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8.3 MipMap-based blur effects

Throughout this thesis we have shown that our hierarchical structure as well as our GPU paging mech-
anism are key elements to enable the processing of large data volumes, and thus to efficiently render
voxel-based pre-filtered geometrical representations.

As we have seen in Chapter 4, this pre-filtered (and pre-integrated) geometry representation allows us
to efficiently trace approximate cones using only one single ray in order to produce anti-aliased ren-
dering. Beyond simple anti-aliased rendering, cone tracing has many interesting applications. Even
though our solution is approximate and is based on some hypotheses on our scenes (cf. Section 4.4),
it provides a very fast way to estimate the total incoming energy scattered by the objects of a scene
and coming towards an arbitrary cone. While this approximation is not always precise, especially
with large cones, it has the great advantage of always providing smooth results, while multisampling
schemes are knows to generate noisy results.

In this section, we detail how our voxel cone tracing can be used to quickly estimate soft shadows
as well as depth-of-field effects. Rendering such effects is very challenging with triangular models.
More generally with B-reps, rendering blurry effects happens to be more costly in terms of com-
putation than doing sharp rendering, due to the multisampling scheme that needs to be employed.
Interestingly with our approach, rendering blurry effects uses lower resolution volume data (thanks to
the LOD), and thus happens to be faster than sharp rendering.

8.3.1 Soft shadows

Shadows are an important cue that help us to evaluate scene configurations and spatial relations. Fur-
ther, it is a key element to make images look realistic. So far, this point has not been addressed in our
current pipeline. Here, we will explain how our rendering engine can be used to obtain convincing
shadow effects for gigantic volumetric models.

Figure 8.5. Example of soft shadows rendered by launching secondary rays and using the volume MIP-
mapping mechanism to approximate integration over the light source surface. Interestingly, the blurrier the
shadows, the cheaper they are to compute.

Before tackling soft shadows, let us take a look at the case of a point light source. Given a surface
point P in our volumetric scene, or volumetric model, we want to determine how much light reaches
P. This basically amounts to shooting a ray from P towards the light source. If the opacity value
of the ray saturates on the way to the light, P lies in shadow. If the ray traversed semi-transparent
materials without saturating, the accumulated opacity value gives us the intensity of the soft shadow.
It should be pointed out that this traversal can be used to also accumulate colors to naturally handle
colored shadows.
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In practice, we do not really have an impact point. Rather, due to our traversal for primary-rays in-
spired by cone tracing, we obtain an impact volume at the intersection between the cone emitted from
the eye and the object. To take this into account, we should not shoot a simple ray toward the light,
but again an entire cone. This light cone’s apex will lie on the point light source itself and its radius is
defined by the size of the impact volume (see Figure 8.6).

To sample the light cone, we perform a similar traversal as for the view, following our voxel cone
tracing model presented in Section 4.2. Only this time, the LOD is defined by the light cone instead
of the pixel cone radius. During this traversal we accumulate the opacity values. Once the value
saturates, the ray traversal can be stopped.

Figure 8.6. Left: illustration of shadow computation for a point light source, taking impact volume into ac-
count. Right: soft shadows computation for a surface light source.

To approximate soft shadows, we compute a filtered shadow value at the impact volume V. If V were
a point, a cone instead of a simple shadow ray would need to be tested for intersection. This cone
would be defined by the light source and the impact point. Consequently, a possible approximation
for an impact volume V is to define a cone that contains not only the light, but also V (see Figure 8.6).
Again, we accumulate the volume values. The resulting value reflects how much the light reaching V
is occluded.

This coarse approximation is extremely efficient, delivers pretty-good shadows and is fully compatible
with our cache mechanism presented in Section 7.

Figure 8.7. Examples of high resolution voxel objects efficiently rendered in real-time with soft shadows using
our approach.
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8.3.2 Depth-of-field

Another very important element for realistic images is the depth-of-field lens blur, present in any
camera, as well as our own optical system. It results from the fact that the aperture of a real pinhole
camera is actually finite. Consequently, unlike standard OpenGL/DirectX rendering, each image point
reflects a set of rays, passing through the aperture and the lens. The lens can only focus this set of
rays on a single point for elements situated on the focal plane. As illustrated in Figure 8.9 this set of
rays can again be grouped in some form of double cone, the lens cone. This double-cone defines the
LOD that should be used along the rays launched for all pixels of the screen, in order to approximate
this integral over the camera lens.

Figure 8.8. Example of Depth-Of-Field rendering with GigaVoxels thanks to the volume MIP-mapping. Once
again, the blurrier are the objects and the cheaper it is to render.

Paradoxically with our approach, the more blur is introduced, the faster the rendering becomes and
the less memory is necessary to represent the scene. This is very different for triangle-based solutions,
where depth-of-field, and even approximations, are extremely costly processes. In games, depth-of-
field is usually performed as a post-process by filtering the resulting image with spatially varying
kernels. One problem of such a filtering process is the lack of hidden geometry. In our volumetric
representation, hidden geometry is integrated as much as necessary to produce the final image. The
algorithm does not need to be adapted to consider the different reasons for why volume information
is needed. Disocclusion due to depth of field, transparency and shadows are all handled in the same
manner.

In fact, any kind of secondary ray is supported, showing the versatility of our framework. In addi-
tion, these secondary rays are perfectly handled by our caching mechanism, thanks to our per-ray data
request mechanism.

Figure 8.9. Illustration of the cone tracing used to approximate Depth-Of-Field effect with a single ray.



164 \ chapter 8. Direct applications



Interactive Indirect lllumination
Using Voxel Cone Tracing

Figure 9.1. Real-time indirect illumination (25-70 fps on a GTX480): Our approach supports diffuse and
glossy light bounces on complex scenes. We rely on a voxel-based hierarchical structure to ensure efficient
integration of 2-bounce illumination. (right scene courtesy of G. M. Leal Liaguno).

Indirect illumination is an important element of realistic image synthesis, but its computation is ex-
pensive and highly dependent on the complexity of the scene and of the BRDF of the surfaces in-
volved. While off-line computation and pre-baking can be acceptable for some cases, many applica-
tions (games, simulators, etc.) require real-time or interactive approaches to evaluate indirect illumi-
nation.

We present a novel algorithm to compute indirect lighting in real-time that avoids costly precompu-
tation steps and is not restricted to low frequency illumination. It is based on our hierarchical voxel
octree representation generated and updated on-the-fly from a regular scene mesh coupled with our
approximate voxel cone tracing (Chap. 4) that allows a fast estimation of the visibility and incoming
energy. Our approach can manage two light bounces for both Lambertian and Glossy materials at
interactive frame rates (25-70FPS). It exhibits an almost scene-independent performance thanks to an
interactive octree voxelization scheme, hereby allowing for complex scenes and dynamic content.

