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Abstract—In this paper, we present the development of a highspeed volume rendering system that combines 3D texture
compression and parallel programming techniques for rendering
multiple high-resolution 3D images obtained with medical or
industrial CT. The 3D texture compression algorithm (DXT5)
provides extremely high efficiency since it reduces the memory
consumption to 1/4 of the original without having a negative
impact on the image quality or display speed. By using this
approach, it is possible to use personal computers with generalpurpose graphics capabilities to display high-resolution 3D
images or groups of multiple 3D images obtained with medical or
industrial CT in real time.
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I.

INTRODUCTION

In recent years, computer tomography (CT) has been
extensively used in the medical field for internal
measurements and examinations of the human body. CT uses
radiation (X-rays) or changes in magnetic field to examine an
object, and images of the internal parts of the object are
constructed by using a computer. In a broad sense, CT
encompasses examination methods such as magnetic
resonance imaging (MRI), positron emission tomography and
optical coherence tomography; in the present study, however,
we use CT to refer to X-ray CT. In comparison to MRI, CT
provides shorter examination times and higher spatial
resolution, its market penetration is higher, and its price is
lower.
CT devices can be divided into two main categories, namely,
CT devices for medical use and those for industrial use. Since
CT became commercially viable in the 1970s, the processing
speed and resolution of medical CT devices has been greatly
improved by employing helical and multi-slice CT and
developing elemental technologies such as detector
technologies, reconstruction technologies and dosage
reduction technologies. In comparison, industrial CT devices
deliver higher X-ray energy at the X-ray illumination site and
utilize a fan-type beam (the intensity of X-rays in industrial
CT devices is 4~5 times higher than that in medical devices).
For this reason, images can be easily acquired in the form of
cubic voxels with a resolution of 1024 pixels for each side.
Examined objects include resins, engine blocks of automobiles
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and electronic components, and due to the non-destructive
nature of the examination, it can be applied to objects made of
resin, wood, clay, stone and other materials.In addition, threedimensional (3D) images obtained through CT or MRI are
subjected to different types of processing, such as 1) slicing,
shifting and deformation, 2) image processing such as
subtraction, highlighting and segmentation, 3) merger of
multiple MRI images into a single high-resolution MRI image
(for example, generation of full-body MRI images), 4) display
and registration of 3D images with different modality and 5)
numerical simulation based on the raw volume data. In this
regard, the need for simultaneous processing and simultaneous
display of multiple high-resolution 3D images is constantly
increasing.
In this paper, we present the development of a high-speed
volume rendering system that combines 3D texture
compression and parallel programming techniques for
rendering multiple high-resolution 3D images obtained with
medical or industrial CT. Although 3D texture compression is
a technique developed in order to meet the strong demand for
saving memory and improving the realism in the computer
game and motion picture industries, it is also applicable to the
display of volume rendering, which requires large amounts of
memory. However, the time required for 3D texture
compression for 3D images cannot be ignored since it is
considerably longer than in the case of computer games. For
this reason, we have improved the speed of 3D texture
compression processing through the use of parallel processing
based on multi-threaded programming. As a result, it has
become possible to display multiple high-resolution 3D
images simultaneously in real time by using general-purpose
personal computers containing a relatively small amount of
memory on the graphics processing unit (GPU).
II.

PRINCIPLES AND METHODS OF DISPLAYING VOLUME
RENDERING

The principles of volume rendering are as follows. Light
beams (rays) are cast from a point of view into the 3D image
(volume data), after which the transparency and color
information is computed for voxels in the 3D image which are
crossed by the rays, and the final color is determined by
considering the attenuation of the rays. The mapping of pixel
values from the 3D image to transparency and color

information is performed with the aid of a transfer function
that defines transparency and color information with respect to
a histogram of the 3D image, and this mapping is usually
performed interactively by the user. This method is also
referred to as the ray casting method since light beams (rays)
are cast from the point of view and pass through the pixels on
the screen, and integration over all rays is computed while
sampling the internal parts of the voxels. The number of rays
is the same as the number of pixels on the projection plane,
and since the sampling must be performed in an interval that is
shorter than the width of each voxel, it requires considerable
time for computation.
GPUs perform operations such as geometric transformations
and rasterization by using dedicated hardware and integrated
circuits, and their processing speed for such specific tasks is
considerably higher than that of general-purpose CPUs. In
addition, the transfer speed between the GPU and the memory
installed on the graphics adapter (referred to as "video
memory" below in order to distinguish it from the main
memory used by the CPU) is extremely high, as it designed
for real-time processing. The amount of video memory
installed on a conventional graphics adapter is between several
hundred megabytes and several gigabytes, and the video
memory stores information such as displayed frames (frame
buffer), an operation region (stencil buffer), 2D/3D texture
images, geometric information (coordinates and polygon
information) and optical attributes, thus providing an
architecture that allows for computations to be executed
independently from the CPU.
III.

