344

ELECTRONICA E TELECOMUNICAGOES, VOL. 5, N° 3, JUNHO 2011

Interaction and visualization techniques for volumetric data of various scalar
modalities: integration of visualization and interaction

Vitor Gongalves

Abstract - Over the last years, acquisition techniques have
improved significantly in several areas such as oil mining
industry, medicine, geophysics, weather predictions, etc.
resulting in large volumetric data sets. Visualizing and
exploring this kind of data introduces some questions: how to
select the appropriate method for a particular case? How to
represent more than 3 dimensions? How to guide the users to
extract valuable information? The interaction with the final
visualization is also crucial to gain insight and reach
conclusions. Providing the different visualization techniques
combined with appropriate methods of interaction seems to
be the way to empower the final user. This paper present
several visualization and interaction techniques used in
volumetric data, as well as some aspects regarding the
integration of visualization and interaction.

1. INTRODUCTION

Volume visualization is one of the fastest growing areas
in Scientific Visualization. 3D scanning is a common
technique in many areas, using different forms of
acquisition and different purposes. It is used extensively in
medicine for prevention and diagnosis (PET, CT or MRI),
geophysics (subsoil analysis) in oil mining, geology,
archeology, etc. [1-3].

There are several areas that have the need to explore this
type of data and over the years acquisition equipment have
become widespread and with more capability, allowing the
capture of larger volumes. Thus are more and more
volumetric data and more accurately, which increases the
challenge of exploring these data and extract from them
valuable information.

Providing the different visualization techniques combined
with appropriate methods of interaction seems to be the
way to empower the final user to explore and take the
most advantages of huge datasets every day larger and
more difficult to understand.

Volumetric data contain three dimensions in its structure,
they are equivalent to raster images (in two dimensions);
however, in 2D the smallest element is the pixel (with two
dimensional xy), while the volumetric (scalar) data the
smallest element is the voxel (with three dimensional xyz).
When the size of a voxel is equal in all dimensions (vozel
size x = vozel size y = vozel size z) we say that the volume
is isotropic, otherwise it is anisotropic [41.

I1. VISUALIZATION TECHNIQUES

The visualization of volumetric data is not 2 trivial
process, since in general we not only want to see only the
external surfaces of the volume, but also its interior., Then,
there is the problem of data representation in the output
devices, as even today most devices produce 2D
representation and the vast majority of the so called 3D
devices are in fact 2D devices with special features that
generate illusion of depth through stereoscopy, SO
operations are needed to represent the volumetric data
(3D) in these devices. Moreover, there are other relevant
issues such as exploration of the inside of the volume,
image quality (color, transparency, shadow, etc.),
algorithms used and performance which are directly linked
to interactivity.

There are two ways to represent the volumetric data, by
direct representation of the voxels (direct volume
rendering), or by extracting the geometry associated to the
voxels values [5].

A. Direct volume rendering (DVR)

Computer-based visualization of data is something less
perfect from what occurs in reality. The quality of
visualization algorithms is intrinsically related to the
precision and insight achieved with the minimal use of
computational resources (important to achieve sufficient
performance to enable interactivity).

DVR visualization techniques consist in representing the
data as a "translucent” material and this material has
assigned important properties [5]: color and opacity that
are in the generality of the graphics libraries allocated
through color and opacity "Transfer Functions" (TFs) {6].
The TF performs the mapping of scalar values of data to
the color/opacity defined in the TF [7]. For example, if a
volume has values between 0 and 100, we can create a
color TF defining white for value 0 and black for value
100, intermediate values will be represented in a gray level
(linear gradient from white to black). The definition of
appropriate values for TFs is a difficult and time
consuming task (usually manual), because it is closely
related to the type of data and with the goals of the
visualization (which data subset(s) we need to give more
emphasis?) {7].
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Currently there are a number of well known techniques
for implementing DVR: ray tracmg, ray casting, splatting
and shear warp.

These techniques can be implemented by algorithms that
fall into two groups [8]:

e image-order — algorithms shoot rays from the
image pixels into the volume (back-to-front), in this
case is calculated only the color of each pixel;

e  object-order — algorithms generally shoot rays from
the volume voxels and project that data onto the
image plane (front-to-back), however can also be
implemented in back-to-front order. In this case
each voxel contribute to the final image.