In contrast to the rendering usages we presented previously in this thesis, in this application our voxel
representation is not used to render primary rays, but instead is employed as a proxy to compute in-
direct illumination. The approach presented in this chapter does not rely on our out-of-core scheme
presented in Chapter 7, but we see its integration as an interesting direction for future work, as it could
highly benefit from our ray-based demand paging scheme.
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9.1 Introduction

There is no doubt that indirect illumination drastically improves the realism of a rendered scene, but
generally comes at a significant cost because complex scenes are challenging to illuminate, especially
in the presence of glossy reflections. Global illumination is computationally expensive for several rea-
sons. It requires computing visibility between arbitrary points in the 3D scene, which is difficult with
rasterization based rendering. Second, it requires integrating lighting information over a large number
of directions for each shaded point. Nowadays, with complexity of the rendering content approaching
millions of triangles, even in games, computing indirect illumination in real-time on such scenes is
a major challenge with high industrial impact. Due to real-time constraints, off-line algorithms used
by the special-effect industry are not suitable, and dedicated fast approximate and adaptive solutions
are required. Relying on precomputed illumination is very limiting because common effects such as
dynamic light sources and glossy materials are rarely handled.

In this chapter, we present a novel algorithm that avoids costly precomputation steps, and is not re-
stricted to low frequency illumination. It exhibits an almost scene-independent performance and is
suitable to be extended for out-of-core rendering, therefore allowing for arbitrarily complex scenes.
We avoid using the actual scene geometric mesh and can achieve indirect illumination in arbitrary
scenes at an almost geometry-independent cost. We reach real-time frame rates even for highly de-
tailed environments and produce plausible indirect illumination (see Teaser).

The core of our approach is built upon our pre-filtered hierarchical voxel representation of the scene
geometry presented in chapter 4. For efficiency, this representation is stored on the GPU in the form
of a dynamic sparse voxel octree [CNLE09, LK10] (Chap. 5) generated from the triangle meshes.
We handle fully dynamic scenes, thanks to a new real-time mesh voxelization and octree building and
filtering algorithm that efficiently exploits the GPU rasterization pipeline (Sec. 9.4.2). This octree rep-
resentation is built once for the static part of the scene, and is then updated interactively with moving
objects or dynamic modifications on the environment (like breaking a wall or opening a door).

We rely on this pre-filtered representation to quickly estimate visibility and integrate incoming indi-
rect energy splatted in the structure from the light sources using a new approximate voxel cone tracing.
The main contributions of our work are the following:

o A real-time algorithm for indirect illumination;
¢ An adaptive scene representation independent of the mesh complexity;

o An efficient splatting scheme to inject and filter incoming radiance information (energy + di-
rection) into our voxel structure;

o A fast GPU-based mesh voxelisation and octree building algorithm.

9.2 Previous Work

There are well established off-line solutions for accurate global-illumination computation such as path
tracing [Kaj86], or photon mapping [JenO1]. These have been extended with optimizations that often
exploit geometric simplifications [T1.04, CB04b], or hierarchical scene structures, but do not achieve
real-time performance. Fast, but memory-intensive relighting for static scenes is possible [LZT*08],
but involves a slow preprocessing step. Anti-radiance [DSDDO07, DKTS07] allows us to deal with vis-
ibility indirectly, by shooting negative light, and reaches interactive rates for a few thousand triangles.

To achieve higher frame rates, the light transport is often discretized. Particularly, the concept of
VPLs [Kel97] is interesting, where the bounced direct light is computed via a set of virtual point
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lights. For each such VPL, a shadow map is computed, which is often costly. Laine et al. [LSK™07]
proposed to reuse the shadow maps in static scenes. While this approach is very elegant, fast light
movement and complex scene geometry can affect the reuse ratio. Walter et al. [WFA™05] use light-
cuts to cluster VPLs hierarchically for each pixel, while Hasan et al. [HPB07] push this idea further to
include coarsely sampled visibility relationships. In both cases, a costly computation of shadow maps
cannot be avoided and does not result in real-time performance. ISM [RGK"08] and Microrender-
ing [REG"09] reach real-time performance by using a point-based scene approximation to accelerate
the rendering into the VPL frusta, but cannot easily ensure sufficient precision for nearby geometry.
Our approach represents direct illumination hierarchically and uses cone tracing that replaces shadow
map computations to accelerate the image generation. The most efficient real-time solutions avail-
able today work in the image-space of the current view, but ignore off-screen information [NSW09].
Our approach is less efficient than such solutions, but does not require similarly strong approxima-
tions. In particular, we achieve high precision near the viewer which is important for good surface
perception [AFO05].

Our work derives a hierarchical representation of the scene that produces a regular structure to facili-
tate light transfer and achieve real-time performance, similar in spirit to Kaplanyan et al. [KD10], who
implement diffuse indirect illumination using a diffusion process in a set of nested regular voxel grids.
While relatively fast, this approach suffers from a lack of precision coming from the relatively low
resolution of the voxel grids that can be used. This resolution is limited by the cost of the diffusion
process as well as the memory occupancy. Instead of relying on a diffusion process, our approach
relies on a ray-tracing approach to collect the radiance stored in the structure. This approach allows us
to use a sparse storage of the incoming radiance and scene occlusion information, while maintaining
high precision. This lack of precision limits Kaplanyan’s approach to diffuse indirect illumination,
while our approach can manage both diffuse and specular indirect lighting.

9.3 Algorithm overview

Our approach is based on a three-step algorithm as detailed in Figure 9.2.

We first inject incoming radiance (energy and direction) from dynamic

light sources into the leaves of the sparse voxel octree hierarchy. This is

done by rasterizing the scene from all light sources and splatting a photon

for each visible surface fragment. In a second step, we filter the incoming

radiance values in the higher levels of the octree (mipmap). We rely on a

compact Gaussian-Lobe representation to store the filtered distribution of

incoming light directions. This is done efficiently in parallel by relying

on screen-space quad-tree analysis. Our voxel filtering scheme also treats the NDF and the BRDF
in a view-dependent way. Finally, we render the scene from the camera. For each visible surface
fragment, we combine the direct and indirect illumination. We employ an approximate cone tracing
to perform a final gathering [Jen96], sending out a few cones over the hemisphere to collect illumi-
nation distributed in the octree. Typically for Phong-like BRDF, a few large cones (~5) estimate the
diffuse energy coming from the scene, while a tight cone in the reflected direction with respect to the
viewpoint captures the specular component. The aperture of the specular cone is derived from the
specular exponent of the material, allowing us to efficiently compute glossy reflections.
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Figure 9.2. Left: Illustration of the three steps of our real-time indirect lighting algorithm. Right: Display of
the sparse voxel octree structure storing geometry and direct lighting information.

