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Animated volumetric data can be found in fields like medical imaging -produced
by 4D imaging techniques such as ultrasound-, scientific simulation -for example, fluid
simulation- or cinematic special effects -for reproducing volumetric phenomena like fire
or water. Real-time rendering of this data is challenging because due to its large size,
in the order of gigabytes per second of animation, it requires on-the-fly streaming from
external storage to GPU memory (called out-of-core rendering) causing bandwidth
between memory subsystems become the bottleneck.

This dissertation work describes the design and implementation of an out-of-core
rendering system for animated volumes. A two-stage compression system is used to
reduce bandwidth requirements based on a fast lossless compression method in the CPU
(LZO) and a hardware supported lossy method in the GPU (PVTC) following previous
research [I}, 2]. This provides an average increase in FPS of 290% relative to rendering

without compression. The system is critically evaluated and compared with a novel



GPU compression scheme developed to improve image quality (E-PVTC). Additionally,
an assessment of the applicability of these techniques to interactive entertainment and

the medical and scientific fields is performed.
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Chapter 1
Introduction

This dissertation report is organised in the following way:

In the introduction chapter a general introduction to the most important concepts
related with the topic addressed in this work will be given, followed by a description
of the main challenges the field poses, the goals they motivated and a brief overview
of the solution adopted and the results obtained.

Next, a brief revision of relevant research in the field of real time rendering of
time-varying volumetric data will be presented in the chapter about related work.
Following it, two chapters for the two subsystems, the volume renderer and the load
system, will give the design and implementation details for each one. Design sections
will focus on describing the functionality covered by the subsystem and the different
options considered, and explaining the decisions made. Implementation sections will
give a detailed description of how the system was constructed and of some possible
improvements.

The evaluation chapter will present and explain the results obtained and, based
on this, give an assessment on the applicability of the technology to different fields.
Finally, the conclusions and future work chapters will summarise the main findings of

this work and suggest directions for future related research.



1.1 Concepts

Volumetric data is the natural consequence of adding a dimension to flat, two-dimensional
data. A data volume is a finite collection of scalar or vectorial values, called voxels,
distributed in three-dimensional space. Although theoretically voxels can be spatially
arranged in any way, in practice mainly regular grid distributions are used because they
are easier to store and access. If we imagined an instance of two-dimensional data as
a digitalised picture, where each square pixel represents a value, an instance of volume
data would be formed stacking several of that pictures on top of each other. The result
is usually visualized as a rectangular box divided in equally sized cubical voxels that
contain the values of the pixels of the stacked pictures. Figure illustrates this con-
cept. An example of practical use of volumetric data is a medical imaging technique
called Magnetic Resonance Imaging (MRI) where magnetic fields are used to create

three dimensional maps of the different tissues in the human body.
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Figure 1.1: Comparison of two and three dimensional data

In the same way that a series of pictures of the same size is used in a film to produce
an animation, a collection of volumes with the same dimensions is used to represent
the variation through time of the data they contain. We refer to this as animated
volumetric data. This kind of data is used extensively in the medical field, for medical
imaging techniques like 4D ultrasound, MRI and Computed Tomography (CT) that
make possible capturing 3D images of body organs in movement; the scientific field,
for simulations such as computational fluid dynamics that reproduce the evolution of
a fluid; and the entertainment industry, for visual simulation of animated volumetric

effects like fire, smoke or water.



Rendering a data volume usually implies presenting the information it contains
in a two-dimensional display in such a way that it is useful for the viewer. With
two-dimensional data this is often as straightforward as printing a picture in a piece of
paper, where no especial care has to be taken to present the information in a meaningful
way because the destination medium allows doing it naturally. When working with
volumetric data, though, techniques have to be applied to map the extra dimension to
a two dimensional target. Recovering the picture stack analogy, the question of what
should be seen if we look at it from the top arises. Should it be just the picture on
the top, the first foreground voxel we encounter for each pixel, or maybe a mix of the
colours of all the aligned voxels? The answer will depend on the wvolume rendering
technique used.

Volume rendering must also deal with the fact that a voxel value can represent a
wide range of concepts from the density of tissue in a human body, to the velocity
of the air flowing through a jet engine or the temperature of the gas in a supernova
explosion. This values need to be translated to colours before being presented on the
screen, e.g. white for bone, red for flesh. The function that maps data values to colours
is called the transfer function.

Finally, the last essential concept regarding the topic of this work is the idea of real
time. Volume animations can be rendered and saved as a sequence of two dimensional
still images in the form a video. The main disadvantage of this is that it does not
allow interactive exploration of the volumes, i.e. changing the point of view, which
can be essential to appreciate hidden details or to integrate the animation in a 3d
environment. Real time rendering means that each volume is rendered as the animation
is being played thus enabling the user to modify interactively the point of view or other

parameters that affect image generation like the transfer function.

1.2 Challenges

The main challenge when rendering animated volumes in real time is the size of the
data. A 512x512x512 volume of 1 byte voxels, a size easily found and exceeded in
medical and scientific applications, takes up 128 MB of space. Figure gives a visual
reference comparing this size with that of a 512x512 flat image. A 5 second animation at

30 frames per second (FPS) requires 150 volumes, totalling 18.25 GB. Real time volume
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rendering techniques commonly require that the volume information is stored in the
graphics card memory (VRAM) to produce the rendered image, but current memories
have sizes around 512-1024MB, which is insufficient to hold the whole dataset. The first
effect of the large data size is then that volumes have to be transferred from the CPU
to VRAM continuously while the animation is played, linking rendering performance
not only to the GPU rendering speed but as well to the CPU-GPU bandwidth.

]

512x512 1 byte image 512x512x512 1 byte volume
0.25 MB 128 MB

Figure 1.2: Graphic representation of the memory required for a 512x512 2D image
and for a 512x512x512 3D volume

If the complete dataset cannot be hold in VRAM then it will have to be stored
in the CPU’s main memory (RAM), but most desktop systems have memories around
or below 4GB which, again, is not enough for the whole animation. Consequently,
volumes must be read from external storage (usually the hard drive) by the CPU and
then transferred to the GPU as the animation is playing, in a process known as out-of-
core rendering. This links rendering performance as well to the external storage-CPU
bandwidth. Therefore, if real time is to be achieved, especial mechanisms are needed
to reduce as much as possible the time taken to transfer a volume from external storage

to GPU (graphics card) memory.

1.3 Goals

Stemming from these challenges, the goals of this project were defined as follows:
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1. Design and implement a real time animated volume rendering system that allows
interactive exploration of large animated datasets using state-of-the art acceler-

ation techniques.

2. Perform a critical evaluation of the existing techniques used, namely two-stage

compression with PVTC [I] 2], and the new ones implemented (new compression
scheme E-PVTC).

3. Asses the applicability of the system developed to interactive entertainment and

the medical and scientific fields.

1.4 Solution

The solution design and developed to achieve these goals is divided in two subsystems:
the volume rendering subsystem and the load subsystem. The first of them is in
charge of rendering the volume information once it has been transfer to GPU memory,
regardless of its animated or static nature. Volume rendering is performed using a
texture-based technique based on [3] that creates a set of view aligned rectangular slices
that virtually intersect the volume. Textures coordinates for each slice are calculated
dynamically according to the position and orientation of the volume relative to the
view point. The coordinates are then used to sample the volume texture and the data
value obtained to index the transfer function texture and obtain the final fragment
colour. Resulting overlapping fragments are composed in back-to-front order using
alpha blending.

The load subsystem is responsible for streaming the volume information from ex-
ternal storage to VRAM. The solution implemented follows the two-stage approach of
[1], where doubly compressed volumes are decompressed on-the-fly first in the CPU
and then in the GPU. As in the original research, LZO is used as CPU compres-
sion/decompression method and Packed Volume Texture Compression (PVTC) for
GPU compression/decompression. PVTC makes use of Volume Texture Compression
(VTC), a volume texture compression format supported by hardware components in
the GPU, to pack the information of three consecutive time steps in the colour chan-

nels of a single RGB volume texture. This provides a fixed compression ratio of 6:1 at



the cost of image quality degradation. LZO is a general purpose lossless compression
format specially designed for real time decompression.

A new volume compression scheme, Extended PVTC (E-PVTC), was designed
and developed to improve the image quality achieved with PVTC while retaining the
advantages of using GPU supported compression (VTC). This new method works using
a different variant of VT'C that allows using RGBA volume textures. The alpha channel
is employed to encode a Compression Correction Code calculated per voxel that is
applied at run time to reduce the errors produced by VTC lossy colour compression.

