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Application of marching cubes algorithm in visualization of mineral deposits
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Abstract: An implementation scheme of the marching cubes (MC) algorithm was presented for the visualization of mineral deposits.
The basic principles, processes and pitfalls of the MC algorithm were discussed. The asymptotic decider algorithm was employed to
solve the ambiguity problem associated with the MC algorithm. The implementation scheme was applied to model and reconstruct
the surfaces of mineral deposits, using the geological data obtained from an iron mine in China. Experimental results demonstrate the
ability of the implementation scheme to solve the ambiguity problem, and illustrate the effectiveness and efficiency of the MC algo-

rithm in the visualization of mineral deposits.
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1 Introduction

Two-dimensional (2D) mineral maps are routinely
used and produced in mining practices. Viewing these
2D maps often gives insufficient information if the
shape and morphology of a mineral deposit is to be
fully comprehended. Using three-dimensional (3D)
reconstruction modeling, the structure of the mineral
deposit can be visualized and further manipulated in
such a way that the maximum realism is achieved.
Such a 3D approach can be considered as the first step
towards virtual reality for mine modeling and design.

Techniques available for reconstructing a structure
are generally divided into the following two catego-
ries:

(1) Voronoi diagrams [1] or graph techniques [2],
in which contours of the object under consideration
are produced and then the triangulation problem is
solved using methods such as Delaunay triangulation.

(2) Techniques based on 3D datasets, in which ap-
propriate triangles are produced directly from 3D da-
tasets and processed in cubic neighborhoods of typical
eight voxels. The marching cubes algorithm belongs
to the techniques [3].

The second category of the techniques, particularly
the marching cubes (MC) algorithm, is nowadays the
most widely used technique for the extraction of iso-
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surfaces out of volumetric datasets [4]. The reasons
for MC success include its simple logical structure
implying a nearly straightforward implementation, and
its computational efficiency. The MC has been incor-
porated in many commercial and public domain visu-
alization systems [5]. Many papers have been pub-
lished on enhancements, optimization, extensions and
applications of this technique [6-7].

As a huge amount of volumetric data are created by
geological or mineral activities, the ability to analyze
and understand these geological data in depth neces-
sitates visual processing. In this paper, the conven-
tional approach to the MC was firstly described. Then,
an overview of the implementation scheme of the MC
algorithm for the visualization of geological and min-
eral datasets was discussed in depth. Finally, Experi-
mental results based on the geological data from an
iron mine in China were also presented.

2 Marching cubes algorithm

2.1 Principles

Volumetric datasets are generally organized as 3D
rectilinear grids with a scalar value stored at each grid
point [5]. The MC algorithm operates on a logical cube
created from eight corner points (vertices); four each from
two adjacent slices. The basic principle behind the algo-
rithm is to subdivide space into a series of such small
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logical cubes; then the operator is instructed to “march”
through each of the cubes and determine how a surface
intersects them. To find the surface intersection in a
cube, the algorithm assigns “1” to a cube's vertex if the
data value at that vertex exceeds or equals the thresh-
old value of the isosurface or isovalue. These vertices
are inside or on the isosurface. Cube vertices with data
values below the isovalue receive “0” and are outside
the isosurface. The isosurface intersects those cube
edges where one vertex on the edge is outside the iso-
surface and the other on the edge is inside the surface.
With this assumption, the topology of the isosurface
within a cube is determined. Figure 1 demonstrates
the vertices, edge intersection points, and the resultant
triangular facet for a sample cube that has one vertex
with a scalar value above the isovalue of the surface.

Figure 1 Sample cube with interpolated intersection loca-
tions and triangular facet: o—vertex outside the isosurface;
e—vertex inside or on the isosurface; o—interpolated in-
tersections.
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Since there are eight vertices in each cube and two
states, inside and outside, there are only 2% = 256 ways
that a surface can intersect the cube. By enumerating
these 256 cases, the algorithm creates a table to look
up surface-edge intersections, given the labeling of a
cube’s vertices. The table contains the edges intersect-
ed for each case.

Triangulating all the 256 cases is possible but tedi-
ous and error-prone. Two symmetries of the cube re-
duce the problem from 256 cases to 15 patterns [3].
First, the topology of the triangulated surface is un-
changed if the relationship of the surface values to the
cubes is reversed. Complementary cases, where verti-
ces greater than the surface value are interchanged
with those less than the value, are equivalent. Thus,
only cases with 0 to 4 vertices greater than the surface
value need be considered, reducing the number of
cases to 128. Considering the second symmetry prop-
erty or rotational symmetry, the algorithm can be re-
duced further to 15 patterns by inspection. Figure 2
shows the triangulation for the 15 patterns. The sim-
plest pattern, 0, occurs if all vertex values are above or
below the selected value and produces no triangles. The
next pattern, 1, occurs if the surface separates one vertex
from the other seven, resulting in one triangle defined by
the three edge intersections. Other patterns produce mul-
tiple triangles. Permutation of these 15 basic patterns us-
ing complementary and rotational symmetries produces
the 256 cases.

L 1ri FIIIIIIIY. D

Wl;;;;: (.

2.2 Algorithm

There are two primary steps in the approach of the
MC algorithm to the surface construction problem.

Case 0 Case | Case 2 Case 3
v
Case § Case 6 Case 7 Case 8
Va4V Va7 4%
Case 10 Case 11 Case 12 Case 13 Case 14

Figure 2 Triangulation of 15 predefined cube configurations.

(1) To locate the surface corresponding to a user-
specified value and create triangles.