9.4 Our hierarchical voxel structure

The core of our approach is built around our pre-filtered hierarchical voxel version of the scene ge-
ometry we described in Chapter 4. For efficiency, this representation is stored in the form of a sparse
voxel octree as described in Chapter 5.

Having a hierarchical structure, allows us to avoid using the actual scene geometric mesh and can
achieve indirect illumination in arbitrary scenes at an almost geometry-independent cost. It is possible
to improve precision near the observer and to abstract energy and occupancy information farther away.
We reach real-time frame rates even for highly detailed environments and produce plausible indirect
illumination. We can choose a scene resolution suitable to the viewing and lighting configuration,
without missing information like light undersampling or geometric LOD would. Thus, our approach
always ensure smooth result, in contrary to path-tracing or photon mapping approaches [Jen96].

9.4.1 Structure description

Our sparse voxel octree is a very compact pointer-based structure with assciated bricks described in
Chapter 5. Octree nodes are stored in linear GPU memory and nodes are grouped into 2 X 2 X 2
tiles. Since we use a brick instead of a single value per node we can use hardware texture trilinear
interpolation to interpolate values. This structure allows us to query filtered scene information (en-
ergy intensity and direction, occlusion, local normal distribution functions - NDFs) with increasing
precision by traversing the tree hierarchy. This property will allow us to achieve adaptivity and handle
large and complex scenes.

As we have seen in Chapters 5 and 6, using small bricks node brick
in the sparse octree is more efficient both in terms of stor- 0 T o o o
age and in terms of rendering speed. Thus, we rely on the ‘
corner-centered voxel localization configuration detailed in =~ Q----Q-ronn
Section 5.1.4 with 3 x 3 x 3 voxel bricks. We assume that
the voxel centers are located at the node corners and not at
the node centers (Fig. left). This ensure that interpolated ¢ yoxel center
values can always be computed inside a brick covering a

set of 2 X 2 X 2 nodes.

The only difference with the structure presented in Chapter 5 is that we add neighbor pointers to the
nodes of our structure. These will enable us to quickly visit spatially neighboring nodes during the
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interactive voxelization of dynamic objects. We will see that these links are particularly important to
efficiently distribute the direct illumination over all levels of the tree.

9.4.2 Interactive voxel hierarchy construction

Our sparse hierarchical voxel structure will replace the actual scene in our light transport computa-
tions. The voxel data representation (see above) allows interpolation and filtering computations to be
simple.

In order to quickly voxelize an arbitrary triangle-based scene, we propose a new real-time voxeliza-
tion approach that efficiently exploits the GPU rasterization pipeline in order to build our sparse octree
structure and filter geometrical information inside it. This voxelization must be fast enough to be per-
formed at each rendering frame, allowing for fully dynamic scenes. In order to scale to very-large
scenes, our approach avoids relying on an intermediate full regular grid to build the structure and
instead directly constructs the octree. To speed-up this process, we observed that in real video-game
situations, large parts of the environment are usually static or updated punctually on user-interaction.
This allows us to voxelize these parts once in the octree, and to update them only when necessary,
while full dynamic objects are re-voxelized at each frame. Both semi-static and fully dynamic objects
are stored in the same octree structure, allowing an easy traversal and a correct filtering of both types
of objects together. A timestamp mechanism is used to differentiate both types, in order to prevent
semi-static parts of the scene to get destructed at each frame. Our structure construction algorithm
performs in two steps: octree building and MIP-mapping of the values.

Figure 9.3. Left: Display of the sparse voxel octree structure storing filtered geometry and direct lighting in-
formation for a static environment. Right: Display of the octree with both the static environment and a dynamic
object with the structure updated in real-time.

Octree building

We first create the octree structure itself by using the GPU rasterization pipeline. To do so, we rasterize
the mesh three times, along the three main axes of the scene, with a viewport resolution corresponding
to the resolution of the maximum level of subdivision of the octree (typically 512 x 512 pixels for a
5123 octree). By disabling the depth test to prevent-early culling, this allows us to generate at least one
fragment shader thread for each part of the surface that will fall into a given leaf of the tree (and needs
to write surface attributes, typically texture color, normal and material information). These threads
traverse the octree from top-to-bottom and directly subdivide it when needed during the traversal, in
order to reach the correct leaf where they can write their values.

Whenever a node needs to be subdivided, a set of 2 X 2 X 2 sub-nodes is "allocated" inside a global
shared node buffer pre-allocated in video memory. The address of this set of new sub-nodes is written
inside the "child" pointer of the subdivided node and the thread continue its descent down to the leaf,
creating each successive new required set of nodes. These allocations are made through the atomic
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increment of a global shared counter indicating the next available page of nodes in the shared node
buffer. Since we are in a massively parallel environment, multiple threads can request the subdivision
of the same node at the same time, and so could generate an incoherent structure. To prevent such
a conflict, we rely on a per-node mutex that makes it possible to perform the subdivision only in the
first thread getting it. Unfortunately, it is not possible to put the other threads to sleep while waiting
for the first thread to finish the subdivision.

In order to avoid an active waiting loop that would be too expensive, we implemented a global thread
list where interrupted threads put themselves for a deferred execution. At the end of the rasterization
pass, deferred threads are re-run (in a vertex shader) to allow them to write their values in the tree.
Such a deferred pass can possibly generate new deferred threads and is re-executed as long as the
global thread list is not empty. Values in the leaves are written directly inside the brick associated
with the nodes, and bricks are allocated similarly to the nodes inside a shared brick buffer.

In our OpenGL implementation this scheme is made possible by the new NV_shader_buffer_load
and NV_shader_buffer_store extensions that provide CUDA-like video memory pointers as well
as atomic operations directly inside OpenGL shaders.

MIP-mapping

Once the octree structure is built and the surface values written in-
side the leaves, these values must be MIP-mapped and filtered in the
inner nodes of the tree (following our approach described in chap-
ter 4). This is simply done in n — 1 steps for an octree of n levels.

At each step, threads compute the filtered values coming from the
bricks in the sub nodes of each node of the current level. To compute
a new filtered octree level, the algorithm averages values from the
previous level. Since we rely on vertex-centered voxels as described

weights
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in Section 9.4.1, each node contains a 33-voxel brick, whose bound-
aries reappear in neighboring bricks. Consequently, when comput-
ing the filtered data, one has to weight each voxel with the inverse of
its multiplicity (Fig. left). In practice, this results in a 3*-Gaussian
weighting kernel which, for our case, is an optimal reconstruction
filter [FP024a].