Load from external storage is performed in parallel to the execution of the main
program reducing in this way the total execution time per frame to the maximum of
both processes. Pipelining of the CPU decompression stage explained in [2] could not
be implemented due to time restrictions.

Finally, a series of preprocessing tools were developed to transform the different
test datasets to a common raw format appropriate for use with PVTC and to produce
the compressed volume files in PVTC and E-PVTC formats.

1.5 Results

The solution implemented allowed reproduction of previous research results for out-
of-core rendering with two-stage compression, obtaining over 19 fps for 256x256x256
volume animations with 98 time steps and over 60 fps for 128x128x128 volume ani-
mations with 150 time steps. The average improvement in fps relative to rendering
without compression was of 290%. E-PVTC proved capable of reducing significantly
compression artefacts at the cost of increased compressed volume size and reduced

rendering speed relative to PVTC (twice the volume size and 28% slower on average).



Chapter 2

Related Work

Interactive visualization of volume data from time-varying simulations tends to be large
in space (number of voxels) and time (number of time steps) and even number of vari-
ables. Hardware constrains like limited GPU memory or CPU-GPU bandwith have
led to the development of a series of strategies to enable the work with these enormous
datasets. The main issues addressed are data encoding, feature extraction and render-
ing [4]. Data encoding techniques aim to reduce the amount of data necessary for the
volume visualization, which provides two advantages. First, it reduces the amount of
memory required allowing to fit in texture memory data that otherwise wouldn’t have.
Second, it reduces the data transference between secondary storage and main memory
and between main memory and the GPU.

There are two basic approaches for compressing time-varying volume data. The
first one is to separate the time dimension from the spatial dimension. The second is
to treat the data as 4D data. The election between one and the other will depended
on the characteristics of the data. For example, if the temporal and spatial resolutions
differ greatly it would be desirable to keep them separated. Examples of different
techniques are time-space partitioning trees (TSP) [5] and wavelet encoding [6].

Regarding feature extraction, automating it using domain knowledge can greatly
reduce storage requirements and rendering cost. However this approach has not been
generally adopted because it requires understanding the features well enough to make
the automation extraction effective. Some successful efforts can be found in [7] and [§].

Efforts in rendering have been focused in automated transfer function generation



and using parallel distributed computing. The former tries to generate automatically
transfer functions for features of interest in a time series that exhibit regular, periodic
or random patterns [9]. The objective is again to reduce the amount of data to allow
for interactive visualization. Parallel distributed computing aims to distribute the data
and rendering calculations over a computer network, like in the research [10].
Remaining research challenges in the field are dealing with irregular grids of voxels

and multivariable datasets.



Chapter 3

Volume Renderer

3.1 Design

The volume renderer is the subsystem of the animated volume rendering system respon-
sible for drawing the volume information on screen. Its main inputs are a 3D texture
representing the volume data and a 1D texture containing the transfer function, both
provided by the load subsystem. Its output is the rendered image in the frame buffer.

As volumetric information is not suitable for rendering with traditional polygon-
based solutions, specific techniques have been developed for volume rendering (VR).
There are two common approaches: textured-based and ray casting VR. Textured-
based volume rendering uses a set of view aligned cut-planes or slices that virtually
intersect the rendered volume. The texture coordinates for each slice are calculated
dynamically according to the orientation and position of the volume relative to the view
point. A 3D texture containing the volume data is sampled using the generated texture
coordinates to determine the colour and transparency of the fragments contained in
each cut-plane. Finally, alpha blending is used to compose the cut-planes into the
frame buffer. Figure [3.1]illustrates this process.

This technique has two main advantages. First, it makes an efficient use of current
GPU’s acceleration capabilities through alpha blending composition. Second, the use
of proxy geometry allows easy integration with other polygonal primitives rendered
with traditional techniques. The main disadvantage is the strong dependence of image

quality on the number of cut-planes and the impact of this in performance. Each
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Figure 3.1: Texture-based volume rendering with view aligned slices. Taken from [I1]

additional cut-plane produces as many new fragments as screen pixels, what can quickly
make the rasterization stage become the bottleneck in the graphics pipeline.

The second common approach to volume rendering is ray casting [12]. In this tech-
nique a virtual ray is created for each screen pixel starting at the eye point. The
volume is then sampled at discrete positions along each ray and the data values ob-
tained mapped to colour values with the transfer function and accumulated. The final
accumulated values determine the colour for each pixel. This is similar to the way
cut-planes sample the volume and are composed with alpha blending in texture-based
methods, but there are at least to important differences. First, colour composition in
ray casting is performed in front-to-back order, while in texture-based volume render-
ing it is performed back-to-front. Front-to-back composition allows to implement an
optimization know as early ray termination that stops ray traversal when the accumu-
lated colour has reached complete opacity, thus reducing the number of samples for
that ray. The second difference is the fact that the sampling step size can be different
for each ray while in texture-based methods it is constant and given by the number and
position of cut-planes. Thanks to this in ray casting it is possible to adjust the step
size of a ray to totally skip empty volume regions or quickly traverse uniform regions, a
technique called empty space skipping, while in textured-based rendering a fragment is
generated for each pixel and cut-plane, regardless of uniformity or transparency. These
two differences can be summarised saying that ray casting allows making a much more
efficient use of volume samples than texture-based VR. The importance of this differ-
ence is stressed by the fact that, according to [3], only between 0.2% and 4% of all

fragments generated with texture-based VR for typical datasets contribute to the final
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image.

If volume ray casting is so much efficient sampling volumes than texture-based
techniques, why not use it then? Ray traversal is usually performed in a fragment
shader program that is executed for each screen pixel, making use of the massive
parallel computing capabilities of modern GPUs. The main problem with this technique
is that conditional statements are needed to control ray traversal and these are not
well supported by the GPU streaming architecture, producing either heavy execution
time penalization in the GPU or the need to offload operations to the CPU. Another
disadvantage of ray casting is the difficulty to integrate ray casted volumes in scenes
produced with traditional polygon-based rendering techniques.

After considering these pros and cons, a texture-based volume rendering technique
based on [13] was chosen for this work. Faster rendering speed to achieve a smoother
navigation through the animated volumes was considered more important than image
quality for the purposes of previsualization of large medical and scientific animated
datasets and the reproduction of small volumetric effects in interactive applications. If
better image quality were needed the system could be modified to produce still render-
ings of the selected time-step using ray casting without impacting overall animation
performance. Easier integration with polygon-based rendering was as well a decisive
factor from the point of view of the possible uses in interactive entertainment, where
a stand-alone volumetric animation has little practical uses. Finally, using textured-
based VR would facilitate the critical evaluation of the previous research on volume
animation this work is based on [I], 2], as the results they present were produced using
the same technique.

A number of improvements on the basic texture-based rendering approach proposed
in [I1] were considered but left out due to time restrictions or the possible impact on
rendering speed and memory consumption. The principal of them is opacity correction,
a technique aimed to correct the opacity variations produced when the number of
cut-planes is changed. This is achieved computing on-the-fly a corrected alpha value
for each fragment as a function of the current number of slices and the number the
transfer function was designed for. A detailed explanation of this issue can be found
in the volume renderer evaluation section 5.1l Dynamic proxy geometry is other of
the improvements left out. It is an acceleration technique that reduces the number

of fragments generated calculating the intersection of the cut-planes with the data

11



volume. The resulting view aligned polygons are used for rendering instead of full-
screen quads. More complex illumination models like Blinn-Phong or Volume Lightning
were excluded because they require an additional volume texture for normals and can

have an important impact in performance.

3.2 Implementation

The texture-based volume renderer subsystem was implemented in C++ using OpenGL
as the graphics API and The OpenGL Utility Toolkit (GLUT) to manage the applica-
tion window. Fragment and vertex shaders were created with Cg shader language and
handled from the OpenGL application through NVIDIA’s Cg run time API [14].

Before the application can start rendering volumes a series of setup steps need to
be performed. First, the cut-planes are created as a set of view aligned quads evenly
spaced along the Z axis in eye space. The number of cut-planes can be either configured
by the user or calculated automatically as the longest diagonal of the volume, to ensure
that there is at least a quad per voxel regardless of the volume orientation. An OpenGL
display list is created to encapsulate the calls necessary to draw all the quads in back-
to-front order.

