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Abstract

Determining the shape of coral structures is an essential step for coral biologists to classify and compare corals.
Currently, coral biologists analyze shape by performing manual measurements on photographs of coral colonies.
In this paper we describe an interactive visualization system for measuring coral shapes in a robust and quanti-
tative way. The input of the system is a CT scan of the coral, and the output consists of statistical distributions
of various morphological properties. The approach is to first extract a skeleton from the CT scan, and then to
perform measurements on the skeleton graph. Interactive visualization is necessary, since various features of the
coral prevent the system from being fully automatic.

Categories and Subject Descriptors (according to ACM CCS): I.3.8 [Computer Graphics]: Applications I.4.9 [Image
Processing and Computer Vision]: Applications J.3 [Life and Medical Sciences]: Biology and Genetics

1. Introduction
Stony corals exist in many shapes and sizes. The shape of a
coral is not only determined by genetics, but also by environ-
mental factors, such as the amount of available light, water
flow speed, and availability of food, [Kaa99]. Thus, within a
single species the shape can show a high degree of variation.
Understanding of the external factors influencing the growth
and shape of coral colonies is essential in clarifying their role
in marine ecosystems, and to explain their susceptibility to
pollution and global climate change, [KSM∗05].

Currently, coral biologists analyze coral shape by per-
forming manual measurements on photographs of coral
colonies. This is a laborious, error prone and subjective task.
Although it may suffice for simple colonies, it is not ade-
quate for the analysis of complex three-dimensional branch-
ing coral structures, such as the coral shown in the left image
of figure 1.

We propose to simplify the measuring procedure with in-
teractive visualization. The approach is depicted in figure 1.
Given a Computer Tomography (CT) scan of a coral, a skele-
ton of the coral is extracted, measurements of various mor-
phological properties are performed on the skeleton graph,
and statistical distributions of the measurements are gener-

ated. By analyzing these distributions, coral biologists can
classify and compare corals in a robust and quantitative way.

In this paper we describe an interactive visualization sys-
tem for measuring branching coral shapes. Instead of dis-
cussing the details of all steps in the system, we focus on
areas which greatly influence the visualization methods. Ide-
ally, such a system should be fully automated. Unfortunately,
due to many reasons automation cannot be realized, and we
will report in which steps interaction is required.

2. Related Work

While the application area of our work is novel, similar sys-
tems have been developed for the analysis of a variety of
medical data, using various techniques.

Martínez-Pérez et. al. [MPHS∗00] have quantified blood
vessel morphology in 2D retinal images, using skeletons.
Measureable differences have been found between healthy
and diseased venous systems. The metrics included lengths,
areas and bifurcation angles.

More commonly, analysis of medical data is focused on
measuring single items, such as vessel diameter along single
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Figure 1: The approach used by the system, using a skeleton to quantify the morphology of the scanned coral.

vessel path, [BRL∗04]. In another system, [PTSP02], inter-
action is used to measure relevant objects or distances di-
rectly in volume data, while it is also possible to use Princi-
pal Component Analysis (PCA) to automatically determine
the extent of an object, or the angle between two objects.
The hierarchy of vessel systems can also be used to pro-
vide advanced visualizations of complex structures, for use
in surgery planning [HPSP01].

The main focus of medical systems is on interactive data
exploration, instead of comprehensive morphological analy-
sis, and visualizations are used to gain insight about the data,
not only to aid processing.

3. System Requirements
One approach to quantify the morphology of complex-
shaped branching objects like corals is by using measure-
ments based on the medial axis (or morphological skele-
ton, [Blu67]) of the object. It is essential that this skeleton
is a correct representation of the topology and geometry of
the coral. This depends to a high degree on the choice of a
suitable skeletonization algorithm [KvLK05]. In addition, an
optimal skeletonization and accurate measurement depends
on the quality of the segmentation of the object.

Due to various difficulties with coral, artifacts in the data
set, and the specifics of the various techniques and algo-
rithms, additional processing is necessary. Some of this pro-
cessing cannot be carried out automatically, but must be per-
formed manually. In such cases, the system must assist the
person performing the processing task. For other processing
tasks, the results depend on a proper choice of one or more
parameters, and the system must facilitate the assessment of
different parameter choices. In any case, it should be possi-
ble to check the results of each step, whether automatic or
manual, to confirm the proper operation of the system. Vi-
sual comparison with the actual colony can indicate whether
an operation has introduced any undesired artifacts into the
data set.

The amount of modifications applied to the data should
also be minimized, since any operation performed on the
data can introduce artifacts into the data. These can in turn

lead to erroneous measurement results, and thus lead the sci-
entist to wrong conclusions about the coral.