Lower-level vox-
els surround higher-level voxels.
During filtering, shared voxels
are “evenly distributed” resulting
in Gaussian weights.

Figure 9.4.

9.4.3 Voxel representation

Each voxel at a given LOD must represent the light behavior of the lower levels - and thus, of the whole
scene span it represents. For this, we rely entirely on our pre-filtered geometry model described in
Chapter 4 to model the directional information with distributions that describe the underlying geome-
try. We add the filtered incoming radiance to this model, which will be injected into the representation
by all direct light sources. We also store and filter the distribution of all incoming light directions, in
order to allow the computation of indirect specularities.

Since storing arbitrary distributions would be too memory-intensive, we choose to store only isotropic
Gaussian lobes characterized by an average vector D and a standard deviation o (as described in Sec-
tion 4.5). Following [Tok05], to ease the interpolation, the variance is encoded via the norm |D| such
that o2 = %. In Section 9.6, we will detail how to calculate light interaction with such a data
representation.
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9.5 Ambient Occlusion

To illustrate the use of our approximate cone tracing (Sec. 4.2

in this context and to facilitate the understanding of our indi-

rect illumination algorithm, we will first present a simpler case:

an ambient occlusion estimation (AO), which can be seen as

an accessibility value [Mil94]. The ambient occlusion A(p) at a

surface point p is defined as the visibility integral over the hemi-

sphere Q (above the surface) with respect to the projected solid

?lngle. l?r.e(fi.sely, A(p. ) = 717[9 Vip, Q) (cosa))da),. vilher'e Vip, a.)) Figure 9.5. Ambient Occlusion is
is the visibility function that is zero if the ray originating at sin omputed via a set of cones launched
direction w intersects the scene, otherwise it is one. For practi- qver the hemisphere associated with a
cal uses (typically, indoor scenes which have no open sky) the given surface.

visibility is limited to a distance since the environment walls play the role of ambient diffusors. Hence,
we weight occlusion a by a function f(r) which decays with the distance (in our implementation we
use m). The modified occlusion is af(p + rw) := f(ra(p + rﬁ).

To compute the integral A(p) efficiently, we observe that the hemisphere can be partitioned into a sum
of integrals: A(p) = %,Zf\i  Ve(p, ), where Ve(p, Q;) = fQ,— V,6(cos6)db. For a regular partition,
each Ve(p, Q;) resembles a cone. If we factor the cosine out of the Vc integral (the approximation
is coarse mainly for large or grazing cones). We can then approximate their contribution with our
voxel-based cone tracing, as illustrated in Figure 9.5. The weighted visibility integral V(p, w) is
obtained by accumulating the occlusion information only, accounting for the weight f(r). Summing
up the contributions of all cones results in our approximation of the AO term.

Final Rendering

To perform the rendering of a scene mesh with AO effects, we evaluate the cone tracing approximation
in the fragment shader. For efficiency, we make use of deferred shading [ST90] to avoid evaluating
the computation for hidden geometry. I.e., we render the world position and surface normal pixels of
an image from the current point of view. The AO computation is then executed on each pixel, using
the underlying normal and position.

9.6 Voxel Shading

For indirect illumination, we will be interested not only in occlusion, but need to compute the shading
of a voxel. For this shading, we rely on the pre-filtered representation we described in Section 4.5.
The difference in our case is that we need to add an incoming radiance information to this pre-filtered
representation. This incoming radiance will be injected in the structure from the light sources, and
collected during rendering using our approximate cone tracing (cf. Section 9.7).

As shown in [Fou92b, HSRGO07], shading computations can conveniently be translated into convolu-
tions, provided that the elements are decomposed into lobe shapes. In our case, we have to convolve
the BRDF, the NDF, the span of the view cone as well as the incoming light directions, all except the
BRDF already being represented as Gaussian lobes in our structure. We consider the Phong BRDF,
i.e., a large diffuse lobe and a specular lobe which can be expressed as Gaussian lobes. Nonetheless,
our lighting scheme could be easily extended to any lobe-mixture BRDF.
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9.7 Indirect lllumination

To compute indirect illumination in the presence of a point light
is more involved than AO. We use a two-step approach.

First, we capture the incoming radiance from a light source in
the leaves of our scene representation. Storing incoming radi-
ance, not outgoing, will allow us to simulate glossy surfaces.
We filter and distribute the incoming radiance over all levels of
our octree.

Finally, we perform approximate cone tracing to simulate the
light transport. Writing the incoming radiance in the octree
structure is complex, therefore we will, for the moment, assume Figure 9.6. We determine indirect
that it is already present in our octree structure, before detailing jighting via a set of cones, with shading
this process. computed with our distribution model.

9.7.1 Two-bounce indirect illumination

Our solution works for low energy - low frequency and high energy - high frequency components of
arbitrary material BRDFs, although we will focus our description on a Phong BRDF. The algorithm
is similar to the one described in Section 9.5 for AO. We use deferred shading to determine for which
surface points we need to compute the indirect illumination. At each such location, we perform a
final gathering by sending out several cones to query the illumination that is distributed in the octree.
Typically, for a Phong material (Fig. 9.6, right), a few large cones (typically five) estimate the diffuse
energy coming from the scene, while a tight cone in the reflected direction with respect to the view-
point captures the specular component. The aperture of the specular cone is derived from the specular
exponent of the material, allowing us to compute glossy reflections.

9.7.2 Capturing direct lllumination

To complete our indirect-illumination algorithm, we finally need to describe how to store incoming
radiance. Our approach is inspired by reflective shadow maps [DS05]. We render the scene from the
light’s view using standard rasterization, but output a world position. Basically, each pixel represents a
photon that we want to bounce in the scene. We call this map the light-view map. In the following, we
want to store these photons in the octree representation. Precisely, we want to store them as a direc-
tion distribution and an energy proportional to the subtended solid angle of the pixel as seen from the
light. Because the light-view map’s resolution is usually higher than the lowest level of the voxel grid,
we can assume that we can splat photons directly into leaf nodes of our octree without introducing
gaps. Furthermore, photons can always be placed at the finest level of our voxel structure because they
are stored at the surface, and we only collapsed empty voxels to produce our sparse representation.
To splat the photons, we basically use a fragment shader with one thread per light-view-map pixel.
Because several photons might end up in the same voxel, we need to rely on an atomic add.

