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Abstract
Volumetric visualization has many practical applications,
particularly in medical imaging. Usability of volumetric visualization algorithms depends on available means
to select areas of interest in volumetric data that are to
be visualized. A simple and sufficient method is a onedimensional transfer function that assigns colours to intensity values of the data. A drawback of this method is
that it produces visual artefacts in specific cases. In this
paper we propose a volumetric visualization method that
overcomes this drawback by using filtration with volumetric ray casting algorithm. Our method enables users to
use simple transfer functions with significant visual artefacts reduction.

Categories and Subject Descriptors
I.4.10 [Image Representation]: Volumetric
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1.

Introduction

Algorithms for volumetric data visualization are used in
various fields, including medical imaging. Their goal is
to produce two-dimensional projection of volumetric data
that can be displayed on screen. CT (computed tomography) and MRI (magnetic resonance imaging) scanners
produce volumetric data that need to be visualized in order to interpret them. The most basic visualization tech∗Master degree study programme in field Information
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nique is called multiplanar reconstruction. This method
displays two-dimensional cross-section slices of the data.
Even though multiplanar reconstruction is the most common visualization method in medical imaging, volumetric
visualization is essential for displaying volumetric data
within their original context; therefore, many algorithms
for volumetric visualization have been developed [2, 1, 9,
3].
Volumetric visualization algorithms could be categorized
into two groups – photorealistic and non-photorealistic.
Photorealistic algorithms simulate passage of light through
the grid of volumetric data set and their goal is to produce renderings approximating physical appearance of the
visualized objects. Non-photorealistic algorithms use various mathematical methods to extract relevant information from the data set and present it to the user in form
of two-dimensional projections of three-dimensional data.
Non-photorealistic rendering methods are usually better
suited for diagnostic procedures such as angiography, while
photorealistic algorithms may be used in virtual endoscopy
for instance.

2.

Related work

There are several ways how to visualize volumetric data.
One of the simplest methods is to extract an iso-surface
(surface composed of voxels of intensities equal to socalled iso-value) and display it. This could be achieved
by the marching cubes algorithm [7], which produces a
geometric approximation of the iso-surface.
Another possibility is to use an algorithm called volume
ray casting. This method does not use polygonal meshes
for visualization. It rather calculates colour of every pixel
of the final image individually. For every pixel, a ray is
casted from the position of the virtual camera through
the pixel position. Two intersections of the ray with a
volumetric data bounding box are calculated. The algorithm then samples values from the data set along the
line segment between the two intersections in even intervals. Trilinear interpolation is usually used to calculate
values between positions of individual voxels. The sampled values are then transformed to colours by a transfer
function. The colours are used to calculate final colour of
the current pixel.
Alpha blending could be used to accumulate all of the
colours assigned to sampled values. The surface normal vectors could be calculated in every sampling position using a gradient method. The normal vectors could
be used to apply lighting to every sampled value. This
would result in a photorealistic rendering of the data set.
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This method is called direct volume rendering, since pixel
colours of the final image are calculated directly from
colours assigned by a transfer function to individual voxels. Even though this method produces high quality renderings, it is quite difficult to design a proper transfer
function for it. Another drawback is the high computational complexity of the algorithm.
Rendering methods which are fast enough and process all
data along each ray usually involve extraction of a certain
statistical property of the sampled values. For instance,
the mean value, standard deviation or the maximum value
could be used to visualize MRI or CT scans. Projections
of these properties produce images similar to common xray images. Disadvantage of these methods is that values
representing relevant information may not sufficiently affect the selected statistical property. Relevant information would be occluded in that case.
The projection of maximum intensity along optical rays
(MIP - maximum intensity projection) [9] is widespread
method for volumetric visualization. MIP rendered images are intuitive and easy to interpret for radiology technicians or doctors; however, MIP is not always applicable
and several improvements have been proposed. One of the
most commonly used improvements is depth weighing, or
the application of a fog effect. It has been proposed in [4].
Using a first local maximum instead of the global maximum along each ray, proposed in [8], is another possible
enhancement. This method was further developed in [6].
Artefact removing algorithm with focus on removing bed
and linen artefacts from medical CT scans was introduced
in [5].
Visualization methods based on other principles have been
developed as well. For instance, a method incorporating
a statistical transfer function space has been proposed
in [3]. It overcomes the problem of classification of materials with overlapping intensity distributions.

3.

Ray casting with filtration

Transfer functions are essential even for the simplest volumetric visualization methods. Many approaches how to
transform voxel intensity values to colours exist. One of
the simplest and easiest to use is a one-dimensional transfer function. It is a piecewise linear function, cubic spline
or a similar function that maps intensity values to opacities and optionally to colours. The design of such function
is rather intuitive and fast. It could be used to enhance
final renderings or event to classify different materials.
The drawback of using a one-dimensional transfer function for volumetric data classification is that it is likely to
create visual artefacts in some situations. For instance,
intensity gradients on boundaries between certain tissues
or materials usually contain values present in other materials. The one-dimensional transfer function would therefore generate visual artefacts on objects boundaries by
classifying them as different objects.
Figure 1 shows a CT scan of a human brain with an
aneurysm. The one-dimensional transfer function was
used to remove bones (brightest areas) from the scan and
enhance the aneurysm. Even though most of the bone
was removed (image on the right), boundaries between
the bone and the surrounding tissue remain bright; therefore, the aneurysm would still be occluded by the bone in
MIP rendered image.