4. System Overview

Coral Scanning Filtering Segmentation Skeleton
Extraction

Skeleton
Graph

Processing
Measuring Statistical

Analysis

Figure 2: System overview.

An overview of the steps performed by the system is
shown in figure 2. A coral colony is scanned at a high reso-
lution using a CT scanner, which results in a 3D volumetric
data set. Noise in the data is filtered using a smoothing filter,
and the filtered data is visually inspected to determine the
optimum amount of filtering. The data is then segmented us-
ing a region growing technique. One or more seed points are
interactively marked in the data, and the correctness of the
segmentation is assessed by visual comparison of the visu-
alized segmentation both with the scan, and with the actual
coral colony. Holes and cavities in the segmented data are
automatically located and filled, after which a manual check
of the filled areas is performed.

From the segmented volume a morphological skeleton is
extracted, which is then converted to a graph representa-
tion [RJP00]. The next step is the removal of loops from the
skeleton. The loops are automatically highlighted, but the
cut location must be selected manually. If deemed necessary,
additional branches or whole sections of the skeleton can be
removed manually, or by length thresholding. It is also pos-
sible to straighten the lines of the skeleton by a selectable
amount.

To enable correct measurements, the root of the coral is
selected manually, and the proper orientation of the coral
with respect to the ground is established interactively. The
branches of the skeleton are then ordered using a Horton-
Strahler ordering [YM94], in order to split the measurement
results by branch order. The distance transform [Bor86] of
the segmented volume, needed to measure the thickness of
the coral, is calculated, or loaded from disk.
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(a) Minimum and maximum
thickness.

(b) Branching angles.

(c) Geotropy angles. (d) Branch spacing.

Figure 3: Examples of the measurement method of five dif-
ferent morphological properties.

After this, the morphological properties of the coral can be
measured, using several measurements specific to the mor-
phology of branching corals and similar organisms [KL04];
figure 3 shows how five of these measurements are obtained.
Figure 3(a) shows the minimum and maximum branch thick-
ness; this is measured with spheres located at branching
points (maximum thickness, white disc), and spheres located
directly adjacent to these (minimum thickness, black disc).
Figure 3(b) shows the branching angles, figure 3(c) shows
the geotropy angles, and figure 3(d) shows the branch spac-
ing.

The raw measurement data is compiled into histograms
for easy analysis. The mean, standard deviation, and other
statistics are also calculated. Both cumulative and per-order
statistics are provided. Measurements from different speci-
mens are subjected to a non-parametric rank test, to quantify
the similarities or differences between specimens.

5. Problems and Solutions

As stated earlier, conceptually the system is very simple.
The input dataset is filtered, segmented, and a skeleton is
extracted. This skeleton is then measured, and the measure-
ments are then analyzed and displayed in some convenient
form. However, on a detailed level there are many difficulties
to be overcome. Some are handled by automatic processing,
and some require manual intervention.

5.1. Noise

CT scans of corals tend to contain noise artifacts in the center
part of the coral. This is presumably a result of the scattering
of X-rays by the coral.

Corals also tend to have an uneven surface, because part
of the surface might have eroded away as a result of long-
term exposure to the marine environment. Furthermore the
surface might be partly covered by encrusting animals or al-
gae, and the colony might be damaged by boring organisms,
such as for example sponges or certain worms. All these ar-
tifacts may show up on the CT scan.

If such artifacts are small, they can be filtered from the
scan using some type of image smoothing filter. Because
simple filters also tend to change the shape and location of
object edges in the image, which are important to the mea-
suring process, we have chosen to use a rather advanced fil-
ter, which leaves larger edges mostly intact.

A close-up volume rendering of a part of a coral colony,
with various amounts of noise reduction filtering applied, is
shown in figure 4. The filter is very successful in removing
noise, but it is advisable to limit the number of iterations of
the filter, because too much filtering can cause disjoint but
closely adjacent branches to fuse together. Although such
artificial branch fusion can be detected automatically, the un-
necessary introduction of such artifacts into the data should
be avoided. Visual comparison of the filtered scan with the
original colony can be used to determine the optimal amount
of filtering.

(a) Original (b) Four iterations (c) Eight iterations

Figure 4: Close-up volume rendering after various amounts
of noise reduction.

5.2. Damage

Coral colonies are very fragile objects, and the branches
break off easily. Because a coral colony must be transported
from the original growth site, or from a museum collection,
to some location equipped with a CT scanner, it is almost
impossible to avoid all damage.

