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Abstract
We describe two techniques for rendering
isosurfaces in multiresolution volume data so that the
uncertainty (error) in the data is shown in the
visualization.
In general the visualization of
uncertainty in data is difficult, but the nature of
isosurface rendering makes it amenable to an effective
solution. In addition to showing the error in the data
used to generate the isosurface, we can also show the
value of an additional data variate on the isosurface 1.

1 Introduction
1.1 Visualizing uncertainty
With the exception of geographic information
systems (see, for example, Hunter et al. [Hunt93]),
there has not been much research into identifying and
visualizing the uncertainty in data. Recently, however,
researchers in other fields have begun to address this
issue. For example, Lodha and Pang have
experimented with visualizing uncertainty in vector
fields [Pang94, Lodh96a, Lodh96b, Witt96, Shen98]
and Cignoni et al. [Cign98] have developed a tool,
Metro, for visualizing mesh surface approximation
error. In addition to the very difficult problem of
identifying and maintaining the error itself, it is also
very difficult to present that error to the user in an
effective and meaningful form.
Incorporating uncertainty into any visualization
requires rendering at least one more variate (actually
we need to add one new variate for each variate that
has its own error measure). Although many
innovative multivariate visualization techniques have
been developed in recent years and some have proven
useful in some situations, this is an extremely difficult
problem which is exacerbated by the enormous size of
modern scientific data.
In principal, we would like to incorporate the
uncertainty information into the data visualization.
When the error information is locally defined (i.e., it
has about the same resolution as the data), this
approach usually results in some form of degradation
in the display of the data itself. Wittenbrink et al.
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[Witt96] call these overloading techniques (as
opposed to their glyph-based technique which they
call verity visualization). Cedilnik and Rheingans
[Cedi00] use annotations on a visualization in order to
reduce the distraction caused by the error
visualization. In order to be most effective, it is
important that the user have the ability to turn the
uncertainty visualization on and off interactively.
With uncertainty visualization disabled, the user is
likely to have the best chance of understanding the
fundamental nature of the data. After enabling the
uncertainty visualization, the user can now get an
understanding of the error in the data.

1.2 Multiresolution data
One major reason for the relatively low emphasis
placed on uncertainty visualization in the past is that
uncertainty information is seldom available except in
very abstract forms. With the growing interest in the
generation of coarse resolution approximations to a
large dataset, explicit error information is more
readily available. Creating multiresolution data
certainly introduces additional error into the data, but
it is often relatively easy to measure this new error
and it is usually significantly greater than the error in
the original data. Consequently, we can expect to be
able to create and access error information about
coarse resolutions of a multiresolution data hierarchy.
Furthermore, it is particularly important to incorporate
error into the visualization of data that is only a coarse
approximation to the “real” data. A scientist needs to
know what portions of a coarse resolution
visualization have relatively low error (and therefore
are an authentic representation of the data in that area)
and which have a relatively high error. The
representation of the low error regions is likely to be
reasonably authentic, but the scientist is likely to want
to visualize areas of high error at a higher resolution.

1.3 Isosurface rendering
Isosurface volume rendering is a very good
candidate for adding uncertainty visualization.
Rendering an isosurface within a volume of univariate
data is a very effective technique for many
applications. Since all the data being visualized has

the same data value, the particular value does not
need to be incorporated into the visualization.
Conventional isosurface rendering assigns a constant
color to the vertices of the triangles that define the
isosurface, and uses standard lighting models and
Gouraud interpolation to give a sense of the shape of
the isosurface. Consequently the color parameter is
actually available for visualizing the uncertainty. It’s
important to realize that this approach allows us to
visualize the error of the data used to generate the
isosurface rather than the error between the low and
high resolution versions of the isosurface.

1.4 Research overview
In this paper we describe some experiments with
incorporating an uncertainty variate into isosurface
rendering. Our visualization tool is part of a broader
research effort to develop a formal model and a
support environment for dealing with large
multiresolution and adaptive resolution data sets
[Spar94, Rhodes02]. A fundamental aspect of this
model is the incorporation of local error measures into
the data representation.
Although our uncertainty visualization does not
depend on any particular technique for generating the
volume data, we start by describing our wavelet-based
multiresolution volume data which does incorporate a
meaningful error component. We conclude with
some specific examples of the visual results of the
approach.