Although the process sounds simple, it is more involved than one might think and there are two hur-
dles to overcome. The first problem is that atomic add operations are currently only available for
integer textures. We can easily address this issue by using a 16bit normalized texture format, that
is denormalized when accessing the value later. The second difficulty is that voxels are repeated for
adjacent bricks. We mentioned in Section 9.4 that this redundancy is necessary for fast hardware-
supported filtering. While thread collisions are rare for the initial splat, we found that copying the
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photon directly to all required locations in adjacent bricks leads to many collisions that affect per-
formance significantly. This parallel random scattering, further, results in bandwidth issues. A more
efficient transfer scheme is needed.

Value transfer 1) Add left values to right Distribution over levels
to neighboring
bricks (x-axis) ? 2 f
— 2
neighboring
bricks
initially with I
incoherent -
values 3 2 3

Figure 9.7. Left: During photon splatting, each photon is only stored in one voxel, therefore, inconsistencies
appear for duplicated voxels of neighboring nodes. An addition and copy along each axis corrects this issue.
Right: To filter values from a lower to a higher level, three passes are applied (numbers). The threads sum up
lower-level voxels (all around the indicated octants) and store them in the higher level.

Value transfer to neighboring bricks In order to simplify the explanation, let’s consider that our
octree is complete, so that we can then launch one thread per leaf node.

We will perform six passes, two for each axis (X, y, z). In the first x-axis pass (Fig. 9.7, only left),
each thread will add voxel data from the current node to to the corresponding voxels of the brick to its
right. In practice, this means that three values per thread are added. The next pass for the x-axis will
transfers data from the right (where we now have the sum) to the left by copying the values. After
this step, values along the x-axis are coherent and correctly distributed. Repeating the same process
for the y and z-axis ensures that all voxels have been correctly updated. The approach is very efficient
because the neighbor pointers allow us to quickly access neighboring nodes and thread collisions are
avoided. In fact, not even atomic operations are needed.

Distribution over levels At this point we have coherent information on the lowest level of the
octree and the next step is to filter the values and store the result in the higher levels. A simple so-
lution would be to launch one thread on each voxel of the higher level and fetch data from the lower
level. Nonetheless, this has an important disadvantage: For shared voxels, the same computations are
performed many (up to eight) times. Also, the computation cost of the threads differs depending on
the processed voxel leading to an unbalanced scheduling.

Our solution is to perform three separate passes in which all threads have roughly the same cost
(Fig. 9.7, right). The idea is to only partially compute the filtered results and use the previously-
presented transfer between bricks to complete the result.

The first pass computes the center voxel using the involved 27 voxel values on the lower level (indi-
cated by the yellow octants in Fig. 9.7). The second pass computes half of the filtered response for the
voxels situated in the center of the node’s faces (blue). Because only half the value is computed, only
18 voxel values are involved. Finally, the third pass launches threads for the corner voxels (green) that
compute a partial filtering of voxels from a single octant.

After these passes, the higher-level voxels are in a similar situation as were the leaves after the initial
photon splatting: octree vertices might only contain a part of the result, but summing values across
bricks, gives the desired result. Consequently, it is enough to apply the previously-presented transfer
step to finalize the filtering.
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Sparse octree So far we assumed that the octree is complete, but in reality, our structure is sparse.
Furthermore, the previously-described solution consumes many resources: During the filtering, we
launched threads for all nodes, even those that did not contain any photon. Consequently, often fil-
tering was just applied on zero values. This is crucial, as direct light often only affects a part of the
scene. Here, we will propose a better control of the thread calls and at the same time deal with an
incomplete/sparse octree.

To avoid filtering zero values, one could launch a thread per light-view-map pixel, find the corre-
sponding leaf node and then walk up in the structure to the level on which the filtering should be
applied and execute it. The result would be correct because our filtering was carefully designed to
not introduce read-write conflicts (one thread simply overwrites the other’s result). Unfortunately,
whenever threads end up in the same node, work is performed multiple times. We want to reduce this
overhead, but detecting an optimal thread set is very costly in practice. Our solution is approximate,
but very efficient and delivers a good tradeoff.
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Figure 9.8. The node map (left) is constructed from the light-view map. It is hierarchical (like a MipMap)
and has several levels (large circles represent the next level). On the lowest level, a pixel contains the index of
the node in which the corresponding photon is located. Higher levels contain the common lowest ancestor of
all underlying nodes. This structure allows us to avoid launching too many threads during the filtering of the
photons (dashed threads are stopped). Further, by building upon the light-view map, nodes that did not receive
photons will also not receive threads.

Our idea is to rely on a 2D node map derived from the light-view map. It resembles a Mipmap and
reduces its resolution at each level. The pixels of the lowest node-map level store the indices of the
3D leaf nodes containing the corresponding photon of the light-view map. Higher-level node-map
pixels store the index of the lowest common ancestor node for the preceding nodes of the previous
level (Fig.9.8).

We still launch one thread per pixel of the lowest node-map. But when a thread moves up from level
i — 1 to the next, it first looks up its corresponding ancestor node index in the i level of the node map
that is stored in some pixel p. Let py, ..., p3 be the pixels in the (i — 1) level of the node map, that
were fused into p. If the ancestor node in p is below or on the i level of the octree, we can deduce
that all threads that passed through py, ..., p3 will afterwards end up in the same node. Therefore,
we would like to terminate all threads except one, but this is hard to achieve. To stop at least many
unnecessary threads, we will employ a heuristic process and stop all those threads that did not traverse
po (in practice, this is the top-left pixel). Fig.9.8 illustrates with dashed lines the node where threads
are stopped when they pass.

This strategy is quite successful and we obtain a > 2 speedup compared to not using our heuristic to
terminate threads. Further, our filtering performs generally much faster than the naive implementation
that filters all nodes. Exact timings for the latter are difficult to provide because we only filter where
we find photons and so it depends highly on the scene configuration.
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9.8 Results and discussion

Figure 9.9. Examples of real-time rendering (25-30FPS) of two bounds indirect illumination with a fully
animated object (hand) voxelized interactively inside our octree structure.

We implemented our approach on a GTX 480 system with an Intel Core 2 Duo E6850 CPU. Our
solution delivers interactive to real-time frame rates on various complex scenes with both indirect
diffuse and specular effects, as shown in Figures 9.9 and 9.13, and as can be seen in the online video
(http://artis.imag. fr/Membres/Cyril.Crassin/PG2011/PG2011.mov).