Broken branches are often reattached to the rest of the
colony using some type of glue. Because glue has a lower
density than the original coral, the CT scan contains a lower
density gap between the two parts. For the purpose of study-
ing the shape of the coral, the low density gap should be
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Figure 5: Cross-section showing a clear fracture.

treated as being part of the coral. A cross-section of such a
broken and reattached branch is shown in figure 5.

Finding a suitable starting point for the segmentation is
often a matter of trial and error, and even a seemingly cor-
rect segmentation should be carefully inspected, to deter-
mine whether glued branches have also been included in the
segmentation. A visualization of the segmented coral can be
compared with the filtered scan, to visually determine if the
segmentation has included parts of the volume which do not
belong to the coral, or if it has left out parts which do be-
long to the coral. The original colony must also sometimes
be used for this purpose, since it is not always possible to
determine the nature of some artifacts using only the scan.

It can also be decided to ignore certain parts of the coral
for the purpose of the analysis, or to study only one part
of the colony. For example, the colony may have suffered
extensive damage, or a part of it may have died and slowly
decayed a long time before the study. The system provides
an easy method of selecting a part of the skeleton, and either
removing it, or keeping only the selected part.

5.3. Holes
Coral has a high density near its surface, but a very low den-
sity in the center. The result is that in CT scans, there is not
a very large difference between the inside of the coral and
the background. Especially in the center of the coral, where
there is noise in the scan as a result of the scanner ray being
scattered, the difference between the inside of the coral and
the background cannot be readily determined, as the den-
sity values are hardly distinguishable. Thus segmenting a CT
scan of a coral will result in cavities inside the object. If the
dense outer layer is very thin in some location, or even ab-
sent, for example due to a drilled hole, the result is that the
cavity inside the segmented object is actually connected to
the background. This kind of cavity is called a hole, and an
example can be seen in figure 6.

Cavities and holes in the segmented coral make proper
skeletonization and measurement very difficult and unreli-
able, due to their effects on skeletonization algorithms and

Figure 6: Part of a slice from a scanned coral, clearly show-
ing a hole.

distance transforms, so they must be filled up. While it is
trivial to fill a cavity which is completely enclosed inside the
object, filling holes connected to the outside presents quite a
challenge.

A cavity in an object is defined as a set of connected back-
ground voxels, which is surrounded by object voxels. These
background voxels thus form a ‘bubble’ inside the object.
These cavities can easily be found by using an appropri-
ate flood-fill algorithm. If the background of the volume is
filled with the same value as the object, then the only remain-
ing background voxels are those that belong to the cavities.
Thus, if it is known that an object is not supposed to have
any cavities, these can easily be found and filled.

Holes are cavities which have a connection to the regular
background in the volume. Due to this connection, it is not
possible to locate them using a flood-fill algorithm, as there
is no boundary between the hole and the background.

However, if the volume is divided into 2D slices, it can
be seen that in many of these slices the part corresponding
to the hole is actually an island of background values fully
enclosed by foreground values, as would be the case with
a cavity. By combining this information from many slices,
cut in different directions from the volume, it is possible to
locate most of the voxels belonging to the hole.

In our system, first all cavities are filled with a regular
flood-fill. Then the remaining holes are filled by consider-
ing the volume slice-by-slice, with slices perpendicular to
the primary axes, as well as slices perpendicular to the side
diagonals of the volume. The background in each slice is
flood-filled with the foreground value, and then inverted, so
the only remaining foreground voxels in the slice are those
belonging to a hole. These slices are then recombined into
a new volume using a logical OR operation. The whole pro-
cess is performed a second time on the output of the first run,
to fill some remaining gaps which could not be filled in the
first iteration.
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Since it is possible that this method would fill up areas
which would not be considered holes, the fillings must be
checked manually by the user. This is done by showing the
user each filling, along with the original object. The user can
then decide for each filling whether it is correct or not, and
only the correct ones are then combined with the object. Be-
cause most of the fillings created by this method are very
small, and not likely to be very significant, they are ordered
by decreasing size. The user can then decide that any fill-
ing smaller than the current one will be insignificant, even if
incorrect, and stop checking more fillings.

5.4. Skeleton Loops
Some of the used measurements require the skeleton
branches to be ordered. This hierarchical ordering of
branches is only possible if the skeleton contains no loops,
but unfortunately this is usually not the case. Loops can ap-
pear in coral skeletons either as an artifact of insufficient
scanner resolution, or because the branches of the coral have
actually grown back together.

Figure 7: Skeleton with loops highlighted.

