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The marching cubes (MC) algorithm has
been widely used for isosurface generation in
volume rendering. However, it usually gen-
erates an extensive amount of geometric data
that requires enormous storage and commu-
nication bandwidth. This work presents a ge-
ometry compression algorithm that employs
several geometric properties of the MC al-
gorithm to reduce the number of bits of gen-
erated triangle data. The proposed algorithm
attempts to encode each triangle-vertex ac-
cording to the index of its containing cube,
the index of its containing cube-edge, and
its relative position on the containing cube-
edge. Furthermore, the connectivity among
triangle-vertices in a cube is encoded by the
signs of its vertices, computed by compar-
ing their values to the isosurface threshold.
Both theoretical analysis and experimental
results show that the proposed algorithm can
achieve an excellent compression ratio.
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Applications in scientific visualization often involve
extensive data sets, which represent scalar- or vector-
valued functions resulting from experimental mea-
surements. Isosurface extraction is a highly effective
means of studying the underlying structure of scalar
fields within these data sets. In medical imaging
applications, specific anatomical structures can be
represented by isosurfaces. Moreover, tissues can
also be extracted by using isosurface generation
algorithms.
The marching cubes (MC) algorithm (Lorensen and
Cline 1987) is commonly used for isosurface gen-
eration. However, the MC algorithm has several
disadvantages. First, the isosurface obtained by the
MC algorithm often contains extensive triangles
(Schroeder et al. 1992). To encode all vertices of
these triangles and their connectivity requires enor-
mous storage. Therefore, popular networked appli-
cations, such as distributed visualization systems,
collaborative diagnosis, and distance learning, may
be deteriorated by the large size of the triangle file.
Second, generating and manipulating extensive tri-
angles usually require a great deal of execution time,
which is not acceptable for interactive applications.
Finally, the original MC algorithm does not guar-
antee a continuous surface due to the topological
ambiguity of the surface configuration in a cube
(Dürst 1988).
Many approaches have been proposed to speed up
isosurface generation (Chuang and Lee 1995; Li
and Agathoklis 1997; Wilhelms and Van Gelder
1992) and to resolve the MC ambiguity problem
(Cignoni et al. 2000; Montani et al. 1994a; Niel-
son and Hamann 1991; Wilhelms and Van Gelder
1990; Wilhelms and Van Gelder 1994). Simplifica-
tion techniques (Cignoni et al. 1998; Cohen et al.
1998; Crosnier and Rossignac 1999; Garland and
Heckbert 1997; Popović and Hoppe 1997; Ronfard
and Rossignac 1996; Rossignac and Borrel 1993)
are a typical solution for the problem of extensive
triangles. Algorithms are proposed to reduce the
number of triangles in an MC isosurface by sac-
rificing some representative details (Chuang and
Lee 1995; Eck et al. 1995; Heinrich and Michael
1993; Hoppe et al. 1993; Hoppe 1996; Montani et
al. 1994b; Schroeder et al. 1992). This approach
not only changes vertex positions but also changes
the connectivity of the surface. We adopt an al-
ternative approach, that is, geometric compression
techniques, to reduce the file size of generated
isosurfaces.
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The pioneering work on geometry compression is
proposed in Deering (1995) and has been followed
by subsequent contributions (Chow 1997; Gumhold
and Straßer 1998; King and Rossignac 1999a; King
and Rossignac 1999b; King et al. 2000; Pajarola and
Rossignac 2000; Taubin and Rossignac 1998; Taubin
et al. 1998a; Taubin et al. 1998b; Rossignac 1999;
Rossignac and Szymczak 1999). They focused on
minimizing the total bit size of the triangle file by
compressing first the positions and properties and
then the connectivity. They create lossy compression
methods involving normalizing the geometry into
a unit cube and quantizing the vertex coordinates to
fixed length integers; then they use standard lossless
entropy encoding techniques to further compress the
codes. For the connectivity encoding, most existing
solutions are based on the notion of triangle strips to
save unnecessary transmission of vertices.
In this paper, we propose a novel approach to com-
press the triangle file generated by the MC algorithm.
The rest of this paper is organized as follows: Sec-
tion 2 briefly describes the underlying notions of the
proposed approach. Then, Sect. 3 details the encod-
ing schemes and related tables. After this, Sect. 4
presents some experimental results and comparisons
with existing algorithms. Section 5 analyzes the fac-
tors influencing the compression result. Conclusions
are made in Sect. 6.