Table 9.1 Timings in ms (for a 5122 image) of each individual effect (Mesh rasterisation, Direct light-
ing, Indirect diffuse, Total direct+indirect diffuse, indirect specular, direct+indirect diffuse+indirect
specular) on the Sponza scene alone using 3 diffuse cones and a 10°specular cone aperture

Steps || Rast. | Dir. | Dif. || Dir+dif. || Spec. || Total
Times || 1.0 20 | 7.8 || 142 8.0 33.0

Table 9.1 shows the timing of each individual effect that can achieve our approach for the Sponza
scene (Fig. 9.13, 280K triangles) with a 9 level octree (5123 virtual resolution). In addition to these
costs, the interactive update of the sparse octree structure for dynamic objects (in our case the Wald’s
hand 16K triangles mesh) takes approximatively 5.5ms per frame. On the Sponza scene, that gives an
average frame rate of 30FPS with no specular cone traced, and 20FPS with one specular cone. The
pre-process for the creation of the octree for the static environment takes approximatively 280ms.

Figure 9.10. Image quality and performance comparison between [KD10] (left, 27FPS) and our approach
(right, 31FPS).

We compared our approach to one of the most closely related real-time solution that is [KD10].
In all situations, our solution achieves higher visual quality (Fig.9.10) and maintains better perfor-


http://artis.imag.fr/Membres/Cyril.Crassin/PG2011/PG2011.mov

176

mance. Our approach can capture much more precise indirect illumination even far from the observer,
while [KD10] nested grids representation prevents it.

Figure 9.11. Real-time ambient occlusion rendered in real-time (70-150FPS) with our approach.

Figure 9.11 shows results we got with the rendering of ambient occlusion with our approach. We
capture a lot more detail than SSAO (Screen Space Ambient Occlusion [Mit07]) approaches, and our
approach performs especially better when some regions occluded on the screen produce high amounts
of occlusion. Timings for ambient occlusion computations are shown in Table 9.2 and a comparison
with a ground truth ray-traced with OptiX [NVI11c] is presented in Figure 9.8.

Figure 9.12. Comparison with ground through for ambient occlusion computation. Our (153FPS) vs. reference
(OptiX, 0.1FPS)

Table 9.2 Timings (Full rendering 5122) in ms for the Sponza scene of the ambient occlusion compu-
tation for 3 cones and various cone apertures.

Cone aperture (deg) | 10 20 | 30 | 60
AO | 16.6 | 9.0 | 6.5 | 3.9

One critical point of our solution is the memory consumption that can be very high even with our
sparse structure, especially due to the support for indirect specularity (that requires the storage of more
information per-voxel). In practice, we allocate roughly 512MB on the GPU, however, this is lower
than in [KD10] when trying to achieve comparable visual quality. As for many real-time approaches,
our solution exhibits differences in comparison with a reference solution, especially on high-frequency
details. Our view-dependent refinement and approximate cone-tracing distributes more precision near
to the observer, but this can be a disadvantage for particular configurations in glossy scenes. For in-
stance, precise caustic effects would be difficult to capture. However, this limitation applies to any
existing real-time solution to a similar extent and we propose one of the only solutions that is able to
capture indirect specularities in real-time.
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Figure 9.13. Our method supports diffuse indirect lighting as well as glossy reflections in real-time.

9.9 Conclusion

We presented a novel real-time global illumination algorithm. Using adaptive representations, we
are able to compute approximate two-bound indirect lighting in complex dynamic scenes. We also
proposed a new real-time approach for the voxelization and the pre-filtering of dynamic objects, as
well as the interactive update of an octree structure. Our solution supports indirect diffuse as well
specular illumination. Quality-wise, it outperforms existing competitors due to our approximate cone
tracing. It scales well when trading off quality against performance and could integrate seamlessly
into out-of-core rendering systems as the one presented Chapter 7. In the future, we want to work on
the integration of our application controlled paging system in order to improve the achievable preci-
sion and to allow indirect illumination computation on very large scenes. One of the difficulties will
be to mix on-demand loading and caching of static parts of the scene, with the interactive voxelization
of dynamic objects.

Figure 9.14. The SanMiguel test scene with (1)Direct lighting only (2)Indirect diffuse only (3)Indirect diffuse
and specular (4)Ambient occlusion only
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Conclusions and perspectives

Summary of contributions

In this thesis, we have proposed several solutions in order to unlock the usage of very large voxel
representations in real-time applications as a way to render large and detailed scenes, by relying on an
appearance preserving pre-filtered geometry representation.

We proposed a model for representing and pre-filtering geometry inside a voxel-based 3D MIP-map
pyramid. From this, we built a pre-integrated cone tracing algorithm allowing very fast alias-free
rendering. This voxel-based cone tracing allows us to efficiently approximate visibility and lighting
integration inside a cone footprint. Moreover, we have demonstrated how to deal efficiently with the
main problem of voxel representations: the huge memory consumption. In order to bring memory-
intensive voxel representations as a standard GPU primitive, we proposed a new rendering pipeline
for high-performance rendering of large and detailed volumetric objects and scenes on the GPU.

Our pipeline is centered around a new sparse octree data structure providing a compact storage and
an efficient access and update to the pre-filtered voxel representation. This structure is used by a
fast GPU rendering algorithm based on ray-casting, that provides an adaptive multiresolution render-
ing approach. This makes the rendering of voxel-based scenes independent of the complexity of the
underlining geometry, providing a fully scalable way to render very complex scenes.

However, even with a compact data structure, voxel data representations usually exceed the memory
of current GPUs by large amounts. In addition, since we wanted our approach to scale to arbitrarily
large scenes, restricting the storage of a scene to the amount of data that fits inside the video memory
would not have been sufficient. Thus, we built an efficient GPU-based caching and on-demand loading
mechanism that allows us to virtualize totally our voxel data structure, and to keep only a small sub-
set of the whole dataset inside the video memory. This caching scheme maximizes the reuse of data
loading inside the video memory during the exploration of a scene, thus minimizing the streaming of
data.

Data can be either streamed from the much larger system memory, or generated directly on the GPU
either procedurally or from another representation (such as a triangle mesh voxelized on the fly). This
mechanism is entirely triggered by requests emitted per-ray directly during rendering, providing exact
visibility determination and minimal data production or loading. These efficient strategies adapt the
volume resolution according to the point of view and enable us to completely overcome the memory
limitation of the GPU, allowing fast rendering and exploration of very complex scenes and objects.
Furthermore, our algorithm inherently implements several acceleration methods that usually have to
be addressed with particular routines and strategies. Frustum culling, visibility testing, LOD selection,
temporal coherence and refinement strategies are all integrated in the same framework: our per-ray
queries.

Thanks to these strategies, we demonstrated how the rendering based on our voxel representation can
provide high quality and can be more efficient than the standard GPU rasterization for very complex
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meshes. We validated our approach with several example scenes presented throughout this thesis, as
well as performance analysis associated with each main parts of this work.