2 Multiresolution volume data
Our motivation for developing a tool for
incorporating uncertainty into isosurface rendering
arose from our interest in using multiresolution data
representation for large scientific data sets [Wong95,
Wong00]. We are particularly interested in generating
coarse approximations to a large dataset that are more
tractable in terms of size but still retain sufficient
authenticity to be useful. For this approach to be
viable, it is critical that we provide an estimate of the
error that is introduced into the coarse data on a local
basis. In principle, every data point in each level of a
multiresolution data hierarchy includes both data and
an error measure associated with that data – its
uncertainty. In other words, we want to identify the
regions of the data where the coarse representation is
not an authentic representation of the original data.

3 Isosurface rendering with error
3.1 Overview
We have extended the standard Marching Cubes
algorithm to incorporate a measure of the error of the
data. Volume data points contain both data values and

the error associated with each data point. During the
Marching Cubes algorithm, we compute an error
associated with each triangle vertex by interpolating
between the error values of the associated cube vertex
error values. We use the error value for each triangle
vertex to modify the appearance of that vertex.

3.2 Uncertainty rendering using color
The vertices of the triangles that define the
isosurface are assigned a color based on hue,
saturation and brightness and the triangles are then
rendered using an external light source and Gouraud
shading. For basic isosurface rendering (without
uncertainty enabled), all triangle vertices have the
same color. The user may choose to map the
uncertainty to any of the three color parameters (hue,
saturation and brightness), while leaving the other two
parameters fixed. In addition, the user can
interactively select what constant values should be
used for the other two color parameters. Since hue is
specified as an angle between 0 and 360, it is clearly
not desirable that the full range be used – if it were,
the largest and smallest error values would have the
same hue. Consequently, we allow the user to select
the range of hues that should be used for the
uncertainty.
Although we allow users to assign the uncertainty
rendering to any of the three color parameters (hue,
saturation, brightness), we recognize that the only
reasonable mapping for this particular problem is to
map the error to the hue. The brightness component is
needed in order to effectively represent the shape of
the isosurface and it is well-known that we are far
more sensitive to hue changes than saturation
changes. In general, the perceptual issues associated
with color usage are orthogonal to the goals (and
scope) of this paper.

3.3 Uncertainty rendering using texture
We have developed a second error visualization
method that uses texture to show regions of the
isosurface with high uncertainty. Textures and texture
hardware have been used by various researchers as an
aid to data visualization [Boada01, Cign98, Cabral94,
Guan94, LaMar99]. These approaches either use
texture hardware to accelerate visualization, or rely
heavily on the color component of the textures for
their visual effects. Our approach, on the other hand,
does not use hue as part of the texture, so that it is
available for visualizing another variate on the
isosurface.
Our implementation uses a second texture surface
which envelops the original isosurface, but is slightly
offset from it. A stipple texture is mapped to this
surface, and the opacity is varied according to the
uncertainty of the data. That is, the texture will be

most visible in areas with high uncertainty, but absent
or faint where uncertainty is low.
Figure 10 shows the interaction between color and
texture visualization. The topmost row simply shows
a set of typical hues. The second row shows a texture
imposed over a green surface. The texture becomes
increasingly visible as the tiles progress to the right.
Notice that the underlying green can still be seen,
even in the rightmost tile.
In the third and fourth rows, the hue of each tile
varies as in the first row, but now we have imposed
the texture as well. For the third row, the texture
becomes increasingly visible as we progress to the
right, but the opposite occurs in the final row. In
either case, both the texture and underlying hue are
suitable for visualizing distinct variates. For example,
with fluid flow data, we might use the pressure variate
to compute the isosurface, map the error of the
pressure to the texture surface and render the
temperature variate to the surface hue.

4 Experimental results
Our isosurface software is implemented in Java and
is built on the VisAD system [VisAd, Hibb92] which
uses Java3D for rendering. Figures 1 through 9 were
rendered directly in this system. The remaining
figures were rendered in a separate program using
gl4java [Gl4java], since we needed a lower-level API
to implement the texture based error visualization.
For these tests we used a CAT scan of a cadaver
head provided via ftp courtesy of North Carolina
Memorial Hospital and Siemens Medical Systems,
Inc., Iselin, NJ. The original data is 113x256x256. For
the convenience of the wavelet transform, we
appended 15 slices of zeros to get a 128x256x256
dataset. We then applied a 2D Haar wavelet to each
slice and three successive 3D Haar wavelets to get a 4
level hierarchy. Figure 1 shows an isosurface
rendering of the 1283 dataset for the isovalue 0.185 (a
skin value). The next two coarser resolutions of the
skin isosurface are shown in Figure 2 (643) and Figure
3 (323). It is clear that the surface shown in Figure 2 is
coarser than that shown in Figure 1, but the overall
impressions of the two surfaces are very similar.
Figure 3, however, shows a substantial loss of
accuracy of the surface.