Next alpha blending is enabled and set to back-to-front with a call to the OpenGL
function glBlendFunc with parameters GL_SRC_ALPHA and GL_ONE_MINUS_SRC_ALPHA.
In this blending mode, if Cy and A, are the source colour and alpha -i.e. the colour
and alpha of the fragment being processed- and C; is the destination colour -i.e. the
colour for the corresponding pixel already present in the framebuffer- the final blended

colour C'y is computed this way:

Cr = A,C, + (1— A,)Cy (3.1)

Following, textures are created for the transfer function (1D) and the volume data
(3D) with linear interpolation modes. The transfer function texture is loaded as well
in this stage because it will not change during rendering. Volume texture loading will
be performed by the loading subsystem (see .

The last setup step is initializing the Cg components. First, a Cg context is created

with the cgCreateContext function to allow invocation of the Cg run time. Then
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vertex and fragment shaders are loaded and some of their parameters are initialized
(mainly texture references).

Once the system has been initialized the volume rendering system performs the
following steps each frame: First, the CPU sets variable shader parameters like zoom
and transformation matrices and issues commands to the GPU for drawing the cut-
plane quads with a call to glCallList. Next, the vertex shader computes the cut-
planes vertices clip position and texture coordinates using the transformation matrices.
Finally, the fragment shader fetches the data values for fragments from the 3D texture
using the interpolated texture coordinates of the vertices of the triangle they belong
to. The colour channel read depends on the volume texture format (see [4.2.2)). That
recovered data value is used to perform a texture fetch in the transfer function texture
and obtain the final fragment colour. When the volume texture is encoded with E-
PVTC an extra step must be performed before using the recovered value to index the
transfer texture. This is detailed in [£.2.5] Example Cg code for the basic vertex and

fragment shaders is included below:

void VertexShader(in float4 position : POSITION,
out float4 projectedPosition : POSITION,
out float4 textureCoordinates: TEXO,
uniform float4x4 modelView,

uniform float4x4 modelViewProj)

{
// Transform vertex position
projectedPosition = mul(modelViewProj, position);
// Calculate texture coordinates
textureCoordinates = mul (modelView, position);

}

void FragmentShader( in float4 textureCoordinates : TEXCOORDO,
out float4 finalColour : COLORO,
const uniform sampler3D volumeTexture,

const uniform samplerlD transferFunctionTexture)

13



// Volume texture lookup

float dataValue = tex3D(volumeTexture, textureCoordinates).r;

// Transfer function lookup

finalColour = texl1D(transferFucntionTexture, dataValue);

14



Chapter 4

Load System

4.1 Design

The load subsystem is the component of the animated volume rendering system re-
sponsible for transferring time-varying volume data from an external storage device
(e.g. HDD or DVD) through system memory (RAM) to video memory (VRAM). Once
there, the volume texture data will be read by the volume rendering subsystem to
produce the final volume image. Figure {4.1] shows this whole process as a sequence
of 3 stages: data load (from external storage to RAM), texture transfer (from RAM
to VRAM) and volume rendering. The data load and texture transfer stages are per-
formed by the load system in the CPU while the volume rendering stage is performed

by the volume renderer in the GPU.

Volume Renderer N

Figure 4.1: Subsytems and stages in the animated volume rendering system

4 Load System

External
Storage

Data Load RAM

Rendering

Texture Transfer

o /

Given this definition of responsibilities the load subsystem performance can be

described with the following parameters:
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P1 Load time. Time taken to read a time-step from external storage and write it to
RAM in the format it will be transferred to the GPU

P2 RAM footprint. RAM space used to read a time-step from external storage and

transform it to the texture format in which it will be transferred to the GPU.
P3 Texture transfer time. Time taken to transfer a time-step from RAM to VRAM.

P4 VRAM footprint. Space used to store a time-step in VRAM in the format it is
received from the GPU plus any additional VRAM space that may be required
to decode that format.

P5 Texture fetch penalization. Additional time spent by the GPU to obtain a filtered
voxel value from the texture in the format received relative to the time taken for

a normal texture fetch.

The load system was designed taking into account the optimisation of these param-
eters.

The most common approach for loading systems of these characteristics is to use
some kind of on-the-fly decompression, either in the CPU or the GPU. GPU decompres-
sion presents the disadvantage that, due to GPU streaming architecture limitations,
branching instructions penalize performance heavily. This greatly limits the range of
decompression algorithms that can be executed in the GPU without a great impact
on P4 or P5. CPU decompression on the other hand helps improve P1 but, as raw
data is stored in RAM and transferred to VRAM, it does not improve P2, P3 or P4.
Therefore a two-stage decompression method using both CPU and GPU seems like the
best alternative to optimise all performance parameters.

The two-stage compression method used in this work is the one developed in [1], 2].
Nagayasu et al. name the compressions methods for GPU and CPU as M, and M,
respectively and define the following coherences to be exploited in time-varying data

compression:

Temporal coherence The correlation between voxel values observed at different mo-

ments in time.

Spatial coherence The correlation between voxel values at different voxels in space.

16



The following three requirements are defined to guide the design and evaluation of

the compression scheme:

R1 Both M, and M, should achieve a compression ratio high enough to make the

reduction in transference time greater than the decompression time.
R2 M, and M, should exploit different coherences

R3 M, output should keep the coherence that M, exploits

The GPU compression method selected is based on VIT'C (Volume Texture Com-
pression), a 3D texture compression format supported by hardware components in the
GPU. VTC compresses blocks of 4x4x1 RGB voxels, encoding them as a pair of 16-bit
representative colours and a 2-bit interpolation code for each voxel in the block, giving
a fixed compression ratio of 6:1. The data for three consecutive time steps is packed
in the three colour channels of a 3D texture and compressed with VT'C, in a format
called Packed Volume Texture Compression (PVTC). Details about the technique are
given in the implementation section. Decompression hardware support helps keep tex-
ture fetch penalization low (P5) and VRAM memory usage at a minimum (P4), as
it is decompressed on the fly. Smaller texture sizes will help as well to reduce load
time, RAM usage and texture transfer time (P1, P2 and P3). Regarding R2, PVTC
simultaneously exploits time coherence between every three consecutive time steps and
spatial coherence within the 4x4x1 compression block. The high fixed compression
ratio and fast decompression speed assures R1 fulfilment for M,.

For CPU compression the LZO (Lempel-Ziv-Oberhumer) algorithm is used [15].
LZO is a lossless compression method designed for fast decompression taking advantage
of large CPU caches. Compression is performed substituting frequent data sequences
within a 64KB sliding window for references to a dictionary, exploiting in this way
spatial coherence inside the window. This ensures that spatial coherence between 64-
bit PVTC compressed blocks is exploited (R2 and R3). Fulfilment of R1 for M, is not
assured, as the compression ratio is not fixed, and will depend on the input dataset.
This will have an effect as well in P1 and P2.

The two-level compression system introduces a new stage between data load and

texture transfer, the decompression stage. An additional processing stage for GPU
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decompression is not required as it is performed automatically by hardware components
when values are fetched from the texture.

The four stages of the process can be pipelined to work in parallel with each other as
long as there is enough memory for the buffers connecting each stage. Asshown in figure
4.2 in this manner the data load stage would load the first time step -actually the first
group of three time steps because PVTC encodes three time steps in a single volume-,
store it in a RAM output buffer and proceed to load the next time step. Once the first
volume is loaded the decompression stage is notified, reads it from the data load stage
output buffer and decompress it to its own output RAM buffer. Following, it notifies
the texture transfer stage and proceeds with the next volume in the data load stage
output buffer or, if there is none, blocks until it is notified that a new volume has been
loaded. After a new decompressed volume has been produced by the decompression
stage, the texture transfer stage copies it to VRAM memory, signals its availability to
the rendering stage and continues processing the new decompressed volume. Finally,
when a GPU compressed texture has been transferred to the GPU memory the volume
renderer stage displays the three time steps contained in it sequentially and blocks
until the next texture is available.