VOLUME RENDERING SYSTEM USING 3D TEXTURE
COMPRESSION

The processing mentioned in Section 2.1, involving 1)
sampling over rays, 2) transformation into color and
transparency information for each sampling and 3) integration
of color and transparency information over all rays, can be
performed at high speed by using the texture mapping and α
blending capabilities of the GPU. For a 3D image, each pixel
value can be transformed into color information (R, G and B
values) and transparency information (α value) by using a
transfer function, and this information can be stored in the
GPU memory as a texture image. The next step involves the
preparation of multiple polygon surfaces that are
perpendicular to the line of sight and that constitute crosssectional surfaces of the 3D image, and texture mapping is
performed on each polygon surface by using all texture images
generated from the 3D image. If the line of sight changes, it is
necessary to prepare new polygon surfaces that are
perpendicular to the new line of sight. Please refer to [2] for
information on the computation of nodes formed by crossing a
3D image with a plane.
In addition, there is a method in which arrays of polygons with
texture mapping are first prepared for the X, Y and Z
directions. If the point of view changes, the direction in which
polygon arrays should be displayed is determined by using the

vector of the line of sight and a vector normal to the surface
(the frontmost polygon array is used for the direction along the
line of sight). The α blending function of the GPU, which adds
the polygon surfaces, stacks semi-transparent polygons by
using the transparency α of each pixel value, which is
performed in hardware. As these operations are independent of
the CPU, their execution speed is high.
A. Processing flow and 3D texture compression
When storing textures with color and opacity information (3D
color images) in video memory, it is possible to utilize the
video memory more effectively by applying image
compression to the texture. This technique is standard in the
computer game and motion picture industries and is presently
supported in DirectX [3] and OpenGL [4, 5]. Storing textures
in this manner allows for volume rendering of high-resolution
3D images on graphics adapters with a relatively small amount
of video memory. The algorithm used for compressing texture
images is S3TC [5-7] (made available in Microsoft DirectX
6.0 and also referred to as DXTC (DirectX Texture
Compression)). As this compression algorithm utilizes single
memory access and fixed-rate data compression (in the case of
DXTC5, 16 32-bit pixels are converted into 128 bits of data,
thus compressing the original image at a ratio of 4:1), the
algorithm is suitable for compression implemented in
hardware and has become widely adopted. There are five types
of algorithms (DXT1 through DXT5) that differ in terms of
compression ratio and image type, with DXT5 providing the
highest quality; the specifications of these algorithms have
also been implemented in OpenGL Ver. 3.0. Furthermore, as it
was initially difficult to display textures such as marble, wood
grain and mist, the concept of 3D texture that includes
information about the internal parts of the rendered object has
been devised [4, 5, 8]. When using OpenGL to perform 3D
texture compression, it is implemented with an application
program using the CPU, after which the resulting compressed
image is transferred into the video memory, where it is
decompressed and used at the texture mapping stage. In this
process, the most time-consuming step is texture compression,
which is performed by the CPU. For this reason, we have
adopted parallel programming based on multi-threading in
order to shorten the processing time.
B. Acceleration of 3D texture compression through multithreaded programming
In CPUs with multiple processing units (cores), it is possible
to implement parallelization based on threaded programming
by executing 3D image compression on each core of the CPU
in parallel. For example, the Core i series of Intel processors is
subdivided into Core i7, Core i5 and Core i3 series, which
contain two or four CPU cores. In addition, with the use of the
Hyperthreading technology, multiple threaded processes can
be executed on a single core, which is effective when
performing multiple operations simultaneously. AMD has also
developed similar technologies for multi-core computation.
Fig. 1 shows an overview of the concepts of 3D texture
compression and parallelization. Here, we assume that the

displayed 3D image is used to generate and
a
display a 3D
texture with the same resolution. The OpenG
GL function which
transfers the compressed 3D texture into thee video memory in
Step 6 is "glCompressedTexImage3D()".
Step 1. Allocate operation Buffer 1 (4x4x4 pixels)
p
Step 2. Allocate Buffer 2, which is used for storing the results
of compression (1/4 of the size of the 3D imaage)
(Parallel processing start)
Step 3. A 4x4x4 pixel block of the 3D im
mage is stored in
Buffer 1 by reversing the order of the pixel roows
Step 4. Image compression is performed forr each 4x4x4 pixel
block
Step 5. The result of compression is stored in Buffer 2 (If all
blocks have been compressed, go to Step 6.. If there are more
blocks to process, go to Step 2 and process thhe next block.)
(Parallel processing end)
Step 6. After the compression is complete, perform
p
3D texture
registration of Buffer 2 with the OpenGL fuunction (transfer it
into the video memory)