To properly perform the measurements, these loops must
be disconnected. To our knowledge there is currently no al-
gorithm available which can detect the exact location of fu-
sion points of branches, or determine how much of the skele-
ton should actually be removed. Due to this lack of auto-
matic methods, user interaction is required for this task. The
system can only assist by highlighting the loops in the skele-
ton, as shown in figure 7.

5.5. Skeleton Noise
As a result of the unevenness of the surface of the coral,
even after filtering, the skeleton may contain many ’false
branches’. These are branches which do not correspond to
an actual branch of the coral, but rather to a small distur-
bance on the surface. While these branches could be re-
moved manually from the skeleton, there can be a lot of such
branches, and it is easier to remove them by defining a min-
imum length for such branches. All end branches which are
shorter than the threshold value are then removed from the

skeleton. This is shown in figure 8. A potential pitfall here is
that branches which have very recently formed, and are thus
still very short, will also be removed from the data, and will
not be measured.

Figure 8: Removing short end branches from the skeleton.

5.6. Discretization Artifacts
Because the skeleton is voxel-based, it will contain aliasing
artifacts. These appear in the form of jagged lines, which
should have been straight. If this is considered to be a prob-
lem, for example because it increases the length of a branch,
the lines can be straightened out [RJP00]. The parameter for
this simplification can be interactively selected; a proposed
new skeleton, with a very large amount of simplification, is
shown highlighted in figure 9.

Figure 9: Simplification of the skeleton.

6. Implementation
The filtering and segmentation has been implemented using
standard filters from the Insight Segmentation and Regis-
tration Toolkit (ITK). The filtering is done using the ITK
Curvature Flow filter, while the segmentation utilizes the
ITK Confidence Connected filter. The Visualization Toolkit
(VTK) is used to show the results of the filtering and seg-
mentation, and to interactively select the segmentation start-
ing point. The visualization techniques used include 3D vol-
ume rendering, translucent and solid 3D iso-surfaces, 2D
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slice images, and 3D geometric representations of the skele-
tal graph and some measurement results.

Unfortunately, there is no filter in either the Insight
Toolkit or the Visualization Toolkit which can fill holes in
binary volumes. Also, most work in the area of hole fill-
ing is focused on either patching clearly defined gaps in
mesh surfaces [DMGL02], or retouching gaps in 2D images
[BSCB00]. We have therefore devised and implemented our
own crude filling algorithm for 3D volumes, using an exist-
ing VTK filter as the basis. This algorithm was described
in section 5.3. As stated before, the output of this algorithm
requires interactive inspection.

A skeletonization algorithm proposed by W. Xie [XTP03]
has also been implemented as a VTK filter. Although there
are no 3D volume skeletonization filters in either ITK or
VTK, the main reason for an own implementation was that
the choice of the specific algorithm had already been made
before [KvLK05].

After skeletonization, the voxel-based skeleton is con-
verted into a graph representation, using VTK geometry data
structures, with lines connecting neighboring voxels. All the
remaining parts of the system operate on these lines. As
VTK lacks a filter to perform either the conversion to lines,
or many of the other tasks required for the system, this too
has made the development of several new VTK filters nec-
essary.

6.1. Performance
Due to the size of the CT scans (typically 512× 512× 512
voxels, 512 MB of data if single-precision floating point is
used), the performance of the system during some steps is
very dependent on the amount of available memory. The fil-
tering is a particularly memory-intensive operation, as it not
only uses floating-point values for all voxels, but also keeps
several copies of the data in memory at the same time. On
our test system, equipped with an AMD Athlon64 3800+
CPU and 2 GB of memory, the filtering takes approximately
80 seconds per iteration of the algorithm, depending on the
size of the volume, assuming that a typical volume has a size
of 5123 voxels.

The amount of time needed for segmentation, assuming
a suitable starting point is chosen, depends mainly on the
volume occupied by the object being segmented. We have
observed times between 20 seconds and 2 minutes. If an in-
correct starting point is chosen, it is possible that either the
background, or the whole volume is marked as the object
of interest. In that case, the segmentation takes more time to
complete than the time required with a correct starting point.

The hole filling algorithm requires the most time to com-
plete. The time to perform the two filling iterations used by
the system ranged from 7 to 11 minutes for the data analyzed
in section 7. It also takes several minutes to manually check
the results.

For the same data, we have observed the skeletonization
algorithm to take from 30 seconds to 2 minutes to complete.
This time depends on the volume occupied by the object, and
on the thickness of the object. A thin object will require less
iterations to extract the skeleton than a thick object occupy-
ing the same number of voxels.