Figure 1: CT scan of a brain aneurysm without classification (left) and with classification by
a one-dimensional transfer function (right). The
transfer function is shown for both images (xaxis represents sampled intensity, y-axis represents output opacity).

Our proposed method overcomes disadvantages of the usage of the one-dimensional transfer function with the MIP
rendering method. Our method uses a ray casting algorithm to visualize the data set. Values are sampled from
the data set in even intervals along each ray. The history
of last n sampled values is stored in an array. The stored
values are used to calculate the output values, which are
transformed by the transfer function. The maximum of
the transformed output values is then projected into a
final image. As every output value is calculated as an
arithmetic mean of the stored values, a low-pass filtration is applied to the data sampled along each ray. Since
only input values (intensity values sampled from the data
set) are used to calculate the output value, used filter is
a discrete-time finite impulse response (FIR) filter.
Calculating the arithmetic mean of the sampled values
implies that filter coefficients are uniform. It is possible
to use non-uniform coefficients to create different types of
low-pass filters. For instance, coefficients calculated as a
Gaussian function would result in a Weierstrass transform
of the input data, since the FIR filter acts as a convolution
of the input with the function defined by its coefficients;
however, various speed optimizations are possible when
using uniform coefficients. As a matter of fact, the characteristics of the low-pass filter with uniform coefficients
are suitable for the medical MRI or CT data.
Figure 2 shows the effect of the low-pass filtration of the
sampled values along a ray intersecting a MRI scan of a
human head. It is shown that narrow peaks were suppressed in the filtered output. Such peaks are typical for
artefacts on the boundaries of objects created by a onedimensional transfer function; therefore, these artefacts
would be suppressed by the low-pass filtration.

4.

Implementation

Since the proposed algorithm uses ray casting and the
value of every ray is calculated independently, the algorithm could be parallelized. We have implemented the algorithm as a GLSL vertex/fragment shader pair. Massive
parallelism of the GPU enables the algorithm to visualize
high resolution data sets in real-time.
The client application was implemented in C++ using
OpenGL library. The vertex shader applies OpenGL transformations to position and orientation of the virtual cam-
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Figure 2: Sampled values along one ray without
filtration (top) and filtered with a low-pass filter
(bottom).

era, while the fragment shader implements the ray casting
algorithm. A single ray is casted for every fragment and
the final ray colour is used for respective fragment. Casting several rays for every fragment and averaging final ray
colours would result in antialiased image; however, this is
usually not necessary in medical volumetric data.
The host application communicates with GLSL shaders
via textures. The volumetric data are stored in a threedimensional texture, while discrete values of the transfer
function are stored in a one-dimensional texture.

5.

Results

We have tested the algorithm on the NVIDIA GeForce
GTX 260 graphics card. The test data sets were medical CT and MRI scans of human bodies at resolutions of
2563 and 5123 voxels. We were able to interact with the
visualizations interactively, even though the frame rates
were lower at high screen resolutions.
We focused on the visualization of individual tissues or
organs within these test data sets. A one-dimensional
transfer function was used to suppress tissues or materials occluding our area of interest. We have compared
images produced by our method with images produced
by commonly used methods of volumetric visualization.
Figure 3 shows the comparison between a MIP rendering (top left), a projection of arithmetic mean value (top
right), a projection of standard deviation (bottom left)
and our proposed method (bottom right) using the same
transfer function. The goal was to display internal organs
present in the abdominal CT scan. The quality of the MIP
rendering is low due to the extensive visual artefacts on
the boundaries of classified organs created by the transfer
function. The projections of the arithmetic mean and the
standard deviation show internal organs better than MIP,
but the images are fuzzy and lack detail, as the statistical
properties do not define objects boundaries well enough.

Figure 3: Comparison between common rendering methods and our proposed method (bottom
right) using the same transfer function. Transfer
function is shown for every image (x-axis represents sampled intensity, y-axis represents output
opacity.

The image produced by our method clearly shows internal
organs in higher detail without visual artefacts.
Even though our method uses blurring of input data (lowpass filtration of sampled values along optical rays), the
final images are not blurred, since blurring occurs only in
the view direction. Only narrow intervals of high values
are suppressed by the filtration. These peaks are usually
consistent with visual artefacts.
Figure 4 shows the ability of our method to visualize
boundaries of objects. A proper transfer function was
used to enhance boundaries of colon in a high resolution
CT scan. The image rendered using MIP is spoiled by visual artefacts of skin and surrounding tissue. Our method
was able to visualize the boundaries of the colon in high
detail.

6.

Conclusions

We have proposed a non-photorealistic volumetric visualization algorithm. It is an enhancement of the MIP
rendering algorithm; however, it can be used with other
methods of volumetric visualizaion as well. The goal of
our research was to find a method to suppress visual
artefacts which are likely to occur when one-dimensional
transfer function is used for volumetric data classification.
This goal has been achieved with our proposed visualization method.
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Figure 4: Boundaries rendering of large intestine
with MIP (top) and our method (bottom). Our
method effectively removed visual artefacts from
the image.