Nagayasu et al. in [I] pipeline data load and in [2] add pipelining of the decom-
pression stage reporting performance improvements ranging from 33% to 122% relative
to the first work. Pipelining of the volume rendering stage is mentioned as a future
improvement. In this work only data load is pipelined due to time restrictions. Details

will be given in the corresponding implementation section [4.2.4]

4.1.1 Extended PVTC

Early tests of the animated volume rendering system showed that the image quality
achieved by PVTC could be an issue. The underlying lossless compression system,
VTC, takes 8-bit values and encodes them as a linear interpolation of a pair of repre-
sentative 5 or 6-bit values -the precision depends on the colour channel- calculated for
each 4x4x1 voxel block. There are just four possibilities for the linear interpolation: it
can be either just one of the representative values or a weighted sum where one value
gets half the weight of the other. As a result of this, the number of different values

that can be represented in a block is limited to four and the number of possible values
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Figure 4.2: Full pipelining of the two-level compression system. Compressed volumes
contain three consecutive timesteps

limited by the reduced precision of the representative colours. When a PVTC encoded
volume is rendered to screen these limitations translate into blocky artefacts and loss
of smoothness in gradients. Furthermore, as the texture values are not presented in
screen themselves but mapped to colour values with a transfer function, the sensitivity
of the produced image to compression errors can be greatly increased. More details
about this can be found in the section on image quality in the evaluation chapter [5.2.2

These findings motivated the decision to design an alternative GPU compression
method that provided better image quality but still worked well in the current two-
stage approach. Maintain the use of a VT C-based texture compression format was a
priority because it is the only volume texture compression format supported by GPU
hardware and it had already proved to work well with LZO compression. This limited
the options to the three VT'C variants available: DXT1, used in PVTC, which provides
compression for RGB textures; DXT3, which provides compression for RGBA textures
with uncompressed alpha information; and DXT5, which offers compression for RGBA

textures with compressed alpha information. It was important as well to keep the
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decompression cost low, as it would have to be performed for each fragment in the
fragment shader, and avoid the use of additional textures because it would require
extra texture transferences and fetches.

Finally an extension to PVTC using the DXT3 variant was designed called Ex-
tended PVTC (E-PVTC) that packs the voxel information of three consecutive time
steps in the RGB channels, as PVTC does, and adds a Compression Correction Code
(CCC) in the alpha channel. This code is calculated per voxel to minimize the error
produced by PVTC compression and is applied in the fragment shader after fetching
texture values. Details are given in the corresponding implementation section [4.2.5]

It was expected that this new approach would improve image quality because it
would allow a wider range of values per block, as a consequence of the CCC being cal-
culated and applied per voxel, and produce images closer to the original. On the down
side, the size of the compressed textures doubles, due to the inclusion of uncompressed
alpha information in the DXT3 format, and thus affects RAM/VRAM memory foot-
print and data/texture transference times. Rendering performance could be directly
affected as well because the shader has to decode the Compression Correction Code
from the alpha channel and apply it to the voxel value before mapping it with the

transfer function.

4.2 Implementation

The load system was implemented in C++ mainly in the form of a statically linked
Windows library (.lib). The next sections will give details about the implementation

of the main functionalities as well as some relevant technical background information.

4.2.1 CPU Compression

The compression and decompression of volume data in CPU was implemented using
the LZO library [15], a portable lossless data compression library written in ANSI C
and published under GPL license. It offers very fast decompression, about at a third
of the speed of raw memory access for the same data size.

The algorithm scans the input data in blocks, substituting frequent substrings

within the block for references to a dictionary of frequently encountered substrings.
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When dealing with uncompressible data, LZO expands the input block by a maximum
of 16 bytes per 1024 of input. The LZO library provides multiple variants of the algo-
rithm that differ in compression and decompression performance and block size. The
variant used for the implementation of volume data compression and decompression is
LZO1X, which uses a block size of 64KB and is recommended by the algorithm author
as the best performing option in most cases. The reduced size of the block allows the
CPU to keep it in level 2 cache while decompressing, greatly improving performance.

When LZO1X is used to compress a PVTC encoded volume 8192 consecutive PVTC
blocks are read into a single compression block and scanned for frequently repeated
data. VTC, and thus PVTC too, compresses voxels in groups of 4x4x1 adjacent blocks
producing an output that maintains close together the information of voxels that are
close in the original volume (more details in [1.2.2). LZO takes advantage of this
preserved spatial coherency in PVTC output using its bigger block size to find and

compress patterns in larger contiguous regions of the original volume.

4.2.2 GPU Compression

PVTC, the technique used for GPU compression of animated volumes, relies on Vol-
ume Texture Compression (VTC) for the underlying compression. VI'C is a 3D tex-
ture compression format supported natively in OpenGL through extensions [16] and
in DirectX through the DDS (Direct Draw Surface) format[I7]. Decompression is im-
plemented in hardware components in current GPUs from the main vendors (NVIDIA
and ATT). This allows fast on-the-fly decompression in texture fetches without any
changes in shader code. Compression is not usually implemented in hardware but in-
stead delegated to the device driver or performed as a preprocessing step with external

applications such as NVIDA’s Texture Tools or AMD’s Compressonator.

S3TC

VTC is based on S3TC (S3 Texture Compression), also now as DXTC (DirectX Texture
Compression), a 2D texture compression format supported in OpenGL through the
EXT _texture_compression_s3tc extension [18]. S3TC is a lossless compression method
for RGB and RGBA 2D textures with 8 bits per channel. It works in blocks of 4x4

pixels and handles colour (RGB) and alpha information, when present, separately.
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Control Code Encoded Color

0 color(
1 colorl
2 (2color0 + colorl)/3
3 (color0 + 2colorl)/3

Table 4.1: S3TC colour interpolation codes. Interpolation is performed separately for
each channel

The colour component is handled in the same way regardless of the S3TC variant.
Two 16-bit representative colours (color0 and colorl) are calculated per compression
block (16 pixels) and each pixel in the block is encoded with the linear combination of
the two colours from table[d.1|that best approximates the original value. When the pixel
colour is decoded from the compressed data, linear interpolation is performed separately
for each channel. Representative colours are encoded as UNSIGNED_SHORT 565
values [19], with 5 bits for each the red and blue channels and 6 for the green channel.
The linear combination for each pixel is represented with a 2-bit control code. The
final result is a 64-bit compressed colour block where all pixels are considered to be
totally opaque. A 4x4 texture block contains 16 RGB pixels with 8 bits per channel
giving a total uncompressed block size of 48 bytes and a resulting compression ratio of
6:1.

The three main S3TC variants, DXT1, DXT3 and DXT5, differ in the way the
handle the alpha channel. When DXT1 is used with a RGBA 2D texture it uses
the order of the representative colours inside the compressed colour block to indicate
whether the original alpha value is closest to 0 or to 1. If the first representative colour
(color0) is less or equal to the second (colorl), both interpreted as 16-bit unsigned
integers, and the pixel control code is 3, then the alpha value for that pixel will be 0,
otherwise it will be 1.

DXT3 uses an additional 4-bit value per pixel to store the original alpha value.
These alpha values are packed in a 64-bit (16 pixels x 4 bits per value) integer and
included at the beginning of the compression block doubling the size to 128 bits and
thus a compression ratio to 4:1. This method provides a wider range of possible alpha

values, 16 possibilities versus 2 in DXT1, at the cost of increased block size.
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DXT5 works in a similar way to DXT3, in the sense that it uses an additional 64-bit
per block to encode the alpha channel information. The difference is that with this
variant two 8-bit representative alpha values are calculated per block and interpolated
with the best out of eight possible ways to approximate to the original alpha value per
pixel. This means that an additional 3-bit control code is required per pixel to encode
the interpolation mode. Figure shows the alpha channel obtained after compression
with the three different DXTC variants.

64 KB DXT3 64 KB DXT5

Figure 4.3: Alpha channel compression results with DXT1, DXT3 and DXT5. Taken
from [20]

PVTC works only with RGB textures but E-PVTC makes use of the alpha channel

to store the Compression Correction Code, as it will be seen later.

vTC

VTC is an extension of S3TC to three dimensional textures. It operates as well with
RGB or RGBA voxels with 8 bits per channel. Voxels are grouped in blocks of 4x4x1
and compressed as an S3TC 4x4 block, with the same three possible variants: DXT1,
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DXT3 and DXT5. S3TC blocks are grouped in blocks of four corresponding to the
same X and Y range and growing Z coordinate, forming a VTC block. Figure [4.4]
illustrates how S3TC and VTC blocks are constructed.

r >

2D texture — 4 S3TC blocks 3D texture — 4 VTC blocks

Figure 4.4: Formation of compression blocks in S3TC and VTC

PVTC

Packed Volume Texture Compression (PVTC) is a technique developed in [1] to take
advantage of VT'C in the compression of time-varying volumes. It works with a collec-
tion of volumes all with the same dimensions and 8 bit voxel values that represent the
different time steps in a volume animation. This technique packs the data from three
consecutive time steps in the red, green and blue channels of a 3D RGB texture and
compresses it with VT'C, variant DXT1. In other words, the values of a voxel in a given
position during three consecutive time steps are transformed into the components of a
virtual colour assigned to that voxel. When VTC/S3TC computes the representative
colours of a 4x4x1 block it is actually calculating the two most representative voxel
values for each of the three time steps packed. The interpolation mode calculated for
a specific voxel is influenced by both the values of that voxel in each time step and the
way they change compared to the other voxels in the block. Compression quality will
be determined then by how uniform voxel values are in each time step, which allows

the calculation of better representative values for each channel, and how similar their
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evolution is in time, which reduces the errors produced by using the same interpolation
mode for each voxel in the three channels/time steps.