The ray tracing and ray casting are implemented through
image-order and splatting and shear warp are implemented
through object-order [8, 9].

A.1. Ray tracing

Ray tracing was first used for computer rendering by
Arthur Appel in [10]. This technique has presented new
variants over the subsequent years, as [11-13] and even
different combinations of methods (illumination, shading,
etc.), some to improve efficiency, others to improve the
degtree of realism. Ray tracing reproduces a scene using
the inverse ray projection (backward from pixel to object)
[6]. Therefore, only the rays that will contribute to a
particular pixel are calculated, instead of the contribution
of the infinity of rays which actually exist in reality [6].
Thus, considering that the end result is a visualization of
the scene projected on a 2D grid of pixels, this technique
will calculate only one color component for each pixel of
the final image [6]. If the ray intersects objects in the
scene, then the distances between the pixel and points of
intersection in the scene objects are calculated [6]. The
nearest point of the pixel will be the visible surface to the
current pixel [6]. Then the ray is reflected in the object
and in the case of transparent objects will there still a
refraction ray [6]. These rays were known as secondary
rays, because they result from a first ray [6]. Next the
same process is repeated for the secondary rays producing
a next level, resulting in a new reflected ray and possibly
also a new refracted ray (in the case of transparent
surfaces) [6]. The process only ends when it reaches the
maximum number of defined levels or if the ray does not
i[ntersects any objects or if the ray intersects a source light
6].

This is a optimal technique to produce high quality
images, but with a high computational cost, making it
difficult to produce images in real time on most computer
Systems (off-line technique) [14]. However, this technique
is highly scalable, taking advantage of current multi-core
processors or multiple graphics processing units (GPUs)
of graphics cards which allows real time in some of the
newest systems fitted with these components [14].

However, due to these requirements in reality is used a
simplified version of this technique, named "ray casting".
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A.2. Ray casting

Ray casting is a special case of ray tracing [6], it differs
from ray tracing since no secondary rays are projected
[15]. This means that the reflections, refractions and
shadows are not calculated with the same accuracy [16],
however these factors can be calculated in an
approximated way, for example through color mapping
[17] in addition to other methods, with a much higher
efficiency than ray tracing [18].

It is also notorious the amount of work that has recently
emerged in adapting ray casting technique to parallel
algorithms using processing through multi-core processors
and especially through GPUs [19-22]. This is justified by
the recent emergence of these multi-processing
technologies often enabling to implement interactive
volume visualizations using ray casting techniques in
midrange systems.

A.3. Splatting

This technique was proposed by Lee Westover in 1989 in
[23] and later refined in [24, 25] to solve the critical
problem of rendering time in volumetric data, which then
could take several hours with ray tracing (even for
relatively small volumes, from 64° to 256° voxels). Since
then, this technique has been successively improved with
the same goal of obtaining interactivity through the use of
less computational resources relatively to other techniques
such as ray tracing [24, 25].

Generally this technique classifies each voxel and
represents it in a "3D kernel", using transfer functions [24,
25] and each voxel is projected on a 2D plane through
"footprint functions" [25]. Then, pre-calculated multiple
perspectives through "footprint functions” are computed
according to an offset, and the result is stored in a table
[26]. Even though the table is discrete, the renderer can
build any point of view based on this table [26].

A.4. Shear warp

Analogous to the splatting technique shear-warp is one of
the volume rendering techniques that uses less
computational resources, achieving this performance by
reducing the image quality [27].
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Fig. 1 - Perspective projection in Shear warp [28]

This technique starts by computing an intermediate
coordinate system, this step is called "object space to shear
object space" that simplifies the calculation of 3D
projections, putting the view point parallel to a plane (eg
the plane Z) [9, 28]. In the case of paraliel projections this
step only includes translations of the volume slices, but in
the case of perspective projections a scaling of the volume
slices is still needed (Figure 1-a) [28]. After these steps
only a simple parallel projection of the "shear object space
to image space" is needed (Figure 1-b) [28].

B. Other techniques to visualize volumetric data

B.1. Texture mapping

Texture mapping is often used when real-time is strictly
necessary [29]. This technique was proposed by Cullip
and Neumann in [30], which demonstrated the possibility
to implement volume rendering interactively using 3D
hardware texture acceleration.