2 Overview

Here, we briefly describe the intuitive idea of the
proposed compression algorithm. Since the MC al-
gorithm calculates triangle patches of an isosurface
cube by cube, each triangle can be identified by the
index of the cube that contains it. Moreover, the ver-
tices of the triangles generated by the MC algorithm
lie on the edges of their containing cubes. Using this
fact, we can label all cube edges and normalize each
cube edge into a unit vector, to compress the posi-
tion of a triangle-vertex by properly representing its
relative location with respect to the containing cube.
Therefore, rather than using global coordinates to
represent a triangle-vertex (three floating-point num-
bers), a triangle-vertex can be found by the index
of the containing cube, the index of the containing
cube-edge, and its position along the edge encoded
with a small positive integer.
Connectivity information links relevant vertices into
triangles. For mesh data, algorithms for compress-

ing connectivity information can be found in Deering
(1995), Chow (1997), Gumhold and Straßer (1998),
and Taubin and Rossignac (1998). However, accord-
ing to the MC algorithm (Lorensen and Cline 1987),
the connectivity information of triangles in a cube
can be determined by calculating the sign-pattern
of the cube. The sign-pattern is an eight-bit pat-
tern computed by comparing the scalar values of
eight cube-vertices to the isosurface threshold value.
In other words, the connectivity information is en-
coded in the sign-pattern of cube-vertices. Note that,
the same sign-pattern can be employed to identify
the active cube-edges, that is, cube-edges containing
triangle-vertices, or equivalently, cube-edges inter-
sected by the isosurface.
According to our experimental results in Sect. 4,
cube indexing takes only approximately 0.753–
1.145 bits per triangle-vertex, that is, 0.376–
0.573 bits per triangle. Connectivity and edge-index
encoding requires approximately one bit per tri-
angle. The best compression result requires only
1.37–1.60 bits per triangle.

3 Encoding schemes and related
tables

As outlined in the previous section, a triangle-vertex
can be identified by its containing cube (cube-index
encoding), the containing cube-edge (edge-index en-
coding), and its position along the edge encoded with
a small positive integer (vertex-coordinate encod-
ing).

3.1 Cube-index encoding

First, let us define some terms. In a volume space
such as Fig. 1, a two- dimensional rectilinear array
of grid points is termed a slice (Lorensen and Cline
1987). Meanwhile, the set of all cubes comprising
two consecutive slices is termed a layer (Cignoni et
al. 1997) (See Fig. 2).
Two cubes are face (or edge, or vertex)-neighbors
if they share one common face (or edge, or ver-
tex). A cube is an interior cube if all six of its face-
neighbors are in the volume space. If a triangle-
vertex is located on the edge of an interior cube, then
its coordinates may appear repeatedly in the triangle
file. To avoid this redundancy, an intermediate struc-
ture of cubes (voxels) is needed. The 3D-chessboard
structure proposed in Cignoni et al. (1997) is a good
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Fig. 1. A volume composed of cubes, classified into black and white cubes by the 3D-chessboard organization; the white
cubes are further classified into types X, Y , and Z
Fig. 2. Two consecutive layers of the 3D-chessboard: a layer comprising two slices; all edges are incident upon black cubes

choice, since it allows a single copy of a triangle-
vertex to be shared by all neighboring cubes. For
completeness, the 3D-chessboard structure is briefly
introduced in the following.

3.1.1 3D-chessboard

The 3D-chessboard organization categorizes the
cubes into black and white cubes (Fig. 1). The black
cubes are defined by the following indices:

(2i +|k|2, 2 j +|k|2, k) , (1)

where

i ∈
{

0, 1, . . . ,

⌊
I −2−|k|2

2

⌋}
,

j ∈
{

0, 1, . . . ,

⌊
J −2−|k|2

2

⌋}
,

and k ∈ {0, 1, . . . , K −2}, where |k|2 means (k mod-
ulo 2). An advantageous property of this structure is
that only one-fourth of the cubes are black, and these
cubes are sufficient for locating all of the edges con-
taining triangle-vertices.
A cube is active if it contains triangle-vertices. Note
that only active black cubes are encoded into the
compressed representation, because the information
of active white cubes can be retrieved from active

black cubes. Figure 3 displays the active and inac-
tive black cubes and the corresponding isosurface of
a layer.