At rendering time, the resulting 3D VTC compressed texture is transferred to the
GPU and the voxel information recovered from the colour channel corresponding to
the time step being displayed. The selection of the colour channel is made from the
CPU, changing the fragment shader used to draw the current frame. This way, costly

branching instructions are avoided in the shader code.

4.2.3 Preprocessing

Volume data preprocessing utilities had to be developed to satisfy two needs: conversion
of test datasets obtained in different formats to a common raw format suitable for
PVTC compression and compression of the raw format files with PVTC and LZO. The
raw format used is a binary sequence of unsigned byte values representing scalar voxels
in a single volume, with X being the fastest running direction and Z the slowest. This
means that if the value of the voxel in the position (z,y, 2) is noted as V,, , a 2x2x2

volume will have the following layout in memory:

V0,005 V1,0,0: Vo,1,0, V1,10, V0,015 Vi1, Vo1, Vi (4.1)

Converting from a different raw format involved performing some or all of the

following steps:

1. Remove header information from source data.
2. Invert byte order according to source endianess and data type.

3. Compute global maximum (S,,.;) and minimum (S,,;,) values for the whole

dataset -i.e. the volumes for all time steps.

4. Convert source values in each time step ¢ (S, ) to unsigned bytes (V) using

the following formula:

Vi =S, . — Smin)/(Smaz — Smin) * 255 (4.2)

1‘7y7Z w?y7z
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Padding was only required in some datasets to avoid texture compression issues
related with dimensions. Values mapped to zero opacity by the transfer function were

used to perform it.

Conversion to PVTC compression LZO compression

RAW
[ g ) e
Vy.source f Vo.raw Vo.pvtc Izolx_1_compress Vo.lzo
0- e Scale down to 8 bit 0 0 0-

. — ’»

V,.source Vi.raw
. — ’»

V,.source V,.raw

Pack 3 volumes
Compress to DXT1 with
glTeximage3DEXT

Recover data with
glGetCompressedTexlmage
ARB

,

Figure 4.5: Preprocessing process to convert source volume data into RAW, PVTC
and LZO formats

Using a linear interpolation between the maximum and minimum values for conver-
sion assures that the loss of precision is uniform through the whole source data range.
Tests show that in some cases it may be interesting to assign higher precision to certain
ranges of the source data where the most relevant information is located. Figurds.10]in
shows the histogram of the data values in a time step of one of the datasets with
the transfer function overlaid on it. It can be seen how most values are concentrated in
the middle region and how the transfer function only shows a narrow range around the
histogram peak. If this information is taken into account when the source values are
converted to 8 bits, higher precision can be assigned to the most relevant value ranges.
The transfer function can be modified to take advantage of this and show the regions
of interest with more detail. Another advantage of this transformation method is that
it would reduce the number of compression artefacts caused by close original values
being mapped to the same compressed one. Sadly, there was no time to implement
these ideas in this project, remaining an interesting direction for work in the future.
Back to the preprocessing tools, PVTC compression was performed in the following

steps:

26



1. Read 3 consecutive raw volumes and store them interleaved in a single RGB

array.

2. Load the array as a DXT'1 compressed texture using OpenGL function gl TexImage3DEXT
with internal format GL_COMPRESSED_RGB_S3TC_DXT1_EXT. This will make the

device driver compress the texture as it is loaded.

3. Retrieve the compressed data from the texture with a call to OpenGL function.

glGetCompressedTexImageARB

When the total number of time steps in the dataset is not a multiple of three, the
last PVTC block is completed replicating the last time step. It is important to use
actual volume data to fill in these empty channels because the representative values
and interpolations calculated by VTC will be affected by it, even if the channels are
not used for rendering.

Finally, LZO compression was performed using LZO’s library function 1zolx_1_compress
with a raw or PVTC compressed volume as the source data. Figure [4.5]illustrates the

whole preprocessing process.

4.2.4 Animation Pipeline

As explained in the design section [4.1], the application stage that loads volume files
from external storage (usually the hard drive) has been pipelined with the rest of
stages (CPU decompression, texture transfer and volume rendering). When the ani-
mated volume renderer is started a loader thread is created with the Windows function
_beginthreadex. This thread will read the current dataset volume files in sequence
and store them in a circular buffer. The main thread blocks until the next volume is
available in the buffer and then decompresses (if compressed with LZO) and transfers
it to the GPU memory, marks the buffer position as free and renders the time-steps
contained in the volume texture. In this way, the average time taken to render a frame
is the maximum of the times taken by the two threads, i.e. if the data load is slower
than volume decompression, texture transference and volume rendering together, it
will be the bottleneck; otherwise the rendering speed will be determined by the main
thread.
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Synchronization between the loader thread and the main thread follows the producer-
consumer scheme [2I]. Access to the shared circular buffer is regulated using two
semaphores: fillCount and emptyCount. fillCount is increased by the producer (i.e.
the loader thread) when a new item is inserted in the buffer and decreased by the con-
sumer (i.e. the main thread) when an item is read. If there are no pending items in the
buffer, the consumer blocks until a new one is inserted by the producer. emptyCount
is increased by the consumer after removing an item from the buffer and decreased by
the producer before inserting a new item. If the buffer is full -emptyCount is zero- and
the producer tries to insert a new item, it will block until the consumer removes an
item.

Both semaphores are created with the Windows function CreateSemaphore. fill-
Count has an initial value of 0 and a maximum value equal to the size of the buffer
in items; emptyCount is initialized to the size of the buffer in items and has the same
maximum value. Up (increase) and down (decrease) operations on the semaphores are
performed using ReleaseSemaphore and WaitForSingleObject functions respectively.
The number of volumes that can be stored in the buffer is configurable, although values
higher than two only serve to dampen irregularities in stage execution times and a size
of one totally defeats the purpose of the pipeline, because it forces either the producer
or the consumer to block while the other one is working.

Pipelining of the remaining stages could be implemented without big structural
changes. Following the current architecture, the decompression stage should be moved
to a separate thread, consuming from the load stage output buffer, and a decompressed
volume buffer should be created. Another thread should be added for the texture
transfer stage that would read from the decompressed volume buffer and transfer the
texture to GPU memory. Further changes would be needed in the fragment shaders
and the main (volume rendering) thread to use the appropriate volume texture when
rendering. Pipelining of the texture transfer stage would only be possible with this

architecture if there is enough space in GPU memory for two volume textures.

4.2.5 Extended PVTC

Extended PVTC (E-PVTC) was implemented making use of the DXT3 variant of VTC.
As explained before in DXT3 allows compression of RGBA textures treating the
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colour components the same way DXT1 does but encoding the alpha channel as a 4-
bit uncompressed value per voxel. Compared with PVTC, this effectively doubles the
volume size but provides an extra 4-bit value per compressed texture voxel to play with.
E-PVTC packs three consecutive time steps in the RGB channels of a 3D texture, like
PVTC, and uses the alpha channel to store a Compression Correction Code (CCC)
that will be applied to the voxel values fetched from the compressed texture by the
volume renderer fragment shader. Let R, REFL andREF2. be the values of the voxel

':B?y7z7 x’y?'z x7y7z
at position (z,y,2) in time steps ¢ through ¢ + 2 and C%, _ Cit1 andCit2 the values

x,y,z’ x,Y,z x,Y,z
for the same voxel and time steps obtained after PVTC compression. The CCC for
the corresponding E-PVTC packed voxel is the value of  that minimises the sum of

squared compression erros per time step/channel:

(Rt —(CL. 4 x))?+ (RS — (O +2))* + (RL2, — (CF2 4+ 1))? (4.3)

1’7y’z w7y7z m7y7z I7y7z $7y7z m’y?z

Deriving with respect to x and equating to zero yields the following equation for
the Compression Correction code for a PVTC packed voxel representing the values at
position (z,, z) through time steps ¢ to t + 2 (CCCLI*2]):

x’y?’z

COCH = (RL, . — CL,.) + (RE), — CELL )+ (RE?, — CE2)) /3 (4.4)

"Evyaz x’y?’z m7y7Z m7y’z "Evyaz m7y7Z I?y’z

The value produced by this formula is a signed real number that has to be encoded
in the 8 bit alpha component of the packed voxel that will be latter reduced to a 4 bit
precission value by DXT3 compression. This means that only 16 different values can
be used, thus the decision to clamp the CCC to the range [—7,8] before encoding it.
For this, the computed CCC is rounded to the nearest integer, clamped to the range
[—7,8], added 7 and mutiplied by 16 to convert it to the range [0, 255] covered by the
8 bit alpha channel. The equation below shows the CCC encoding process:

CCCeneodea = (clamp(round(CCC),—7,8) + 7) x 16 (4.5)

Once a volume RGBA texture has been created for a sequence of three time steps

with the voxel information in the colour channels and the CCC in the alpha channel,
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it is compressed calling the OpenGL function glTexImage3DEXT with internal format
GL_COMPRESSED_RGBA_S3TC_DXT3_EXT. This causes the device driver to compress the
raw data into DXT3 format. The compressed information is recovered, as in PVTC,
using the function glGetCompressedTexImageARB.