There are two distinct implementation methods for
texture mapping, the method of surface rendering that
creates a mesh extracted from the volume, similarly to
marching cubes method (described in Section B.4.1) and
the method of volume rendering which is a DVR, as the
ray casting [31]. The surface rendering method has the
benefit of being very efficient in current graphic cards, but
is a CPU intensive task in the mesh calculation from the
volume data. [31]. The volume rendering method using
texture mapping has proved to be more flexible, especially
with the evolution of graphics cards that have multiple
GPUs (graphic processing units) [31].

While techniques such as ray casting consist in
calculating the luminosity and opacity through ray shot in
software, texture mapping techniques consists in rendering
the data as textured parallel slices, leaving luminosity and
opacity computation for the hardware, which allows real-
time volume rendering, nevertheless with less image
quality [32]. To improve the final image appearance
several proposals have emerged as [32] and [33] which
allow the efficient implementation of shadows and
incorporate diffuse and specular illumination, increasing
image realism.

This hardware acceleration technique was also used
successfully in [34] to accelerate the ray casting technique,
but with an excessive memory consumption, which was
solved in [35]. To accelerate the ray casting technique
using texture mapping is necessary to use an "proxy
geometries" algorithm, as described in [31].

B.2. Visualize large volumes
Over recent years the size of volumetric data has grown

dramatically and now are very common volumes 1024° or
higher [36].
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While the hardware has also progressed, is generally
impossible to achieve interactivity in volume render with
such dimensions. To solve this problem various solutions
have emerged and one of the most studied was the
technique of multiresolution data hierarchy.

B.2.1 Multiresolution data hierarchy

In this technique the data volume is divided into smaller
subvolumes, allowing the visualization of data with
different levels of detail using methods to achieve a
balanced level-of-detail [37].

Recently have been presented new proposals using this
technique, as [38] e [39], however this technique will
always have need for additional space and added
difficulties in switching the resolution in real time [36].

B.2.2 Volume data reduction

In [36] is present an alternative technique to
multiresolution, called "volume data reduction” that
consists in filling the areas of less interest sparsely.
Among other advantages, this technique dramatically
reduce the amount of memory used and implements a
"focus + context” visualization, rendering areas of interest
as focus (on higher quality) and the rest as context [36].
The methodology adopted by the authors consists in
partitioning the volume into cubic regions and each region
is classified with a level of importance, then, according to
this information the volume is rendered with greater
emphasis on the most important regions [36].

B.3. Slicing

Slicing is one of the most simple and powerful
exploration tool, allowing the user to create a mental
model of the data structure in three dimensions [40]. This
technique makes a cut on volumetric data parallel to one
of three axis or through an arbitrary orientation, allowing
representation of the intersected data by the cutting plane
into a 2D image [41].

B.4. Isosurfacing

The isosurfaces are very useful for use in conjunction
with volumetric data, either to represent the volumetric
data in an alternative way, for further processing, such as
segmentation, volume slices (2D representation) and other
operations. Until a few years ago, this technique was less
computationally demanding than volume rendering,
however currently this is not always the case and some
volume rendering algorithms are more efficient than the
algorithms to extract isosurfaces [5]. However depending
on the types of data, the visualization goals, the detail
needed and other parameters, the isosurface extracting
techniques from volumetric data are still widely used and
very useful.
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B.4.1 Marching cubes

This technique was proposed by Lorensen and Cline in
[42] and is probably the technique most used in isosurface
extraction.

Considering a volumetric dataset, with a scalar value in
each voxel, the marching cubes technique considers that
these scalars are continuous values between voxels in all
three dimensions [43]. And the isosurface with the scalar
value o (a is called isovalue) is obtained by calculating a
set of triangles that form one (if not continuous) or several
isosurfaces separating higher o values and less o values
[43]. In it’s original version the isosurface calculation is
performed in each cube (voxel) in an isolated forma [42]
and for each cube vertex that has equal or greater value to
a is classified as "marked", otherwise it is classified as
"unmarked" [43]. So, with two chances per vertex and
eight vertex there are 256 (2%) possible ways of marking
the cube, however applying reflective and rotational
symmetry there are only 14 different cases [42]. The
topology of each voxel is then stored in a look-up table
and based on this topology the triangular surfaces that
intersect individual cubes can then be calculated for
example using linear interpolation [42].