Based on these main contributions, we demonstrated how our new voxel-based geometry represen-
tation and pre-integrated cone-tracing can be used to render efficiently blurry effects such as soft
shadows and depth-of-field. Finally, we introduced a new real-time approach to estimate two bounds
of indirect lighting as well as ambient occlusion, relying on our pre-filtered geometry representation
and voxel-based cone tracing. For this application, we have also shown how our representation can
handle animated objects through dynamic updates of the data structure and real-time voxelization of
triangle meshes.

We have demonstrated how voxel-based representations can be a valuable solution to represent very
complex scenes and objects. All their advantages hint at a more extensive future use of such repre-
sentations in real-time applications, in particular in video games. The whole approach we proposed
in this thesis provides an efficient solution in this context, and we believe it will pave the way to many
new interesting effects and rendering paradigms.

Perspectives and future work

In this thesis, we tackled the problem of memory consumption of voxel representations, and we
strongly believe that we built the foundations required for future work and research based on mas-
sive voxel scenes. In order to make this work fully reusable by other researchers, or to be easily
integrated into an industrial project, we are currently transforming our reference implementation into
an open source project that will be entirely freely available to the community.

We see several interesting future research directions based on our work. The first main area we would
like to explore is the animation of voxel representations. Being able to render efficiently animated
scenes is now the major block for the usage of voxel representations in video games. We started
to address this problem in our global illumination application, by proposing a real-time voxelization
and pre-filtering scheme of animated triangle-based geometry. However, this scheme is not optimal.
First it is not compatible with our on-demand loading scheme, and thus does not scale with a large
number of animated objects. The voxelization of an animated object has to be done at each frame,
whenever it is visible or not. In addition, this voxelization has to be done from bottom to top in order
to compute pre-filtering, which means that a high resolution voxelization is always needed, whatever
the resolution actually required for rendering.

This represents a major problem for the scalability of the approach and leads to another major area of
future work: the efficient and scalable pre-filtering of complex representations. Providing solutions
to the top-to-bottom pre-filtering problem based on input surface geometry is challenging, however
we believe that approaches based on procedural generation are a very promising direction to explore.
Furthermore, correlation aware filtering schemes (cf. our decorrelation hypotheses, in Section 4.4)
are required in order to enhance the quality and the accuracy of the cone-tracing approach, especially
when using large cone apertures.

For the animation of voxel representations, we strongly believe in animation through deformation of
the volumetric representation using a shell-map approach [PBFJ05, IMWO7]. This would make it
possible to animate a low resolution triangle mesh, like a character, and to add thin volumetric details
that would be deformed on its surface. Such deformation poses several major problems. Among them,
the efficient tracing of curved rays and cones in the voxel domain, as well as the need for pre-filtering
with anisotropic volume dimensions, in order to handle geometry compressions. We also see a great
interest of such shell-maps using very high resolution voxel data for authoring tools. Indeed, voxel
sculpting would greatly benefit from the ability to directly add high resolution voxel details inside a
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thin layer at the surface of triangle mesh. The mesh could be moved and deformed freely during the
editing to add details where needed, at any resolution.

More generally, in the context of high performance parallel rendering, we strongly believe that we are
going toward the use of more and more structured representations to render synthetic scenes. Such
structuring is critical to allow image-order rendering approaches, that allow minimizing data access
as well as framebuffer bandwidth. Data access becomes the major bottleneck in parallel computing
architectures, both in terms of latency and in terms of power consumption. In addition, such scene
structuring that provides fast global random access to any geometry of the scene, allows for an easier
implementation of global effects which are difficult to achieve with rasterization-based approaches.
Consequently, we believe in the convergence between the object-order rasterization approach and the
image-order ray-tracing approaches, with increasing needs for screen-space locality and thus increas-
ing structuring of the input geometric data.
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Preliminary GPU performance characterization

A.1 Characterizing texture cache behavior

In order to make an optimal volume ray-casting implementation on a given hardware, one of the most
important points is to characterize the behavior of the texture cache with the sampling scheme appear-
ing in ray-casting typical usage. The texture cache (cf. Section 1.3) is an on-chip very fast memory
that is used by the texture sampling hardware of the GPU. It allows us to maximize the reuse of data
read from the video memory among multiple threads and different samples. This lowers the amount of
data transfered between the GPU and the video memory, and improves performance of texture access.
The performance of this cache is critical for our ray-casting application that heavily relies on texture
sampling operations (cf. Chapter 6).

In our ray-casting usage, the rendering is done by assigning one thread per screen pixel, each thread in
charge of computing the volume rendering integral along a single ray by sequentially sampling inside
bricks stored in a 3D texture (Chap. 6). The performance behavior of the texture cache in such a con-
text will impact the technological choices we will make in terms of the scheduling of the rendering
threads, and the type of texture to use.

Especially, the main questions we wanted to answer were:

o Is the cache behavior isotropic ? Is the cache efficiency the same whatever the viewing direction
? If not, how does it impact performance ?

e How does the caching performance vary in function of the type of texture used ? In our case, a
3D texture that provides fully accelerated trilinear access to the data can be used, or a Layered
2D texture that only provides bilinear interpolation, but may provide better access performance.
In the case of the Layered 2D texture, the third interpolation has to be computed inside the
shaders/CUDA kernel, increasing the bandwidth used between the shader units and the texture
units and the charge of the stream processors.

To answer these questions, we built a series of tests using a simple ray-casting code implemented
in CUDA, sampling volume data inside a texture. Rays are launched using orthographic projection,
with one ray (thread) per pixel. Each thread does a fixed number of texture access (1000 texture ac-
cess/thread). We compared the performance of different types of textures and data formats depending
on the traversal direction and the screen orientation, and we tested them with and without interpola-
tion. These tests were done on an NVIDIA GTX580 GPU.

The results of these experiments are presented in Table A.1 and Graph A.1. They present the time
spent in texture reads depending on the traversal direction (in the form ScreenAxis, ScreenAxis,
DepthAxis) and the texture type, for RGBAS texel format. We compared access to 3D and Layered
2D textures (2D texture arrays, EXT_texture_array) with the nearest interpolation. We also com-
pared the access time to these two texture types with linear interpolation. We tested 3D texture with
full trilinear interpolation, Layered 2D texture with bilinear interpolation and no interpolation between
layers, and Layered 2D with interpolation between layers done in the kernel.
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The first interesting thing to note is that the texture read performance is not the same whatever the
traversal direction. This means that the texture cache does not have an isotropic behavior on succes-
sive reads, and thus that geometry of the cache lines is not cubical. The second interesting information
is that with a full trilinear interpolation, 3D textures appear on average 1.74x faster than Layered 2D
textures (when averaging the 6 tested screen orientations and directions).

