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Abstract

When rendering a volume represented as a 3D grid,
it takes a long time to check the cells that do not
intersect the surface. Wilhelms et al. proposed us-
ing an octree as a hierarchical index, keeping the
maximum and minimum cell value for each voxel,
in order to avoid processing empty cells. Their
method used a complete octree which required a
large amount of space.

We propose a new indexing method that uses an in-
complete octree and which requires less memory to
be stored.

1 Introduction

Volumetric models are usually rendered as the
boundary surface for a given property threshold,
producing one isosurface of the stored property
field. The simplest way to render this surface is
to process each volume cell independently, check-
ing for cells which contain the boundary. A well-
known algorithm using this strategy is the march-
ing cubes algorithm [1]. In order to process a cell,
the first step is to compare the threshold value with
the property values of its eight vertexes in order to
decide whether the cell intersects the boundary sur-
face. If this is the case, a triangle mesh that approx-
imates the isosurface inside the cell (active cell) is
built from the orientation of every cell vertex with
respect to the boundary surface.

Rendering a surface using marching cubes re-
quires a long time, most of which is taken up pro-
cessing cells that do not have isosurfaces inside. In
order to reduce this time, several methods to search
active cells have been proposed, which can be clas-
sified according to search criterion in:

e Range-based, each cell is identified with the
interval it spans in the range of property field,
and from the threshold, intervals that contain
it are searched. Cignoni et al. propose to use
an interval tree structure [2, 3] in order to re-
trieve these intervals from which active cells
are found [4]. In particular, they use a method
that combines range-based and surface-based
search.

o Surface-based, only the cells that are adjacent
to cells for which the surface has been previ-
ously drawn are processed [5]. This solution
does not visualize the complete surface when
it has more than one component. It is neces-
sary to have a seed set of cells from which, all
the components can be renderized. Bajaj et al.
propose a method in order to generate seed sets
that, for all threshold possible, all components
are renderized [6].

e Space-based, domain spanned by the dataset is
partitioned in order to search active cells. This
partition can be hierarchical [7].

In this respect, Wilhelms et al. propose to build
an octree [8] that indexes the grid, and which stores
in every octree node the maximum and minimum
property value of the subvolume covered by the
node [7]. This information is used when travers-
ing the volume and allows those nodes for which
the property interval does not contain the threshold
to be skipped. This method, called BONO (Branch
On Need Octree), makes the rendering faster but in-
creases the storage requirement as it must store both
the grid and the octree.

Other advantage of the tree is the multi-
resolution, volume can be rendered at differents lev-
els of detail by pruning the tree at some level when
the process of building the isosurface is running.
Furthermore, an adaptive isosurface can be built if

VMV 2001

Stuttgart, Germany, November 21-23, 2001



differents branches of the tree are pruned at differ-
ents levels. Works like [9, 10] use these issues, how-
ever, the prune condition is dependent on threshold
and, in the case of [10], on the point of view too.

Engel et al. use [10] with several improvements
in order to implement a web-based volume visual-
ization system [11].

Livnat et al. use a bono in order to do a hier-
archical front-to-back traversal of the dataset with
dynamic pruning of sections that are hidden from
the point of view by previously extracted sections of
the isosurface [12]. Only the isosurface that is vis-
ible from the point of view is built, when the view
point changes, the isosurface must be re-built.

In this paper, we present an improvement of bono
approach which uses an incomplete octree with a
smaller memory. The method indexes a set of
cells as a block when their property value is nearly
uniform.  This block is rendered as the biggest
cell when the threshold value is included in the
cell range, thereby avoiding the need to visit ev-
ery grid cell within the block. The main difference
of our proposal whith others related works is that
our prune condition is independent on threshold and
point of view.

Consequently, this produces a compression of the
cells. The structure allows adjacent blocks of dif-
ferent sizes to be rendered (see figure 1). When the
surface crosses the border between blocks of differ-
ent sizes, some discontinuities can arise, since as
on one side of the separation face between the two
blocks the surface is built with fewer points than on
the other side. The proposed method preprocesses
the grid data in order to avoid these cracks.

Figure 1: Compressed cell joined to uncompressed
cells

The next section shows the bono structure. Sec-
tion three explains our proposal. Section four dis-
cusses how to avoid cracks and finally section five
shows data and images from real volumes.
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2 Bono

The goal of bono [7] is to accelerate the rendering
of the surface by preventing cells which do not have
an inside isosurface from being processed.

Every cell can be represented by an entity (noted
leaf node) that stores the minimum and maximum
property value of the set of eight values of the
cell. Every node represents a subvolume. The eight
nodes that represent the eight subvolumes which
constitute a cube can be represented by another
node (noted internal node) that stores the minimum
and maximum property value of the subvolume rep-
resented. We can say that the internal node created
is the father of the eight nodes that it represents, and
these nodes are its sons.

This continues successively until just one node
(the noted root node) totally represents the volume.
The result is an octal tree where in every node the
minimum and maximum property value of the sub-
volume that it covers is stored.