This technique was also extended to non-rectangular data
by He et al. in [44] and adapted to any number of
dimensions in [45, 46].

B.5. Visualizing data with more than three dimensions

Over the last few years the use of volumetric data not

only grew, but led to new requirements, including the
representation of a fourth dimension, for example to
represent the time when there are several samples of
different times or to represent uncertainty or other
parameters associated with the volumetric data. In the
following section are shown solutions to represent a fourth
dimension that represents the uncertainty associated with
volumetric data, but can be easily adapted to other
parameters that we wish to represent.

B.5.1. Visualization of uncertainty in volumetric data

Visualization is a powerful tool to represent data and
information. Nevertheless, when the acquired data have
some associated uncertainty, the final visualization may
lead to erroneous conclusions, since users may consider
interpolated data as acquired data [47]. To avoid this, and
according to [48], uncertainty visualization techniques
should be informative, intuitive, non distracting, and
interactive.

Uncertainty representation in volumetric data is a four
dimensional representation problem, with great interest in
various scientific areas, for which several solutions have
. been proposed.

A general classification of uncertainty encoding methods
into two groups is proposed in [49]: mapping uncertainty
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by an additional piece of data or integrating it in
volumetric data (through color, transparency, etc.).

One of the first proposals for uncertainty representation
involves the application of high levels of transparency in
places where the data have more uncertainty, and greater
opacity where data have greater certainty [50]. This
technique is intuitive for the user, since more emphasis is
given to data of greater certainty. Nevertheless, it has two
major disadvantages [50, 51]: if the user cannot
interactively activate and deactivate the visualization, it
can lead to non-visualization of data with little certainty
that may be relevant, and to ambiguities when data are
represented by color, since when applying opacity to a
color it will be represented in a lighter shade (on a light
background) [50, 51].

To overcome the problems described in the previous
method, Djurcilov, et al. [51] proposed three alternative
methods to represent uncertainty:

» inserting speckles/holes — It consists in placing
small speckles (glyphs) on the data representation,
adding more speckles or larger speckles in
locations where there is greater uncertainty [51,
52];

¢ adding noise — It consists in introducing noise in
data according to the uncertainty associated with
each voxel, by adding or subtracting a random
value proportional to the uncertainty [51, 52];

¢ adding texture — It consists in applying a texture
to the volume according to the uncertainty [51, 52];

III. INTERACTION

In visualization the interaction involves multiple aspects
as number of frames per second achieved or the possibility
to manipulate objects in real time. However this work
seeks to address the interaction in a more restricted
domain: the use of methods that modify the visualization
or implement artifacts that allow information to be
transmitted more efficiently to the end user.

A. Focus + context techniques

Over the past few years several interactive "Focus and
Context" techniques have been presented, summarized in
[53], as {54] where regions of most interest take higher
resolution, or as [55] where no interest areas are discarded
or the use of deformations for browsing volumetric data
[56].

A. 1 Visual filters — volumetric lenses

The concept of filtering using 3D lens derived from the
work presented in [57] (2D Magic Lenses) where widgets
2D change rendering style. This is a “focus + context
technique” [58], introduced in volume rendering by Viega
et al. and led to several works that culminated in
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interactive techniques to explore hidden data inside the
volumetric data [40, 53, 59].

For example in [40] are shown a variety of applications
to magic lenses. The user can demark an area of interest
through a geometric shape (a cube, a sphere, etc.) and then
is possible to apply three different classes of magic lenses
[40]:

e clipping volumes — consists in extracting a volume
region to view the inside of the volume at this
location (Figure 2-a);

o showing different transfer function — involves the
application of different TFs in voxels outside the
area of interest (context) and voxels contained
within the area of interest (Figure 2-b);

e drawer metaphor — performs the duplication of
interest area and its representation outside the
original volume, this area can also assume a
different TF (Figure 2-c).

Fig. 2 - Volumetric lenses [40]

This technique has the advantage of allowing exploration
of volumetric data in a flexible and dynamic way
enhancing date of interest or suppress distracting
information by changing the visual representation of the
interest area in the volume without losing the view context
[40].

A.2. Time navigation with 3D lenses
The Magic Lens technique was also applied to temporal

exploration of volumetric data in [59] with the ability to
navigate through time lines as shown in Figure 3.