The MC algorithm creates an index for each case,
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based on the state of the vertex. Using the vertex
numbering in figure 3, the eight-bit index contains
one bit for each vertex. This index serves as a pointer
into an edge lookup table (LUT) that gives all edge
intersections for a given cube configuration. Using the
index to tell which edge the surface intersects, the user
can interpolate the surface intersection along the edge
by linear interpolation or higher degree interpolations.
Since the algorithm produces at least one and at most
four triangles per cube, the higher degree surfaces
show little improvement over linear interpolation.
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Figure3 Cube numbering.

(2) To calculate a unit normal for each triangle
vertex to ensure a quality image of the surface.

The rendering algorithms use a normal to produce
Gouraud-shaded images. A surface of constant density
has a zero gradient component along the surface tan-
gential direction; consequently, the direction of the
gradient vector (g), is normal to the surface. This fact
can be used to determine surface normal vector, n, if
the magnitude of the gradient is nonzero. Fortunately,
at the surface of interest between two types of differ-
ent densities, the gradient vector is nonzero. The gra-
dient vector, g, is the derivative of the density func-
tion:

g(xy,2)=Vf(xy.2) (D

To estimate the gradient vector at the surface of in-
terest, the algorithm first estimates the gradient vec-
tors at the cube vertices and linearly interpolate the
gradient at the point of intersection. The gradient at
the cube vertex (i, j, k) is estimated using central dif-
ferences along the three coordinate axes by:
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where f(xi,y;,2¢) is the density at (x;,y;,z;) and
Ax, Ay, Az are the lengths of the cube edges. Di-
viding the gradient by its length produces the unit

normal at the vertex required for rendering. The algo-
rithm linearly interpolates this normal to the point of
intersection. Note that to calculate the gradient at all
vertices of the cube, four slices should be kept in
memory at once.

In summary, the MC algorithm creates a surface
from a three-dimensional set of data as follows:

(1) Read four slices into memory.

(2) Scan two slices and create a cube from four
neighbors on one slice and four neighbors on the next
slice.

(3) Calculate an index for the cube by comparing
the eight density values at the cube vertices with the
surface constant.

(4) Using the index, look up the list of edges from a
precalculated table.

(5) Using the densities at each edge vertex, find the
surface edge intersection via linear interpolation.

(6) Calculate a unit normal at each cube vertex us-
ing central differences, and interpolate the normal to
each triangle vertex.

(7) Output the triangle vertices and vertex normals.

An outline of the execution flow for the MC algo-
rithm is shown in figure 4.
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Figure 4 Execution flow of the MC algorithm.
3 Pitfalls and enhancements

As marching cubes is an object-order rather than an
image-order algorithm, it may be inefficient, specifi-
cally, slow in computation and large in storage re-
quirements. Each cube may contribute up to four
facets to the final geometry; therefore, even a modest
sized dataset of 100 slices at 256 by 256 resolutions
may produce between 500000 and 2000000 triangles.
This may have excessive processing and storage re-
quirements, especially during the rendering stage.
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Further, as the facets generated are sub-cube, many

triangles are smaller than a single pixel after rendering.

This is inefficient, and reveals the algorithm’s object-
order nature. The dividing cubes [8] algorithm at-
tempts to avoid this problem. It is similar to marching
cubes except that it projects cubes that intersect the
surface into the image plane. If the cubes map to sin-
gle pixels or smaller, they are rendered as single
points, otherwise they are subdivided into facets as
with marching cubes.

Another major problem in the MC algorithm is the
ambiguity in isosurface construction. This ambiguity
occurs when the assumption of one edge-surface inter-
section per cube edge breaks down and an improper
decision is made on whether a vertex is contained by
the surface, or when the triangles chosen at adjacent
cubes do not fit together properly. The result is a hole
in the constructed isosurface. Such a possibility is
shown in figure 5 where a cube with configuration 6
shares a face with the complement of configuration 3.
In such a case, the asymptotic decider algorithm [9] is
employed to solve this problem.

Figure 5 Ambiguity in isosurface construction.
4 Experimental results

The marching cubes algorithm was implemented in
C++ on Windows 2000. The original geological data,
including 144 prospecting boreholes, were sampled
from an iron mine in Wuhan, China. The original data
were regularly structured by Krige method {10], gen-
erating a dataset which includes the geologic range of
350 mx470 mx70 m. The cube size of the dataset is 10
mx10 mx] m. Figure 6 shows the surface reconstruc-
tion result of the ore body with an isovalue of ore
grade of 25%, figure 7 with an isovalue of 40%, and
figure 8 with an isovalue of 50%.

The number of triangles in a surface model is pro-
portional to the area of the surface and it can become
very large. In this study, the number was reduced us-
ing cut planes and surface connectivity. The original
data was also filtered to produce a somewhat smoother
surface with some loss of resolution. An in-house Z-
buffer program was used to display the models. Ex-
ecution time depends on the number of surfaces and
resolution of the original data. Model creation time on
a computer with a Pentium 2.8 GHz CPU and 512M
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RAM is about 2 s for the dataset of 350 mx
470mx70m.

Figure 6 Surface reconstruction using the MC algorithm
with an ore grade of 25%.

Figure 7 Surface reconstruction using the MC algorithm
with an ore grade of 40%.

S

Figure 8 Surface reconstruction using the MC algorithm
with an ore grade of 50%.

5 Conclusions

3D surface construction by the MC algorithm com-
plements 2D maps by giving the mining engineer 3D
views of mineral deposits. The algorithm uses a case
table of edge intersections to describe how a surface
cuts through each cube in a 3D dataset. Additional re-
alism is achieved by calculating the normalized gradi-
ents from the original data. The results can be display-
ed on conventional graphics display systems. Alt-
hough these models often contain a large number of
triangles, surface cutting and connectivity can reduce
this number.

A case study with data from an iron mine in China
has been presented to demonstrate the quality of the
constructed surfaces and the efficiency and effective-
ness of the algorithm. The results are very encourag-
ing for further studies and applications.
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