After the E-PVTC compressed texture has been transferred to the GPU the frag-
ment shader will obtain a decoded CCC floating point value in the range [0, 1] from the
alpha channel. The value fetched will have to be transformed to the range [—7/255, 8/255]
before being used to correct the voxel value read from the colour channel corresponding

to the current time step. The following formula summarises the process:

VOLU(Blcorrected = VOSL’(EZPVTC -+ (CCCdecoded/16) — (7/255) (46)

A different version of each of the three Cg fragment shaders -one per time step
encoded in a PVTC volume texture- was developed to apply the CCC while rendering.
The right fragment shader is selected from the main program according to the com-
pression format and current time step. This avoids unnecessary and costly conditional
statements being executed in the shader program for each fragment processed.

Finally, a note about interpolation. When values are fetched from the volume
texture in the fragment shader, linear interpolation is applied. This applies not only
to the voxel values read from the colour channels but as well to the Compression
Correction Code extracted from the alpha channel. CCC values are calculated to
minimise the compression error of individual voxel values, so it seems necessary to
evaluate if they still work well when interpolated and applied to an interpolated voxel
value. Let’s imagine a simple scenario where two voxels with values V, and V}, and
CCC CCC, and CCC, are linearly interpolated with weights a and b (a+b = 1).
The following formula shows how correcting the interpolated values is equivalent to

interpolating the corrected values:

(% Vy +bx Vi) + (a % CCC,+bx CCCy) = ax (Vi + CCC,) +bx (Vi + CCCy) (4.7)

It is quite straightforward to prove that the same holds true regardless of the number

of terms used in the interpolation.
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Chapter 5
Evaluation

This evaluation has several goals, the first of them being to compare the results obtained
rendering animated volumes with those of the original research papers [I}, 2]. For this,
the results in the section about the compression system will be compared against the
ones provided in the most recent research [2]. The newer paper is used because it
provides measurements of the original techniques developed in the older paper but
using more recent hardware. This sets a fairer comparison point, even if the pipelining
improvements described in this second paper have not been included in the dissertation
work.

The second goal is to assess the improvements achieved with the new E-PVTC com-
pression format. For this image quality and rendering speed tests will be performed
with E-PVTC and the results compared against the ones obtained with volumes in raw
and PVTC formats. Finally, the evaluation should provide data to support the assess-
ment of the applicability of the techniques used to real scenarios such as interactive
entertainment and medical and scientific visualization.

All tests were performed in a desktop PC with an Intel x86 Core Duo CPU running
at 2.6GHz and 4GB of RAM. The graphics card was an NVIDIA Quadro FX 580 with
512 MB of VRAM. The operative system used was Windows XP SP3.

Datasets D1 to D4 were obtained from [22]. The first two represent the simulation
of a turbulent vortex, with D2 being an upscaled version of D1. D3 and D4 are the
result of the simulation of a turbulent jet and its upscaled version respectively. D5 is

a static dataset of a human head taken from [I3]. All of them contain 1 byte voxel
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Dataset Resolution Time steps Raw time-step size (MB)

D1: Vortex Small 128 x 128 x 128 98 2.00
D2: Vortex Big 256 x 256 x 256 98 16.00
D3: Jet Small 104 x 129 x 129 150 1.65
D4: Jet Big 208 x 258 x 258 150 13.00
D5: Head 256 x 256 x 256 1 16.00

Table 5.1: Datasets used for experiments

values, as bigger types are not supported in the PVTC compression format. When-
ever the original data was not available with that precision, the original values where
linearly normalized between the maximum and minimum values of the whole dataset
and converted to the range 0-255 (see for details). Upscaling was performed by
linear interpolation of the closest voxels.

When benchmarking an out-of-core rendering system -i.e. rendering systems where
data is streamed in real-time from external memory, such as a hard drive- care has to be
taken to avoid the effects of file caching. Usually there are at least two complementary
kinds of file caching in a modern desktop PC: the caching performed in the storage
device -which cannot be easily overridden- and the one performed by the operating
system. This second caching can be avoided in Windows through a series of functions
provided to access files without system caching [23]. To prevent both types of file
caching two tests with the same dataset were never performed without a system reboot
between them.

A particular issue when benchmarking out-of-core systems in Windows is the effect
of a system service called Windows Prefetch. This background service monitors the
execution of programs and keeps track of their frequently accessed files. After marking
a file as frequently used by a certain program, Window Prefetch will preload the file
whenever it detects the program is started, saving loading time for a file that it is
probably going to be loaded anyway at a later point. This service is active by the
default and can affect the performance of the test application if a dataset is identified
as a frequently used file. To prevent any interference from Windows Prefetch it was
deactivated through the Windows Registry before performing any tests.

Finally, CPU-GPU parallelism has to be taken into account for a proper timing
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of the texture transfer and rendering stages. OpenGL commands are usually queued
and executed in batches to optimize performance [24]. Therefore the time taken to
execute an OpenGL command is the queuing time, as the actual execution in the GPU
is usually delayed to a later moment in time. To avoid this issue, the execution of the
command must be forced with a call to the OpenGL function glFinish, that causes
all pending commands to be executed. To take texture transfer and rendering times
the corresponding stages were enclosed in glFinish commands in the testing program,
ensuring in this way that timings reflect the actual GPU execution time at the cost of

a slight penalty in the frame rate.

5.1 Volume Renderer

In this section the effect of different parameters in the volume renderer performance
will be evaluated. The measures presented were produced rendering a single time-
step -no animation- to isolate the performance of the texture-based rendering system
from that of the load subsystem. The goal was to establish a correspondence between
the different parameters affecting performance and the number of frames rendered per
second (FPS).

First, the impact of the fillrate, understood as the number of fragments (pixels with
depth information) processed per frame, was tested. The fillrate is affected mainly by
three parameters in our scenario: screen resolution, number of view aligned cut-planes
and their scale. The screen resolution determines the total number of pixels to be
renderer and thus has an impact in the number of fragments. Each cut-plane adds a
fragment for every screen pixel it covers. Scaling up the cut-planes means they cover
a bigger area of the screen, up to a scale of x1 that represents that the cut-plane
corners coincide with the corners of the screen. Therefore, increasing the scale up to
x1 produces an increment in the number of fragments too.

Figure shows the impact of the screen resolution and the scale of cut-planes
on FPS, figure shows the impact of the number of cut-planes. Screen resolution
and scale of cut-planes figures were produced rendering the first time-step of dataset
D1 with 221 cut-planes. Screen resolution tests were carried out with a fixed scale of
x1; cut-plane scale tests used a fixed screen resolution of 1024x1024. The tests with

varying number of cut-planes were performed using the static dataset D5 and fixed
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screen resolution of 512x512 and scale of x1. Data was pre-cached in system memory

to make sure external storage access speed did not affect the results.

FPS vs Screen Resolution FPS vs Cut-Planes Scale

FPs

128

256 [ 0.25
1024 1

Figure 5.1: Screen resolution and cut-planes scale impact on rendering performance

It can be seen that even though the number of fragments to be processed increase
quadraticaly with the resolution and the cut-planes scale the impact in the frame
rate is not quadratic. A reason for this is the unified shader architecture present in the
GPU that dynamically allocates shader units to the vertex, geometry or pixel/fragment
stages of the graphics pipeline according to the current workload. As the number of
fragments increases but the number of vertices remains constant the GPU decides to
dedicate more shaders to the fragment stage, thus reducing the impact of the increment
in the number of fragments. The same effect can be seen in the results for different
numbers of cut-planes because the variation in the number of vertices (4 for each
additional plane) is relatively small compared with the increment in the number of
fragments.