3.1.2 Cube-index encoding

Given a volume data set of size I × J × K , then there
are (I −1)× (J −1)× (K −1) cubes in the volume.
Let C be an arbitrary cube with eight cube-vertices,
P0, P1, . . . , P7, which are grid points (Fig. 5a). For
convenience, the coordinates of P0 are regarded
as the coordinates of cube C. The coordinates of
triangle-vertices in cube C are calculated from the
coordinates of P0, P1, . . . , P7. Rather than storing
coordinates of individual cubes, the active black
cubes are located via the following cube-indexing
scheme.
A layer is active if it contains at least one active black
cube. Locations of active black cubes in each ac-
tive layer are solved using a chain-code algorithm.
While compressing an active layer, the active black
cubes are first recorded into nodes of a doubly linked
list, then the linked list is traversed. The degree of
every active black cube is calculated; this is the num-
ber of active black cubes among its eight-neighbors.
A chain begins from the active black cube with
the smallest degree in the doubly linked list. Then
it proceeds to the neighboring active black cube
with the smallest degree and records the direction
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Fig. 3. The isosurface in a layer. Solid boxes: active black cubes; open rectangles: inactive black cubes
Fig. 4. Chains linking active black cubes. A chain head is marked with a square around it. A line segment indicates the direc-
tion of chain moving among the eight neighbors of an active black cube. For example, there are four chains in the layer, and
the chain lengths are 4, 23, 12, and 51, respectively
Fig. 5. a Vertex labeling of a cube; b edge labeling of a cube; c a cube of bit pattern (00000001) and its corresponding triangle
configuration, that is, edge-triplet (1, 5, 9); d a cube of bit pattern (00000011) and its corresponding triangle configuration,
that is, edge-triplets (5, 9, 10) and (5, 10, 6)

code until the end cube. Then a new chain is started
by choosing an active black cube from the dou-
bly linked list if the list is not empty. The node
corresponding to an active black cube is removed
from the doubly linked list if the cube is chosen
and the degrees of its neighbors are decreased by
one.
In a compressed active layer, each chain starts
from a head active black cube, which is located
via a pair of numbers (row, column), then moves
to one active black cube among the eight neigh-

bors of current cube via a three-bit direction code.
This moving procedure is repeated until an end cube
is reached that is a black cube with no new ac-
tive black neighbor. Then, the process starts with
a new chain head. Figure 4 presents the chains cor-
responding to the active black cubes of Fig. 3. As
for layers, they can be grouped into active and in-
active runs by a run-length coding scheme. Con-
sequently, we have a new 3D-indexing scheme
for all active black cubes corresponding to the
isosurface.
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Sign-pattern Number Triplet Triplet Triplet Triplet Triplet
code of 	 of 	1 of 	2 of 	3 of 	4 of 	5

0 0 (0 0 0) (0 0 0) (0 0 0) (0 0 0) (0 0 0)
1 1 (1 5 9) (0 0 0) (0 0 0) (0 0 0) (0 0 0)
2 1 (1 10 6) (0 0 0) (0 0 0) (0 0 0) (0 0 0)
3 2 (5 9 10) (5 10 6) (0 0 0) (0 0 0) (0 0 0)
4 1 (2 11 5) (0 0 0) (0 0 0) (0 0 0) (0 0 0)
5 2 (1 2 11) (1 11 9) (0 0 0) (0 0 0) (0 0 0)
6 2 (1 10 6) (2 11 5) (0 0 0) (0 0 0) (0 0 0)
7 3 (11 9 10) (11 10 6) (11 6 2) (0 0 0) (0 0 0)

· · · · · · · · · · · · · · · · · · · · ·
56 3 (2 6 12) (7 9 10) (7 10 8) (0 0 0) (0 0 0)
· · · · · · · · · · · · · · · · · · · · ·

199 5 (9 10 6) (9 6 7) (7 6 2) (7 2 12) (7 12 8)
· · · · · · · · · · · · · · · · · · · · ·

249 4 (11 5 1) (11 1 10) (11 10 6) (11 6 2) (0 0 0)
· · · · · · · · · · · · · · · · · · · · ·

255 0 (0 0 0) (0 0 0) (0 0 0) (0 0 0) (0 0 0)

Table 1. Edge-triplet table

3.2 Edge-index encoding

The conventional MC algorithm assumes that the in-
tersection of the isosurface and a cube can be ap-
proximated by triangles. The configuration of these
triangles in a cube can further be classified by study-
ing the scalar value of eight cube-vertices against
the threshold value of the isosurface. For example,
the value 1 (or 0) is assigned to the parameter sign-
bit of a cube-vertex if its scalar value is greater (or
less) than the given threshold value. Then the collec-
tive eight sign-bits form a sign-pattern, which can
be used as an index, pointed to a particular collec-
tion of triangles. Hence, based on the analysis intro-
duced in Lorensen and Cline (1987), we can precal-
culate a sign-pattern and triangle configuration ta-
ble, which will be termed an edge-triplet table. For
convenience, a triangle configuration is represented
by (n1, n2, n3), called an edge-triplet if the isosur-
face intersects cube-edges indexed by n1, n2, and n3;
a triangle is formed by connecting these intersection
points (Fig. 5c).
The edge-triplet table, which records the correspon-
dence between the sign-pattern and the edge-triplet,
can be constructed as shown in Table 1. The first col-
umn is the sign-pattern, the second column displays
the number of triangles in the cube corresponding to
the sign-pattern, and the subsequent columns list the
edge- triplets of the triangles in the cube.
Figure 5a,b illustrate the indices of cube-vertices and
cube-edges. Meanwhile, Fig. 5c presents the sign-
pattern (00000001) of a cube and its corresponding