When we need to render a surface for a given
threshold value, we must process the root node.
When a node is processed, the threshold value is
compared with the minimum and maximum values
stored in the node. If the threshold value is not
between them, there is no surface inside the sub-
volume represented by the node; if the threshold
value is between the minimum and maximum, the
son nodes are processed (or, if the node is a leaf
node, the cell that it represents is processed using
the marching cubes algorithm).

In this way, the branches of the tree that do not
index cells containing the isosurface are not pro-
cessed. That is to say, the isosurface building time
is reduced because empty cells are not processed.

In order to reduce the tree size, Wilhelms does
not store the last level of the tree, so each leaf node
represents eight cells.

When the number of cells of any dimension of
the volume is not a power of two, or is not equal
to the number of cells of another dimension of it,
nodes will not have all eight sons. In such cases,
nodes will have a larger ramification in the levels
which are close to the leaf nodes, and a smaller ram-
ification in the levels close to the root node. Conse-
quently, the storage requirement is smaller.



3 Cdlsoctree

Given an enumeration of cells with an index tree
like a bono, we propose that cells can be com-
pressed as showed in figure 2. With every com-
pression, some values are lost in the sense that they
are not used to build the isosurface inside the com-
pressed cell. Moreover, tree’s nodes that represent
cells that have been compressed are eliminated from
the index. We now have the following types of
nodes:

e Root node: The tree’s root.

e Internal node: A node that is the father of
other nodes.
Eight cells leaf node: A leaf node that rep-
resents a subvolume of eight cells. Cells can
be larger than the minimal cubic cell volume
(when they are compressed), but the eight
must of course be of the same size.
One cell leaf node: A leaf node that repre-
sents a subvolume of one cell. Like the eight
cells leaf node, these cells can be bigger than
the minimal cubic cell volume. There will be
nodes of this kind when it is not possible to
build an eight cells leaf node. That is to say,
the brothers of a one cell leaf node are not
all of the type one cell leaf node (if all the
eight brothers are one cell leaf node, their fa-
ther would be an eight cells leaf node instead
of an internal node and all the eight one cell
leaf nodes would not exist).

Compression

O Values that are lost in compression

Figure 2: Compression of cells.

We note the cells octree to both the enumeration
of cells and the compressed octal tree together, see
figure 3. The main advantage is that the tree is not
complete. The storage requirement is therefore re-
duced in relation to the bono. In the example of
figure 3, if the volume is represented by one bono,
then all three levels of the tree will be complete.

Every time a compression is performed, there are
cells that are no longer indexed, and so they are not
used to build the isosurface. Compressed cells are
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Figure 3: Cells octree example.

used instead, but the isosurface of this subvolume is
built using 8 points instead of 27. The compression
can only be performed when the information lost
is not significant. Specifically, if there is a thresh-
old value such that its isosurface enters and leaves
a group of cells through the same side of the group,
this group will not be compressed. In figure 4 we
show a 2D example of a compression which must
not be allowed since the isosurface would present a
hole and an area of large curvature would be lost.

After compression

|

— lsocurve

Figure 4: Not allowed compression.

In figure 5 we show a 2D example of an allowed
compression where the isosurface has suffered a lit-
tle modification, it is broken but it can be closed by
moving the isosurface inside the small cells until the
isosurface is inside the compressed cell.

Let us now define some concepts in order to defin
the compression criterion we propose.



After compression

— lIsocurve

Figure 5: Allowed compression.

When the 8 property values of a cell are such that
for all threshold values no one isosurface will enter
or leave the cell through the same face or the same
edge, we say that this cell is monotonous.

When the 27 property values of a group of eight
cells are such that for all threshold values no one
isosurface will enter or leave the group through the
same face or the same edge, we say that this group
is monotonous, and it can be compressed. In figure
6, the left cell is monotonous and the right cell is
not.

Figure 6: Monotonous and non-monotonous cells.

A cell will be monotonous if all its faces are
monotonous, a face will be monotonous when for
all threshold values, the isosurface crosses it less
than twice. This can be tested by visiting the face’s
vertexes cyclically and testing their property values:
if there is only one maximum and one minimum the
face is monotonous. If there are two maximums and
two minimums, there will be one local maximum
and one local minimum, and for all threshold val-
ues between the local minimum and the local max-
imum, the isosurface will cross the face twice. See
figure 7.

A group of eight cells will be monotonous when
(see figure 8):

1. Every cell of the group is monotonous.

2. The cell after the compression is monotonous.

3. For every B point (half edge point), its prop-

erty value is between the property values of the
corner edge points.

154

Property

Property
Face

Face’s border

Isocurves

Figure 7: Local minimum and maximum values in
a non-monotonous face.

4. For every C point (center face point), its prop-
erty value is between the property values of the
corner face points.
For the D point (center cube point), its prop-
erty value is between the property values of the
corner cube points.

A

Figure 8: Group of cells to be compressed.