clear that the computation timee is decreased by increasing the
number of threads. The compuutation time in Fig. 6 is longer
than that in Fig. 3 due to the different
d
distribution of the pixel
values for the compressed 3D texture of sample B as
compared to that of sample A.
A In particular, when there is a
large number of empty areas (displayed in black), as in the
case of sample A, part off the compression process is
automatically skipped or simplified.
Table 1 Sample im
mages for evaluation

Sample A
CT
512x512x256

Sample B
MRI
512x512x248

Figure 1. Processing steps for 3D texture com
mpression

IV.

EVALUATION

Table 1 presents the modality (CT, MRI), thee image size and a
display example of the sample images used for
f evaluation. For
both images, the pixel pitch (pixel resolutioon) was 0.625 mm
in the X and Y directions and 1.0 mm in the Z direction. The
computer used for measurement of the com
mputation time and
for visual assessment was an HP PC (HPZ
Z400 Workstation)
with Windows 7 Professional (64-bit), Intel Xeon CPU
W3680 (3.33 GHz), 12.00 GB RAM, 6 corees and an NVIDIA
Quadro FX1800 graphics processor with 768
7
MB GDDR3
192-bit I/FSDRAM and a 400 MHz RAM
MDAC/pixel clock.
The CPU time (in units of seconds) waas obtained as an
average of five measurements with a clock fuunction (clock()).
Furthermore, when DXTC compression (S33TC compression)
was applied to the sample image and thhe high-resolution
texture, the amount of memory consumed by
b the used texture
was 1/4 of that without image compresssion. In addition,
aiming for practical use, the division patternns shown in Fig. 2
were prepared, and the sample image wass sliced. Then the
cube enclosing the 3D image (with each sidde perpendicular to
the original image) was used to maintain and generate the
texture. For this reason, in the case of diivision pattern "2
divisions-1" the amount of memory necessaary for the texture
was 2 times that for the original texture. In the case of "2
divisions-2", the necessary amount of memoory was 1.5 times
that for the original image.
Figs. 3 and 5 show the computation tim
me for 3D texture
compression in accordance with the numbber of threads for
each division pattern for samples A and B, respectively. It is

Division line

Pat.-1(2 divisions) Pat.-2(2 divvivisions) Pat.-3(2 divisions)

Pat.-4(4divisions)

Pat.--5(7 divisions)

Figure 2. Division patterns
p
(patterns 1–5)

Although the number of threaads in threaded programming is
also influenced by the numbeer of CPU cores, we conducted
the experiment with 1, 2, 4, 6, 8 and 10 threads. Fig. 4 presents
the display results for sample A without and with 3D texture
compression, respectively; Figg. 6 presents the display results
for sample B without and with
w
3D texture compression,
respectively. Although the amount
a
of memory used was
reduced to 1/4 of the original amount in the cases where 3D

texture compression was implemented, it can be seen that
there are no notable changes in image quality in Figs. 4 and 6
respectively.

Figure 3. Computation time for sample image A

V.

CONCLUSION

In this paper, we presented a volume rendering system that
combines 3D texture compression with parallelization
programming techniques based on multi-threading. Although
larger 3D textures in general entail longer processing times for
texture processing, we achieved a several-fold increase in
execution speed by parallelizing the algorithm, without
sacrificing image quality. In particular, the effectiveness of
parallelization was demonstrated to be sufficient as a result of
the image areas compressed by the 3D texture compression
algorithm being independent. Volume rendering in the present
system is realized by utilizing texture subjected to 3D texture
compression and overlapping the texture-mapped surface with
the line of sight. For this reason, although the processing time
for decompression of the 3D texture becomes an important
factor, we did not observe any difference in display speed with
respect to 3D textures with and without 3D texture
compression. In this regard, the 3D texture compression
algorithm (DXT5) provides extremely high efficiency since it
reduces the memory consumption to 1/4 of the original
without having a negative impact on the image quality or
display speed. By using this approach, it is possible to use
personal computers with general-purpose graphics capabilities
to display high-resolution 3D images or groups of multiple 3D
images obtained with medical or industrial CT in real time.
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