4.3 Uncertainty mapped to hue
Figure 4 shows the skin value isosurface of the 1283
resolution data with constant saturation and brightness
and uncertainty mapped to the range of hue from 144
degrees (green) down to 0 degrees (red). In other
words, green represents low uncertainty and red high
uncertainty. The error associated with the 1283 dataset
is very low and this is reflected in the visualization.
At normal scale no high error areas are visible

although at very high magnification it is possible to
see some very light pink areas around the mouth
region. Figure 5 shows the uncertainty visualization
of the 643 dataset using the same visualization
parameters as Figure 4. Here more error is readily
discernible as reddish areas around the mouth, eyes,
forehead and other places. Figure 6 shows the 323
resolution data with the same
visualization
parameters. As we would expect, there is obviously
increased error in many areas of the visualization.
It is not clear what range of error might be expected
for different kinds of input data and so it is also
unlikely that there is a single ideal mapping of error to
color. Figures 7 and 8 show the 643 and 323 data sets
with a narrower hue range (108 to 0) intended to
accentuate the error while maintaining red as the color
of the highest error.
In addition to the MR isosurface renderer we have
shown here, we have incorporated this technique into
a system for creating and rendering adaptive
resolution volumes [Laramee01]. Figure 9 shows a
rendering from that system.

4.4 Uncertainty mapped to texture opacity
The last several figures show our texture based error
visualization method. Figure 11 shows the skull data
with error mapped to texture transparency. Regions of
high error can be seen above the ear and proceeding
left towards the forehead. Figure 12 demonstrates the
use of texture visualization of error while hue is
mapped to another variate. For this example, we
generated a synthetic variate based on polygon
normals to demonstrate the technique. It’s difficult to
see the texture in a small picture, but we provide an
enlargement of the forehead area in figure 13. The
texture visualized error can be clearly seen even
though it interferes minimally with the accurate
visualization of the synthetic variate.

5 Conclusions and future research
Isosurface rendering of multiresolution data is an
ideal
candidate
for
including
uncertainty
visualization. The incorporation of the uncertainty
into the visualization using color is relatively easy and
provides effective feedback about where the
visualization is unreliable without detracting
significantly from the data visualization, especially in
areas of low uncertainty. Texture based visualization
of uncertainty has the additional benefit of making the
surface color available for the visualization of another
variate. We intend to incorporate uncertainty into
more complex visualization techniques, such as direct
volume rendering (DVR) and flow visualization.
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Figures

Figure 1. 1283 data; skin isovalue (0.185);uncertainty disabled

Figure 2. 643 data; skin isovalue (0.185); uncertainty disabled

Figure 3. 323 data; skin isovalue (0.185); uncertainty disabled

Figure 4. 1283 data; skin isovalue (0.185); uncertainty mapped to
hue with range (144,0)

Figure 5. 643 data; skin isovalue (0.185); uncertainty mapped to
hue with range (144,0)

Figure 6. 323 data; skin isovalue (0.185); uncertainty mapped to
hue with range (144,0)

Figure 7. 643 data; skin isovalue (0.185); uncertainty mapped to
hue with range (108,0)

Figure 8. 323 data; skin isovalue (0.185); uncertainty mapped to
hue with range (108,0)
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Figure 9. 5% AR Data; bone isovalue (0.378); uncertainty mapped
to hue with range (144,0)

Figure 11. Error mapped to texture opacity over a constant hue.

Figure 10.a) Varying hue only..b)Texture of increasing opacity
over constant hue. c) Increasing opacity over varying hue.

Figure 12. Error mapped to opacity over a hue mapped to a
synthetic variate

Figure 13. Closeup of the forehead region from figure 12. The texture can be clearly seen, but
interferes minimally with the underlying hue.