triangle configuration (edge-triplet). Using this sign-
pattern as pointer, Table 1 reveals that the triangle is
formed by connecting intersection points of the iso-
surface and cube-edges 1, 5 and 9, respectively, that
is, edge-triplet (1, 5, 9). Similarly, the sign-pattern
(00000011) points to the fourth row of Table 1,
which indicates two triangles exist with edge-triplets
(5, 9, 10) and (5, 10, 6) (Fig. 5d).
The MC ambiguity problem (Dürst 1988) is solved
by applying the algorithm proposed by Montani et
al. (1994a). The look-up table of the original MC al-
gorithm (Lorensen and Cline 1987) is modified by
re-triangulating the complementary cases of the am-
biguous cases. For example, the cases corresponding
to sign-pattern codes 199 and 249 are the comple-
mentary cases of the ambiguous cases corresponding
to sign-pattern codes 56 and 6, respectively.
According to the notion of encoding introduced in
Sect. 2, a triangle-vertex in a cube can be identi-
fied by its containing edge and its position along the
cube-edge encoded with a small positive integer. In
order to record containing edges efficiently, we intro-
duce the active-edge table (Table 2). Each entry of
the first column is the sign-pattern, the second col-
umn is the number of active edges, and the following
columns contain the sorted indices of active edges.
For example, sign-pattern (00000011) points to the
fourth row, indicating that there are four active cube-
edges, whose indices are 10, 9, 6, and 5 (see Fig. 5d).
During compression process, the sign-pattern code
of an active black cube is calculated and written into
the compressed file. Then, by searching Table 2, a list
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Sign-pattern Number of Active-edge labels in sorted order
code active edges

0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 3 9 5 1 0 0 0 0 0 0 0 0 0
2 3 10 6 1 0 0 0 0 0 0 0 0 0
3 4 10 9 6 5 0 0 0 0 0 0 0 0
4 3 11 5 2 0 0 0 0 0 0 0 0 0
5 4 11 9 2 1 0 0 0 0 0 0 0 0
6 6 11 10 6 5 2 1 0 0 0 0 0 0
7 5 11 10 9 6 2 0 0 0 0 0 0 0

· · · · · · · · ·
255 0 0 0 0 0 0 0 0 0 0 0 0 0

Table 2. Active-edge table

of coordinates of triangle-vertices corresponding to
the sign-pattern is encoded into the compressed file.
In the decompression process, each sign-pattern is
used to find the number of active-edges and the edge
indices in Table 2; the corresponding edge-triplets
are found from the sign-pattern in Table 1.

3.3 Vertex-coordinate encoding

If an active-cube-edge e = (vi, v j) contains a tri-
angle-vertex V , then the coordinates of V can be
obtained by linearly interpolating the coordinates
of vi = (xi, yi, zi) and v j = (x j, y j, z j) according to
their respective scalar values si and s j . More pre-
cisely, the coordinates of V = (x∗, y∗, z∗) can be cal-
culated as follows:

x∗ = βxi +αx j ,

y∗ = βyi +αy j ,

z∗ = βzi +αz j ,

where α = t−si
s j−si

, β = s j−t
s j−si

, α+β = 1, 0 ≤ α ≤ 1, and
0 ≤ β ≤ 1.
Rather than recording the global coordinate of V in
the world space, only the linear coordinate of V ,
namely L = �α×2r�, is recorded, with respect to the
cube-edge e. Where r is the number of bits quantized
for the required resolution. The linear coordinate L
is then quantized to a specified precision as the com-
pressed representation of the position of V relative
to e.

3.4 Triangle reconstruction in white cubes

According to the 3D-chessboard structure, all edges
are incident upon black cubes (Fig. 2). A white cube