Table A.1 Total times of texture reads for ray-casting inside a 512° RGBAS texture, with orthographic
projection and step size ﬁ depending on the view direction and orientation (and in average), and the
type of texture employed.

Filter Mode | Texturetype || XYZ | YXZ | XZY | ZXY || YZX [ ZY X || Average |
Nearest 3D || 11,90 [ 11,76 || 11,76 | 14,08 || 1923 | 18,52 14,54
Layered 2D || 943 | 9,52 || 11,90 | 31,25 || 22,22 | 27,78 18,69
Linear 3D || 12,20 [ 13,16 || 26,32 | 37,04 || 43.48 | 50,00 30.36
Layered 2D
No Zinterp. || 10,53 | 13,89 || 23,26 | 76,92 | 43,48 | 66,67 39,12
Layered 2D
Man. Z interp. || 21,28 | 4545 || 28,57 | 100,00 || 50,00 | 7143 52,79

M Nearest 3D

21,28
9,43 10,53
11,90 12,20

XYz

Rendering times in ms (RGBAS)

M Nearest Layered 2D

YXZ

Linear 3D

Xzy

ZXY

M Linear Layered 2D No Z interp. M Linear Layered 2D Man. Z interp.
100,00

YZX ZY X Average

Figure A.1. Graph view of the data presented table A.1.
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A.2 Rasterization and scheduling of fragment shading

A.2.1 Motivations

Many hardware details are still hidden from the programmer, in particular mechanisms used for prim-
itives rasterisation and fragments shading. Understanding how fragments are scheduled among the
GPU processing units is a critical points for our research, and we investigated the behaviour of this
part of the GPU pipeline using a series of directed tests.

Criticality of optimization on GPU is very different than for CPU, due to the extremely high per-
formance contrasts. GPUs have "fast paths": Unintuitive depressing 1000x slowdowns as compared
to expectations are often met when programming. Conversely, knowing these fast paths can lead to
more than 1000x speedups. To find and remain in these fast paths, it is important to understand how
the GPU works and behaves. In particular, we investigated how fragment shader threads are sched-
uled among the GPU "stream processors" in charge of executing them (Sec. 1.3). These low level
experiments were done on the G80 NVIDIA GPU in 2007.

(@ (b)
Figure A.2. (a): A tile containing a very slow fragment (1) makes all next tiles scheduled on the same TP wait.
Others TPs continue their processing until their fragments FIFO are empty (2). (b): Screen subdivision in tiles
spread among G80 MPs. Tiles subdivision into 8x4 pixels sub-tiles.

A.2.2 Methodology

We wrote a small probe program "fragSniffer" allowing us to trigger various configuration tests pro-
viding 2 kinds of outputs:

o Showing fragment writing order into the front-buffer, comprising locks, stalls, synchronizations.
e Measuring performance changes when changing configuration parameters.

The principle is to use very slow fragment shaders (doing simple additions into a user controlled loop,
typically 10% iterations). In particular, some of our fragment shaders slow down only for one pixel on
screen, or for a couple of pixels. In case of several slow pixels, these can run either the same shader
instructions or 2 different branches of a conditional statement. Speed, number of slow pixels and their
location, as well as speed of "background fragments" can all be controlled manually.

Tested configurations concern the pattern and relative location of slow pixels, and also the type of
primitive drawn on screen: large or small, stripped or not, 2D,1D or 0D, traced in smart, raster or
shuffle order, tiling the screen or overlapping. Note that due to the use of extremely slow shaders, the
cost of CPU, bus transfer and vertex transform is negligible.

Our probe tool fragSniffer is freely available here: http://www.icare3d.org/FragSniffer/
FragSniffer_0.2.zip


http://www.icare3d.org/FragSniffer/FragSniffer_0.2.zip
http://www.icare3d.org/FragSniffer/FragSniffer_0.2.zip
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The board used for our experiments was a 8800 GTS: it has 96 Stream processors (SP), grouped by
8 working in SIMD into 12 Multi Processors (MP), which are paired as 6 Texture Processors (TP).
Threads are scheduled on Multi Processors into Warps of 32 threads executed in SIMD (within 4
cycles) on the 8 SPs of the MP (see [[NVI11a] for more details).

We also ran our probe on other boards, e.g. a 8600M GT having 16 SP grouped into 4 MP =2 TP just
to verify that our results were consistent.

Disclaimer

The G80 is a quite complex ecosystem we tried to locally understand by running these experiments.
We might have misinterpreted some behaviors, conducted some inappropriate experiments, or even
incorrectly designed or run some of them. We provide our observations and conclusions so that you
can trace our reasoning, and provide our probing tool so that our data can be verified.

I . I .
I I |
I I |
. N . |
I I . |

I . I .

I . I .

I . I .

I . I .
I I . |
| I . |
I I . |
. N . |

I . I .

(a) (b)

Figure A.3. (a): Screen subdivision in tiles spread among G80 MPs. Tiles subdivision into 8x4 pixels sub-tiles.
(b): Display of the footprint of a 32 threads warp.

A.2.3 Summary of our "interpretations and discoveries™

Here is a quick summary of our initial conclusions; all our experiments and deductions can be found
in our online article http://www-evasion.imag. fr/GPU/CN®S.

o The rasterizer allocates fragments to texture processors (pairs of multiprocessors) based on the
location on screen:the screen is subdivided in tiles of size 16x16 which are bounds to TPs ac-
cording to a fixed pattern (see Figure A.2(b)).

e For one given TP, the flow of fragments is assembled in warps of 32 threads then stored in a
FIFO (Fig. A.3(a)). Warps of one FIFO are executed by any of the two MPs of the TP.

e Threading can use shader wait-states (texture access, transcendent maths, pipeline dependen-
cies) to run some warps partly in parallel on the same MP.

o In the general case, warp fragments are not geometrically ordered and can correspond to any
location within the screen footprint of a TP (see Figure A.3(b)).

¢ In fact, fragments are managed in groups of 2x2 (4x2?) "superfragments". In particular, points,
lines and triangle borders yield some waste since "ghost fragments" are generated to fill super-
fragments and are treated as regular threads (with no output). For an unknown reason, only 4
isolated points or primitives of size 1 can fit a warp (8 were expected).

e If one FIFO is full the rasterizer has to wait, which might starve the other TPs (see Fig-
ure A.2(a)).


http://www-evasion.imag.fr/GPU/CN08
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