The second batch of tests performed was aimed to find out if the volume resolution
has an impact in the FPS, being the rest of parameters constant. It was expected that
it would not have an important impact as the number of fragments and texture fetches
would remain the same. The first time-step of dataset D1 was rendered with a screen
resolution of 512x512 and 256 cut-planes at x1 scale (full screen). The other volumes
used were upscaled or downscaled versions of D1. Figure [5.3| shows how rendering

performance remains almost constant with increasing volume resolutions from 64 to
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FPS vs Number of Cut-Planes

Figure 5.2: Impact of the number of cut-planes on rendering performance

256 cube side, but experiments a noticeable drop of around 25% when a side of 512
is used. This could be caused by the inefficiency of GPU texture caches hiding the

latency of texture memory access with large volume textures [11].

FPSvsVolume Resolution

FPS

a < T T T g
B4x64x64 128x128x128 256x256x256 512x512x512

Figure 5.3: Impact of the volume resolution on rendering performance

Other of the tests carried out was designed to check if the volume compression
format had an impact on rendering performance. For this, versions of the first time-
step of dataset D1 in the three compression formats -raw (no compression), PVTC
and E-PVTC- were rendered with a 512x512 screen resolution and 256 cut-planes at
x1 scale. As figure shows, there are no significant differences in the FPS figures

achieved with each format, with the slowest one being around 0.3% worse than the
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fastest.

FPS vs Volume Compression Format
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Figure 5.4: Impact of the volume compression format on rendering performance

Finally, dataset D5 was rendered with different numbers of cut-planes to get a visual
assessment of its influence in image quality. A 512x512 screen resolution and a scale of
x1 were used. Figure |5.5| shows the results obtained ordered from left to right and top
to bottom by growing number of slices, with the last image being a raycasted render
of the dataset created with the Voreen volume renderer [25].

Two effects of the increment in the number of cut-planes can be noticed in the
images. The first one is the apparent brightening of the colours as the amount of cut-
planes grows. The cut-planes can be thought of as semi-transparent coloured slides
that are stacked on top of each other. The more slides, the more opaque the image
we see through the stack will be. This effect is usually undesired and happens when
the transfer function used has been designed for a different number of cut-planes or
sampling rate. It can be avoided computing a corrected transparency or alpha value
for each cut-plane using a technique known as opacity correction [26] that has not been
included in this volume renderer due to time restrictions.

The second visible effect of an increment in the number of slices is the improvement
in the smoothness of the surfaces. This improvement though tends to be less apprecia-
ble when the number of cut-planes exceeds the depth resolution of the volume. Com-
parison with the raycasted image is difficult because of the colour differences caused
by the different sampling rates. The main difference that can be appreciated is the

absence of the curve artefacts produced in textured-based rendering by the intersection
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of the cut-planes with the volume.

64 128 256

512 1024 raycasting

Figure 5.5: Impact of the number of cut-planes on the image quality

5.2 Load System

The purpose of these compression systems tests is to evaluate the performance of the
system rendering animations with the different compression formats and to assess the

visual quality achieved with PVTC and the new compression scheme E-PVTC.

5.2.1 Rendering Performance

To evaluate the out-of-core rendering performance of the system with animated vol-
umes measures of the average FPS achieved were taken. Besides, execution time was
registered broken down in three stages. The first is the data load stage that comprises

loading the volume data files from external storage (HDD) to main CPU memory
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Dataset Screen Resolution Number of cut-planes

D1 256x256 221
D2 512x512 443
D3 256x256 209
D3 512x512 419

Table 5.2: Test parameters for the volume animation rendering performance tests

(RAM) and, when applicable, LZO decompression by the CPU. The second stage is
the texture transference from RAM to GPU memory. Finally, the last stage is volume
rendering in the GPU. There are two important points to consider when working with
these broken down times. One is that the data loading and LZO decompression stage
is executed in parallel with the other two stages and thus the total execution time is
the maximum of both. The other is that when PVTC or E-PVTC compression is used
each volume file contains three time-steps, so the average time per frame for data load
and texture transfer is calculated dividing the times taken by three.

For these tests datasets D1 through D4 were used. Screen resolution was 256x256
for D1 and D3 and 512x512 for D2 and D4. The full animation was played once,
with a scale of x1. The viewing direction was initially set to the —Z axis direction
and then rotated 2 degrees around the X and Y axes every frame. The number of
cut-planes used for each dataset was set to the diagonal of the volume to make sure
that, regardless of the orientation, there was at least one cut-plane per voxel. Table
.2 summarizes the parameters used.

Figure[5.6/shows rendering performance in FPS for the first four datasets with three
different GPU compression possibilities: raw (no compression), PVTC, and E-PVTC.
LZO compression is not included in these tests to keep the number of configurations
low. Results will be shown later with and without LZO compression for dataset D2.
It can be seen how PVTC provides an average increase in FPS of 290% with respect
to the raw format, the minimum improvement being the 200% obtained with dataset
D3 -from 21 to 63 FPS- and the maximum the 345% obtained with dataset D2 -from
4 to 18 FPS. These results do not deviate significantly from the ones published in [2].

E-PVTC gives an average speed improvement of 177% with respect to the raw

format, with a minimum of 114% in dataset D3 and a maximum of 224% in dataset
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Rendering Performance
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Figure 5.6: Rendering performance in average frames per second

D1. The difference with the results for PVTC can be explained by the increased
size of the data volumes in E-PVTC -double the size of PVTC- due to the inclusion
of the uncompressed alpha channel where the Compression Correction Code is stored.
Whether this loss in speed is acceptable or not will depend on the use of the animation.
If improved image quality is more important than faster animation, E-PVTC can be a
better option than PVTC.

The impact of LZO in rendering performance is shown in figure for dataset D2.
It can be seen how the addition of LZO compression produces a slight increment in FPS
of around 7% in the case of PVTC and a decrement of 9% for E-PVTC. In general, the
speed improvement obtained with LZO depends on the compression achieved. If the
compression ratio is under a certain threshold the overhead of decompression dominates
over the reduced data transfer times produced by the smaller file size. In the case of
dataset D2, the average compression ratio obtained with LZO for the PVTC files
is 1.35 : 1 while for E-PVTC is 1.26 : 1. This could explain the differences in the
performance obtained for both formats.

Finally, figure [5.8| shows the breakdown of the average execution time per time-
step of each stage -data load, texture transfer and rendering- for dataset D2 in all the
available compression formats, with and without LZO. As expected from the results

obtained in the volume renderer tests, the rendering time does not vary significantly
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Performance with and without LZO
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Figure 5.7: Performance impact of LZO compression in FPS with dataset D2 (Vortex
Big)

with the compression format used. Texture transfer time is reduced around a 28%
with PVTC and around a 20% with E-PVTC relative to the times taken with the raw
format. The performance gap between PVTC and E-PVTC is caused by the volumes
compressed with the latter being double the size of the ones compressed with the
former. Data loading times present the biggest variations with compression formats.
PVTC performs 81% faster than the raw format, 89% with added LZO compression,
while E-PVTC results improve the ones obtained with the raw format by a 68%, 65%
with LZO. The increased load time when using LZO with E-PVTC would explain the

results obtained previously in the study of the impact of LZO in rendering performance.

5.2.2 Image Quality

The issue of image quality arises from the fact that Volume Texture Compression
(VTC), the GPU hardware supported texture compression format used in PVTC, is
lossless. Summarising section[d.2.2] VTC compresses the original RGB volume in blocks
of 4x4x1 voxels computing two RGB_5_6_5 representative colours for the each block and
expressing each individual voxel as one of the four possible linear combinations of the
representative colours. Combined with the fact that each colour channel in PVTC
contains a time step, this means that the original 8-bit precision voxel data values have

to be reduced to four possible different 5 or 6 bit values -depending on the time step-
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Figure 5.8: Breakdown of average stage execution time per time-step for dataset D2
(Vortex Big) with different compression methods

per compression block.

Despite this reduction in the precision of the texture values VIT'C usually produces
relatively good results when it is applied to volume textures that contain the actual
colours to be rendered. This is because the error on the colours shown on the screen
is directly proportional to the errors produced by the compression. When the volume
texture contains data values -such as density, velocity, vorticity- that are not colours,
they must be mapped to colours applying a transfer function when rendering to screen.
This means that if two close data values are mapped to very different colours even a
small deviation produced by VTC compression can have a big impact on the image
produced.