The calculation of the distance map, which is needed for
the measurements, requires a great amount of memory for
large volumes. The time to calculate the distance maps for
the previously mentioned data ranged from 80 seconds up to
nearly 4 minutes, with the latter being partly due to the pro-
cess using more than the available 2 gigabytes of RAM, with
some amount of disk swapping slowing the process down.

Once the distance map is either calculated or loaded from
disk, the actual measuring and the generation of the his-
tograms takes no longer than 30 seconds.

Typical total times required for processing an average data
set range from 30 to 45 minutes.

7. Results
We have used the system to compare three specimens of the
scleractinian coral species Madracis mirabilis, which is na-
tive to the Caribbean region. The three coral colonies were
scanned at a resolution of 0.25 mm×0.25 mm×0.3 mm, with
a slice size of 512×512 pixels. The specimens were named
object 389, object 393 and object 394. The respective num-
ber of slices in each scan is 541, 373 and 329. A volume
rendering of these three specimens is shown on the far left
in figure 10. Note that these renderings are not on the same
scale. It can easily be seen that objects 393 and 394 differ
significantly in their compactness, and it is assumed that ob-
ject 389 constitutes an intermediate form between these two.

All three specimens have been denoised using four iter-
ations of the denoising filter, as this was determined to be
the optimal setting for this particular data. The close-up of a
part of object 394 in figure 4 demonstrates the effect of the
filtering.

7.1. Visual Results
The results of segmentation of the three objects are shown
in the second column from the left in figure 10. Visual com-
parison with the original object, and with the scan, indicates
that the segmentation is correct.

The corresponding morphological skeleton of each speci-
men can be seen in the third column of figure 10. The loops
have already been removed from these skeletons, and some
simplification has been applied.

7.2. Quantitative Results
Because the system produced a large amount of data (225
histograms were generated), and a detailed discussion of all
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Figure 10: From top to bottom: object 393, object 389, and object 394. From left to right: Volume rendering of the CT scan,
iso-surface of the segmentation, the skeleton, a histogram of the branch lengths, and a histogram of the branching angles
thickness.

results is beyond the scope of this paper, we shall only high-
light two of the obtained results.

The histograms in figure 10 show the values of the mea-
surements on the X-axis, and the frequency distribution of
these values on the Y-axis. From top to bottom, each set of
histograms shows the distribution for object 393, 389 and
394. This order is used because object 389 is believed to be
an intermediate form between object 393 and object 394.

The left histograms in figure 10 show the lengths of the
branches of each coral. This metric is defined as the distance
along the skeleton between succesive branching points. The
graph shows that the branches of object 393 are on average
slightly longer than the branches of object 389, while the
branches of object 394 are significantly shorter. Thus in the
case of branch length, object 389 might be considered an
intermediate form.

The right histograms in figure 10 show the branching an-
gles. These are the angles between branches originating at
a common branching point, as illustrated in figure 3(b). The
histograms show that the average angle is very similar for
all three objects, but the deviation from this average is the
smallest for object 393, and the largest for object 394, with
object 389 again in the middle.

8. Conclusion

In this paper we describe a procedure for the morphological
quantification of branching complex-shaped objects. This
procedure can be applied to a broad class of biotic and abi-
otic branching objects. In coral taxonomy [VP76] the mor-
phological description of coral colonies is usually highly
qualitative. In our approach we are able to make a true
quantitative differentiation between morphologies of differ-
ent coral species. Furthermore the method can be used to in-
vestigate the impact of the physical environment on the mor-
phology. In simulation studies on growth and form of coral
colonies [KSM∗05], the availability of methods for compar-
ing simulated and actual growth forms is a crucial prerequi-
site.

We have described the various problems which can occur
when attempting to quantify coral morphology. There can be
noise in the data, the coral colony can have sustained dam-
age, and the structure of the coral itself makes it difficult to
perform a proper segmentation. The morphological skeleton
can contain loops, which must be disconnected, and vari-
ous other artifacts. All these issues have an influence on the
quantification of the morphology of the coral, and must be
properly resolved in order to perform an accurate quantita-
tive analysis.

Interactive visualization is an essential part of the quan-
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tification process. It is necessary, because some tasks cannot
be performed automatically, such as disconnecting any loops
present in the skeleton. Sometimes it is also needed in order
to correct the results of automatic processing, or to provide
the quantification system with information which it cannot
infer from the data. Finally, it is used to verify that the sys-
tem does not introduce artifacts into the data, and thus to
make sure that the obtained results are indeed accurate and
reliable.
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