shares all of its edges with neighboring black cubes;
therefore any active edge of a white cube must also
be an active edge of some neighboring black cube. In
other words, triangle information in a white cube can
be retrieved from neighboring black cubes.
It is clear that a white cube has twenty-six neigh-
boring cubes: six face-neighbors, twelve edge-neigh-
bors, and eight vertex-neighbors. Similarly, a black
cube has twenty-six neighboring cubes: eight black
vertex-neighbors, six white face-neighbors, and
twelve white edge-neighbors (Fig. 1). For a given
white cube, there are two black face- neighbors and
four black edge-neighbors, which are sufficient to
recover all edges of the white cube.
According to the direction in which a white cube can
be sandwiched between black cubes, it can be classi-
fied into three types. For convenience, a white cube
is called type X (Y or Z), if it is sandwiched between
two black cubes in the X (Y or Z) direction (see
Fig. 1). Now, if a white cube C at layer L is of type Z
(X or Y ), then it has two black face-neighbors (four
black edge-neighbors) located at layers L − 1 and
L + 1 respectively and four black edge-neighbors
(two black face-neighbors) at layer L . Therefore, we
can use a buffer of three layers (numbered L −1, L ,
and L + 1) to store necessary cube information for
reconstructing triangles in white cubes in layer L .
Note that instead of dealing with all of the white
cubes in layer L , we only process those having
active black-neighbors. Hence we start from any
active black cube in layer L (or L − 1 or L + 1)
and then process its white-neighbors in layer L .
For a chosen white cube, we find the active black-
neighbors that can provide sign-bits of shared cube-
vertices, triangle-vertex coordinates and normal vec-
tors on shared cube-edges. Then the sign-pattern
is employed to search for the number of trian-
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gles and the connectivity information in Table 1,
and the triangles in a cube can be reconstructed
accordingly.
As addressed in Cignoni et al. (1997), some edges
of white cubes lie on the boundary of the volume
data set and are not accessible by black cubes, such
as the external edges of boundary white cubes in
Fig. 1. Triangle-vertices may exist on these unreach-
able edges. This problem can be solved by attaching
an extra layer of cubes to each boundary face of the
volume data set. Hence, every cube of the original
data set becomes an internal cube and the original
cubes have no unreachable edge.

4 Experimental results

In this section some empirical tests are given to
demonstrate the effectiveness of the proposed CMC
(compressing isosurfaces generated with marching
cubes) algorithm. Example 1 is an isosurface derived
from 128 × 128 × 128 volume data with scalar val-
ues defined by the distance function, f(x, y, z) =√

x2 + y2 + z2, −64 ≤ x, y, z ≤ 63, and threshold
value 55.0. It is a sphere with center (0, 0, 0) and
radius 55.0. Figure 6 displays the isosurfaces corre-
sponding to different quantized precisions. Table 3
lists the corresponding experimental results, includ-
ing original triangle binary (OTB) file size, com-
pressed file sizes, numbers of bits per triangle, and
compression ratios. It also lists the number of trian-
gles in the isosurface, number of triangle-vertices,
and number of bits per triangle used to encode the
connectivity information. For reference, some inter-
mediate data such as the numbers and ratios of active
black cubes and active cubes, number of chains,
and average chain-length are also given. Finally, it
compares the proposed algorithm with the popular
WinZip and PKZIP software, which directly com-
press the triangle file.
The next two examples are the results of apply-
ing the proposed algorithms to two isosurfaces
generated from a medical data set called the CT-
head data. The data set comprises 94 slices with
a resolution of 256 × 256 and scalar values be-
tween 0 and 255. Example 2 is the isosurface with
a threshold value of 80, approximating the bone
density. Figure 7 displays Example 2 with differ-
ent quantized precisions. Similarly, Example 3 is
the isosurface with a threshold value of 50, approx-
imating skin density. Figure 8 displays Example 3

a

b

c

d

Fig. 6a–d. Spheres, the isosurfaces of Example 1, with
a resolution of a 32, b 9, c 8, and d 7 bits/coord
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c d

Fig. 7a–d. Bones, the isosurfaces of Example 2, with a resolution of a 32, b 10, c 9, and d 8 bits/coord

with different quantized precisions. Tables 4 and 5
list the experimental results in the same format as
Table 3.
All previous examples have relatively small ratios of
active cubes (Tables 3, 4, and 5). In order to explore
the case with a significantly higher ratio of active
cubes, the following example is tested: Example 4 is
an isosurface containing a dense set of triangles, de-
rived from an artificially constructed volume data of
size 128×128×128. The statistics of the compres-
sion results are listed in Table 6. This volume data
has 93.079% active cubes; however the compression

ratios are comparable to those of previous examples.
One particular point in this example is that the com-
pressed file size is about 3 times the size of the origi-
nal volume data if full precision (32 bits/coordinate)
is required. This is because the given example con-
tains about 3.9 million triangles, and the uncom-
pressed triangle file size is about 67 times the size
of the volume data. A better ratio between the com-
pressed file size and that of the volume data can be
obtained if a lossy compression with lower precision,
for example, smaller than 13 bits/coordinate, is ap-
plied (see Table 6). Finally, we note that the structure
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a b