As explained in [£.2.5] E-PVTC aims to improve image quality computing a 4-bit
Compression Correction Code that minimises the compression error for each voxel
colour. This allows a wider range of values by compression block which helps to blur
the limits between blocks and increases the smoothness inside them.

Figure [5.9) shows renderings of frame 40 of dataset D3 with raw, PVTC and E-
PVTC compression formats. The values in this dataset represent vorticity magnitude.
The images were produced with a screen resolution of 512x512 and 209 cut-planes.
Strong blocky artefacts can be seen in both left and right sides of the PVTC image
caused by the small number of different values allowed per 4x4x1 block. E-PVTC

greatly reduces artefacts in both sides thanks to the wider range of values that can be
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RAW PVTC E-PVTC

Figure 5.9: Comparison of image quality with raw, PVTC and E-PVTC compression
formats. Strong blocky artefacts in PVTC are almost totally supressed in E-PVTC

represented. This greater variety of colours helps as well to produce smoother contours
that resemble more the original ones, as it can be seen in the augmented region shown
in the bottom row of pictures in figure [5.9] The histogram of the data values of the
volume rendered is shown in figure with the transfer function overlaid on it. It
is a clear example of a transfer function that assigns well differentiated colours to
data values that are very close together making the rendered output very sensitive to
compression errors.

Finally, there is another visual artefact produced in both PVTC and E-PVTC by
the different precision of the RGB channels used in VTC. As mentioned before, the
representative colours of each compressed block are encoded as RGB_5_6_5, meaning
that 5 bits are assigned to both the red and blue colour values and 6 to the green one.
(E-)PVTC packs three consecutive time steps in the RGB colour channels, what results

in the second of every three time steps -i.e. the one packed in the green channel- having
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Figure 5.10: Histogram of the values in time step 40 of dataset D3 (Jetflow Small).
The transfer function is overlapped with the colour indicated by the node colour and
the opacity by the Y axis position

better precision that the other two. Even though some extra definition would not seem
negative, when the time-steps are rendered in sequence the difference in precision from
one step to the next produces an impression of lack of continuity or smoothness in
the animation. To illustrate this effect, three consecutive time steps of dataset D3 are
presented in figure [5.11| rendered with raw and PVTC compressed formats. It can be
seen how the second step of the PVTC series, the one packed in the green channel, is

the most similar to the uncompressed one.

5.3 Assessment of Applicability

The previous sections aimed to produce and analyse measures of the system perfor-
mance. In this section the knowledge gained in that process will be used to assess the
possible application of the technologies developed to different fields.

Pregenerated animated volumetric effects such as burning fires, smoke clouds or
animated glows are frequently used in interactive entertainment -i.e. videogames- and
commonly implemented as animated 2d textures projected into planes. This has the
disadvantage that the effect is always shown for the same point of view -or from a

reduced number of points of view- regardless of the position of the camera with respect
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Figure 5.11: Tmages of time steps 40 to 42 of dataset D3 (Jetflow Small) rendered with
raw and PVTC compression formats. Notice the higher quality of the second time step
in PVTC.

to it, impacting negatively on the perceived realism. Real time volume rendering of
animated volumetric data allows introducing in interactive applications volume anima-
tions that can be presented from any point of view.

Let us consider a typical scenario where a volume animation four seconds long, pos-
sibly periodic, with 20 frames per second is required for the flame a burning torch. Re-
sults obtained in previous sections show how out-of-core rendering is possible at 65 fps
for 128x128x128 animations. Nevertheless, this cannot be translated directly to inter-
active entertainment because a high number of elements has to be renderer each frame,
so only a small fraction of it can be spent on volumetric effects. Consequently, speed
has to be favoured over quality. Tests showed that, thanks to texture interpolation,
128x128x128 volume resolutions produce acceptable results when viewed at 512x512,
which is approximately half the resolution of a high definition screen (1080x720), a
common screen resolution for interactive entertainment applications.

Halving volume resolution to 64x64x64 would allow displaying animations covering
a quarter of a typical game screen while retaining decent quality, what may be accept-
able for background effects like that of a burning torch, and decrease rendering time

thanks to the reduction in the number of cut-planes required. Besides, the full GPU
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compressed animation will take only 5 MB of memory eliminating the need to stream
information from external storage and making possible the storage of the full animation
in the GPU memory. This could greatly improve rendering performance because all
data transferences could be performed off-line and will allow rendering simultaneously
multiple instances of the same animation with the only cost of the additional volume
rendering. Finally, seamless integration of the volume animations with the polygo-
nal environment should not require much effort thanks to the texture-based volume
rendering approach.

Summarising, real time volume rendering of multiple instances of a small sized
volumetric background animation around 64x64x64, fully integrated with the polygonal
environment, should be feasible for interactive entertainment applications in current
hardware.

Compared with interactive entertainment, typical medical and scientific animated
volume visualization applications can afford spending most of their process time in
volume rendering but use datasets that are larger and have higher precision. It is
not unusual to find 512x512x512 4 byte precision time-varying data in the medical
field while in scientific applications very high resolutions and precision can be obtained
thanks to simulation software, well beyond 4096x4096x4096 and 8 byte precision. The
use of PVTC compression requires reducing this data precision to 1 byte and applying
a lossy compression technique (VTC) that can produce very noticeable artefacts (see
5.2.2). E-PVTC can be used to reduce image degradation to some extent at the cost
of a 50% data size increase and an average 28% speed loss relative to PVTC. Besides,
results show real time rendering is not currently achievable with resolutions much higher
than 256x256x256 (19 fps), although speed improvements between 33% and 122% with
further pipelining are reported in [2]. Overall, despite the precision and resolution
restrictions and artefacts due to lossy compression, the two-stage compression system
is still a valuable tool to allow interactive navigation of large animated datasets and
could be used in conjunction with other methods to provide higher quality still images

when required.
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Chapter 6
Conclusions and Future Work

The two-stage compression approach to out-of-core real time rendering of animated
volumes has yielded an average 290% frame rate improvement relative to rendering
of uncompressed volumes. This is achieved thanks to the reduced external storage to
CPU and CPU to GPU transfer times obtained through double compression of volume
data and the use of compression methods that leverage the different characteristics
of CPU and GPU hardware and exploit efficiently time-varying data coherency. This
improvement allows real time rendering of time-varying data with resolutions up to
256x256x256 at 19 fps in current hardware. Further optimizations could be obtained
pipelining the CPU decompression stage ([2] report between 33% and 122% increase
in fps). A novel and interesting addition would be testing the effect on performance of
pipelining the texture transfer stage (see |4.2.4)).

Image quality is affected by the use of a lossy compression method (PVTC) for
GPU compression. Blocky artefacts appear and they become very strong with sensitive
transfer functions. The new compression method developed to improve image quality,
E-PVTC, has proved capable of reducing significantly compression artefacts at the cost
of increased compressed volume size and reduced rendering speed relative to PVTC
(twice the volume size and 28% slower on average). Animation discontinuities caused
by the higher precision used to encode the second of every 3 time-steps remains an issue
that could be addressed in future work. Approaches to take could include changing
compression methods to use the same precision in all channels or take advantage of

new GPU supported volume compression formats.
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There is margin for improvement as well in the way high precission source voxel
values are converted to the 8 bit precision required by PVTC. As suggested in[4.2.3] in-
formation about the relevant data ranges could be extracted from the transfer function
and used to assign higher precision to regions of interest when converting the source
data to single byte format. Another limitation of PVTC based compression techniques
is that they only allow working with scalar data values. New methods to make use of
GPU supported volume compression (VTC) with vectorial time-varying values remain
to be explored.

Finally, the assessment of applicability has shown that the techniques used can be
useful for rendering small volumetric effects in interactive entertainment applications
and for navigating large datasets, in conjunction with complementary techniques to

produce higher quality snapshots, in medical and scientific visualization.
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Appendix

48



Acronym

Definition

cCC
CPU
DXTC
E-PVTC
FPS
GB
GPU
HDD
LZO
MB
PVTC
RAM
RGB
RGBA
S3TC
VR
VRAM
VTC

Compression Correction Code
Central Processor Unit

DirectX Texture Compression
Extended Packed Volume Texture Compression
Frames Per Second

Giga Byte

Graphics Processor Unit

Hard Disk Drive
Lempel-Ziv-Oberhumer

Mega Byte

Packed Volume Texture Compression
Random Access Memory

Red Green Blue

Red Green Blue Alpha

S3 Texture Compression

Volume Rendering

Video RAM

Volume Texture Compression

Table 1: Acronyms commonly used in the text
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