1890

Fig. 3 - Time navigation with 3D lenses [59]
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A.3. 3D orientation widget

During the exploration of a small portion of the
volumetric data sometimes is difficult to understand
exactly the position and orientation of the camera in the
data, to solve this problem in [40] is proposed the
integration of a widget in the visualization to represent
these informations.

A.4. Deformations

M. J. McGuffin, et al. presented in [60] a technique for
“looking inside volumetric data” using deformations as
shown in Figure 4. In relation to cutting based techniques,
that removes parts of the volume, this technique has the
advantage of keeping these parts as context, deforming
them because they may be potentially important [60].

Fig. 4 - Visualize volumetric data through deformations [60].

B. Direct volume haptics (DVH)

DVH is the implementation of force feedback in direct
volume rendering increasing the information given to the
user through the exploration of our sense of touch [61].

According to [61] there are two ways to implement haptic
in volumetric data: extracting an isosurface by
intermediate geometry such as marching cubes [62] (this
involves pre-processing) or through the volumetric data,
which allows the haptic representation of all data instead
of just a subset. However there are hybrid implementations
that combine the advantages of both models as [63].

Haptics can be implemented with any input device and
feedback is given by visualization. For example moving
the mouse cursor from one point to another point in the
volume is calculated a resistance that will reduce the speed
of this movement, according to the characteristics of data
[61], or in more natural way using touch screens [63]. This
is also a very interesting technique for simulation of some
practical cases such as medical training, allowing a
significant increase of realism [63].

To reduce the effort in implementing this technique there
are some APIs that implement volume haptics such as
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Volume Haptics ToolKit [64] and the OpenHaptics™
Toolkit [65]. The OpenHaptics™ Toolkit stands out for
having an easy integration with OpenGL.

IV. INTEGRATION OF VISUALIZATION AND INTERACTION

To implement interactive techniques mentioned above is
necessary to use a visualization technique that will achieve
a number of frame rates sufficient to achieve interactivity
in the end-user device. So it is necessary know very well
the techniques of visualization, among others aspects
described below.

Table 1 summarizes the visualization techniques
presented, however today it is very difficult to select the
best technique for a particular case, in addition to
described techniques it is very common to see hybrid
implementations that take advantage of various
techniques, and new refinements that reduce the resources
used and increase the quality of final image such as [66,
67], or even proposals of new techniques or combinations
of existing techniques like [19].

Whenever selecting a visualization technique several
issues should be considered:

® Deciding the priority: high-quality images, high
interactivity (with less quality), or an intermediate
solution?

¢ Computational resources allocated to the end user
(with more resources we can offer more quality or
better interactivity);

e  Each graphics library has its own particularities and
implements only some of the techniques described
or a combination of these techniques;

e Different graphics libraries have different
implementations which also affects the final
performance;

e Implementation through hardware can be
extraordinarily more efficient;

. 1st CPU Image .
Technique X Interactivity
Pub. usage Quality
R Vi Only in dedicated
e 1969 | Excellent | Y T ocdicate
tracing high systems
Only on
Ray >

High Very Good small/medium

casting 1969

data size
Moderat
Splatting 1989 y .era ¢ Medium Frequently
/ high
Shear warp | 1992 | Moderate Medium Frequently
Texture Moderate | Medium /
¢ i 1994 r Almost always
mapping / Low Low

Table 1 - Synthesis of DVR techniques.
V. CONCLUSIONS
Currently the volume rendering technique is applied in

medicine, industry, construction, and in many other areas.
This technique already has a few decades, however only
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with the popularization and increase in computational
power of computers its application to multiple areas
became feasible.

Nevertheless, even at present, this technique is still
computationally very demanding, since although the
computing power has increased dramatically, methods of
acquiring volumetric data also progressed, resulting in
huge datasets every day larger and more difficult to
analyze.

Over this work two major focus of research which are
currently very active were identified: volume rendering
through hardware and interactive methods that implement
various methods to transmit information contained in a
volumetric data in a more efficient way.

The former allows high interactivity levels, even for large
datasets.

Interactive methods are more and more correlated with
volume rendering through hardware, especially in the
exploitation of today powerful GPUs, as data volumes are
growing more and more, making it difficult to achieve
interactivity without using GPUs.
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