c d

Fig. 8a–d. Skins, the isosurfaces of Example 3, with a resolution of a 32, b 10, c 9, and d 8 bits/coord

of an isosurface with a dense set of triangles is hard
to visualize through its outward appearance due to
mutual occlusions among triangles.
According to the experimental results, the images
with approximately 2.01–2.10 bits per triangle, are
visually indistinguishable from the uncompressed
images with 32-bit per coordinate. From Tables 3,
4, and 5, the best compression result among var-
ious bits of quantized precision is the case when
the quantized precision of triangle-vertex equals the
grid-resolution of volume. In this case, the com-
pressed representation requires only 1.4–1.6 bits per

triangle with some visible artifacts (see Figs. 6d, 7d,
and 8d). If we quantize triangle-vertex coordinates
to 11-bit precision, then the compressed represen-
tation requires totally 3.007–3.597 bits per triangle,
including connectivity and position.
Now, let us consider a naive solution based on ge-
ometry compression. First, compute all the triangles
by the MC algorithm and organize them into meshes.
Then, feed these meshes into the geometry compres-
sion algorithm proposed in Taubin and Rossignac
(1998). According to their best experimental results,
it requires 6.60 bits per triangle (1.21 bits for con-
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Table 3. File sizes and compression ratios of Example 1

Format Precision Size Total bits/	 Percentage Ratio
(bits/coord) (bytes)

OTB 32 4 093 920 288.00 100.00 1 : 1
CMC compressed 32 193 290 13.597555 4.721 21.180 : 1
CMC compressed 16 86 673 6.097292 2.117 47.234 : 1
CMC compressed 14 72 458 5.097257 1.770 56.501 : 1
CMC compressed 12 58 242 4.097221 1.423 70.292 : 1
CMC compressed 11 51 135 3.597204 1.249 80.061 : 1
CMC compressed 10 44 027 3.097186 1.075 92.987 : 1
CMC compressed 9 36 919 2.597168 0.902 110.889 : 1
CMC compressed 8 29 811 2.097151 0.728 137.329 : 1
CMC compressed 7 22 704 1.597133 0.555 180.317 : 1
WinZip compressed 32 702 899 49.447696 17.169 5.824 : 1
PKZIP compressed 32 716 464 50.401970 17.501 5.714 : 1

Size of voxel data (VD) = 4 194 304 Connectivity (bits/triangle) = 1.000070
Number of triangles = 113 720 Number of triangle-vertices = 56 862
Number of chains = 937 Average chain-length = 15.172
Number of active black cubes = 14 216 Total number of cubes = 2048383
Active black cubes / total number of cubes = 0.694%
Number of active cubes = 56 864 Active cubes / total number of cubes = 2.776%

Table 4. File sizes and compression ratios of the isosurface of bone (Example 2)

Format Precision Size Total bits/	 Percentage Ratio
(bits/coord) (bytes)

OTB 32 24 032 232 288.00 100.00 1 : 1
CMC compressed 32 1 129 857 13.540098 4.701 21.270 : 1
CMC compressed 16 459 989 5.512463 1.914 52.245 : 1
CMC compressed 14 376 256 4.509009 1.566 63.872 : 1
CMC compressed 12 292 522 3.505554 1.217 82.155 : 1
CMC compressed 11 250 656 3.003827 1.043 95.877 : 1
CMC compressed 10 208 789 2.502100 0.869 115.103 : 1
CMC compressed 9 166 922 2.000373 0.695 143.973 : 1
CMC compressed 8 125 055 1.498646 0.520 192.173 : 1
WinZip compressed 32 4 514 963 54.106890 18.787 5.323 : 1
PKZIP compressed 32 4 493 601 53.850890 18.698 5.348 : 1

Size of voxel data (VD) = 6 160 384 Connectivity (bits/triangle) = 0.990865
Number of triangles = 667 562 Number of triangle-vertices = 334 934
Number of chains = 3580 Average chain-length = 23.096
Number of active black cubes = 82 683 Total number of cubes = 6 047 325
Active black cubes / total number of cubes = 1.367%
Number of active cubes = 327 743 Active cubes / total number of cubes = 5.420%

nectivity and 5.39 bits for positions) if the coordi-
nates of the triangle-vertices are quantized to 11 bits.
In other words, the compression results (numbers of
bits per triangle) of the CMC algorithm are better
than that obtained by the naive approach.
A further improvement in compression can be
achieved if we consider the following observation:
It is clear that two black cubes which are vertex-
neighbors share a single cube-vertex in the 3D-

chessboard organization. If the sign-pattern of an
active black cube in the current layer has been iden-
tified, then the sign-bit information can be reused
by the vertex-neighbors in the next layer at the cost
of some extra arrangement and search during com-
pression and decompression processes. By doing so,
approximately 0.066–0.099 bits per triangle can fur-
ther be saved, depending on the number of shared
cube-vertices.
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Table 5. File sizes and compression ratios of the isosurface of skin (Example 3)

Format Precision Size Total bits/	 Percentage Ratio
(bits/coord) (bytes)

OTB 32 20 664 072 288.00 100.00 1 : 1
CMC compressed 32 969 632 13.513979 4.692 21.311 : 1
CMC compressed 16 394 754 5.501770 1.910 52.347 : 1
CMC compressed 14 322 894 4.500244 1.563 63.996 : 1
CMC compressed 12 251 034 3.498718 1.215 82.316 : 1
CMC compressed 11 215 104 2.997955 1.041 96.066 : 1
CMC compressed 10 179 175 2.497192 0.867 115.329 : 1
CMC compressed 9 143 245 1.996429 0.693 144.257 : 1
CMC compressed 8 107 315 1.495666 0.519 192.555 : 1
WinZip compressed 32 3 597 111 50.133777 17.408 5.745 : 1
PKZIP compressed 32 3 515 757 48.999929 17.014 5.878 : 1

size of voxel data (VD) = 6 160 384 Connectivity (bits/triangle) = 0.996498
Number of triangles = 574 002 Number of triangle-vertices = 287 439
Number of chains = 2824 Average chain-length = 25.318
Number of active black cubes = 71 499 Total number of cubes = 6 047 325
Active black cubes / total number of cubes = 1.182%
Number of active cubes = 263 819 Active cubes / total number of cubes = 4.363%

Table 6. File sizes and compression ratios of Example 4

Format Precision Size Total bits/	 Percent/OTB OTB:comp. Percent/VD VD:comp.
(bits/coord) (bytes)

OTB 32 140 606 928 288.00 100.00 1 : 1 6704.66 0.015 : 1
CMC 32 6 525 216 13.365360 4.641 21.548 : 1 311.146 0.321 : 1
CMC 16 2 863 578 5.865360 2.037 49.102 : 1 136.546 0.732 : 1
CMC 14 2 375 359 4.865360 1.689 59.194 : 1 113.266 0.883 : 1
CMC 13 2 131 250 4.365360 1.516 65.974 : 1 101.626 0.984 : 1
CMC 12 1 887 141 3.865360 1.342 74.508 : 1 89.9859 1.111 : 1
CMC 11 1 643 031 3.365360 1.169 85.578 : 1 78.3458 1.276 : 1
CMC 10 1 398 922 2.865360 0.995 100.511 : 1 66.7058 1.499 : 1
CMC 9 1 154 813 2.365360 0.821 121.757 : 1 55.0658 1.816 : 1
CMC 8 910 704 1.865360 0.648 154.394 : 1 43.4258 2.303 : 1
CMC 7 666 594 1.365360 0.474 210.933 : 1 31.7857 3.146 : 1
WinZip 32 14 505 833 29.711764 10.317 9.693 : 1 691.692 0.145 : 1
PKZIP 32 12 848 896 26.317921 9.138 10.943 : 1 612.683 0.163 : 1

Size of voxel data (VD) = 2 097 152 bytes Connectivity (bits/triangle)= 0.992064
Number of triangles = 3 905 748 Number of triangle-vertices = 1 952 874
Number of chains = 126 Average chain-length = 3844.0
Number of active black cubes = 484 344 Total number of cubes = 2 048 383
Active black cubes / total number of cubes = 23.645%
Number of active cubes = 1 906 624 Active cubes / total number of cubes = 93.079%

5 Analysis

This section analyzes the main costs in obtain-
ing the total number of bits per triangle in the
compressed representation and studies the influ-
ence of volume size on the compression result.
The time complexities of compression and decom-

pression algorithms are also discussed. Accord-
ing to the proposed compression algorithm, the
average number of bits per triangle comes from
three sources, namely, the cube-index, the edge-
index, and the linear coordinate. The main costs
for each individual source will be analyzed in the
following.
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If N is the number of bits for indexing an active
black cube, then N is dominated by the cost of the
chain codes, which comprise the chain-head codes
and the direction codes. Lets p, q, and r be the num-
bers of bits required to locate an active black cube
on the grid-coordinates of X, Y , and Z axes, respec-
tively. A chain head comprises a pair of position
codes (row, column) and a chain-length code, and
each of them requires p + q bits. If CL is the aver-
age chain-length, then the average number of bits per
active black cube for chain head is 2× (p +q)/CL.
This number decreases as CL increases. In Exam-
ples 1–4, we have CL = 15.17, 23.10, 23.32, 3844.0,
and N ∼= 4.58, 4.21, 4.20, 3.01, respectively. Sum-
marizing these experimental results, an average
of 3.01 − 4.58 bits is required to index an active
black cube. By observing the relations among the
number of active black cubes NB, the number of
triangle-vertices V , and the number of triangles T
in Tables 3, 4, 5, and 6, we assume the following
relations:

T ∼= 8× NB
V ∼= 4× NB

T ∼= 2× V

}
. (2)

According to (2), the cube-index takes approx-
imately (3.01/4) = 0.753 − (4.58/4) = 1.145 bits
per triangle-vertex, that is, (3.01/8) = 0.376 −
(4.58/8) = 0.573 bits per triangle.
The edge-index of a triangle-vertex can be found
in a cube’s sign-pattern, which requires eight bits.
According to (2), a triangle-vertex utilizes approx-
imately two bits in the sign-pattern, and a triangle
takes approximately one bit for the edge-index.
Again by (2), raising the resolution of the lin-
ear coordinate by one bit increases the total by
approximately 0.5 bits per triangle in the com-
pressed representation. The number of bits per lin-

Table 7. Performance data for volumes of different sizes

Volume data set size 128×128×128 64×64×64 32×32×32 16×16×16
Isovalue (sphere radius) 55.0 25.0 13.0 5.0
Number of 	 113 720 23 528 6336 960
Uncompressed (bytes) 4 093 920 847 008 228 096 34 560
Compressed (bytes) 29 811 7649 2453 451
Quantized precision (bits/coord) 8 8 8 8
Connectivity (bits/	) 1.000070 1.000340 1.000000 1.000000
Total bits/	 2.097151 2.600731 3.096591 3.758333
Percentage 0.728 0.903 1.075 1.305
Compression ratio 137.329 : 1 110.734 : 1 92.987 : 1 76.630 : 1

Fig. 9. Relation between grid-resolution and number of
bits per triangle for the experimental results in Tables 3,
4, 5, 6 and 7 with 8-bit triangle-vertex precision

ear coordinate equals the difference between the
quantized precision of the triangle-vertex coordi-
nate and the grid-resolution of volume. The influ-
ence of the volume size (grid-resolution) on the
compression result is illustrated in the following
examples.

5.1 Volume size

For analyzing the relation between the volume size
and the compression result, we choose the density
function f(x, y, z) = √

x2 + y2 + z2 to generate three
data sets, with threshold values 25.0, 13.0, and 5.0
and sampling resolutions (64×64×64), (32×32×
32), and (16×16×16), respectively. It is clear that
these isosurfaces are spheres with a common cen-
ter at (0, 0, 0) and radii 25.0, 13.0, and 5.0, respec-
tively. Figure 9 and Table 7 illustrate the relation be-
tween the compressed results and volume sizes (grid-
resolutions) for fixed quantization of the triangle-
vertex coordinates to 8-bit precision. For a volume of
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higher grid-resolution, a smaller number of bits per
linear coordinate are required, which procures a bet-
ter compression result.

5.2 Time complexity

It is clear that the time complexity of the compres-
sion algorithm is proportional to that of the con-
ventional MC algorithm, since the processing time
for each cube is constant and only one-fourth of the
cubes are processed. Hence the effort involved in
constructing auxiliary data structures such as octrees
(Wilhelms and Van Gelder 1992) or interval trees
(Cignoni et al. 1997) is helpful in improving the pro-
cessing time. It is also clear that the time complex-
ity of the decompression algorithm is proportional
to the number of active black cubes, which is in
turn proportional to the number of triangles in the
isosurface.

6 Conclusion

This work adopts the concept of geometry compres-
sion in the triangle-generating stage of the MC al-
gorithm. The basic idea is that a triangle-vertex can
be identified by the cube-index, the edge-index, and
the linear coordinate, where triangle-vertex coordi-
nates are expressed as integers specifying relative
displacements along a cube edge. The proposed en-
coding algorithm preserves the original connectivity
of all the triangles generated by the MC algorithm.
Meanwhile, the vertex positions are compressed with
various choices of number of bits per coordinate. The
uncompressed triangle file generated by the MC al-
gorithm in general is much larger than the volume
data file, while the resulting file compressed by the
proposed algorithm is much smaller than the vol-
ume data file. The algorithm works even better with
volume data of higher resolution. The proposed algo-
rithm solves the problem of storing and transmitting
MC isosurfaces. However, it does not solve the in-
teractive rendering problem, since our method does
not change the number of triangles generated by the
MC algorithm; that number is very often too high
to be efficiently rendered at an interactive rate. It
is suggested that future work extends the proposed
compression scheme to the multiresolution represen-
tation of isosurfaces.
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