We define the compression criterion in the fol-
lowing way: A group of cells will be compressed
when the group is monotonous.

With every compression, an aproximation error is
produced but this is not important. This is because
the compression criterion is very restrictive and
only a compression is done when property chages
uniformly. In section 5 we show data about it.

4 Cracks

With compression, large cells can be joined to small
ones. This can cause holes (or cracks) on the iso-
surface, see figures 5 and 9. This is because the
isosurface inside the large cell (a more compressed
cell) has been built from less information than the



isosurface inside the small cells (less compressed
cells). In the join plane between the large cell and
the small cells, the isocurve on one side of the plane
has been built from 4 values, and on the other side,
the isocurve has been built from 9 values.

— Big cell

—— Little cell

Isosurface in big cell
Isosurface in little cells

Figure 9: Crack in the join plane between cells of
different size

Shu et al. propose covering the crack with a poly-
gon [13]; Shekhar et al. propose covering it by mov-
ing the vertex of the triangle in the small cells so
that they coincide with the edges of the triangle in
the big cells [5]; Westermann et al. propose replace
a triangle in the large cell for a fan of triangles in
order to adapt the isosurface inside the large cell to
isosurface inside the small cells [10]. In these cases,
the process is performed after the triangle mesh has
been built or when it is been built.

We propose that the property value of some of the
volume points is modified, so that when the isosur-
face is built inside the small cells, this is joined to
the isosurface inside the large cell. The process is
carried out before the triangle mesh is built.

These modifications produce an aproximation er-
ror in the isosurfaces inside the small cells, but it
is the same error that happen in the big cell, we
have showed that this error is not significant be-
cause compression criterion is very restrictive.

Process is done by traversing the tree in a
breadth-first manner in order to visit the large cells
before the small cells. For every cell visited, we test
to see if this cell is joined to smaller cells. If this is
the case, the faces that are joined to the small cell
are processed.
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This process consists in modifying the values of
the type b and c vertexes (see figure 9) in order to
obtain the same isocurve in the small cells as in the
large cell. Figure 10 shows how the process works.
The triangles of the small cells have been built to be
joined to the triangle of the large cell.

Type b values can be calculated independently of
the threshold, but type ¢ values cannot. Moreover,
there are cases where the type ¢ point needs two dif-
ferent values such as in figure 11. The value of the
¢ point must be such as one to make the c1 points
in both the big and small cells to coincide; and it
must be another different one to make the ¢2 points
to coincide in both the big and the small cells.

Figure 11: Central point that needs two values.

In order to avoid this, the compression criterion
is modified so that if the property values of a group
are such that it is possible that two different values
are needed for a central point, then compression is
not performed.

5 Implementation and results

Both bono and our proposal have been implemented
and data about the storage requirements of the tree
(table 1), about the time of building the tree (table
2), about the number of triangles of the isosurface
(table 3) and about the time of building the isosur-
face (table 4) have been obtained (see diagrams of
tables in figures 12 and 13). The volumes used are
showed in figure 14. The volumes have been mod-
eled from TAC, the data have been normalized be-
tween 0 and 255, and the threshold is 60.

We can see that there has been a reduction in the
storage requirement whereas the quality of the im-
ages is good; for example in the model of head,
144082 compressions have been done and the av-
erage deviation of the new isosurface is 0.14 units
with a maximun of 1 unit. The time of building the



Figure 10: Volume with cracks and without cracks.

Volume Finger Eye Head
Size 17 X 32 %32 | 64 x64x64 | 128 x 128 x 128
Bono 24.144 299.600 2.396.752
OctCell 23.248 190.032 1.587.088
Table 1: Storage required by tree (bytes)
\olume Finger Eye Head
Size 17 X 32 %32 | 64 x64x64 | 128 x 128 x 128
Bono 1 8 58
OctCell 4 29 231
Table 2: Time of building the tree (ms)
\olume Finger Eye Head
Size 17 x 32 x 32 | 64 x 64 x 64 | 128 x 128 x 128
Bono 3.586 34.232 376.998
OctCell 3.586 34.226 376.804
Table 3: Number of triangles of isosurface
\olume Finger Eye Head
Size 17 x 32 x 32 | 64 x 64 x 64 | 128 x 128 x 128
Bono 5 45 513
OctCell 4 45 512

Table 4: Time of building the isosurface (ms)
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Storage needed by tree Time of building the tree

2500000 250 4

2250000 4 225 —

2000000 4 200 4

1750000 o 175 4

1500000 o 150 —

1250000 o 125 4

1000000 o 100 4

750000 — 75 4

500000 — 50

250000 — 25

0 T 0
17x32x% 32 64 x 64 x 64 128 x 128 x 128 17x32x% 32 64 x 64 x 64 128 x 128 x 128
Figure 12: Diagrams about the tree.
Number of triangles of isosurface Time of building the isosurface
400000 4 600 4
350000 — 500
300000 —|
250000 | 400 7
Re)

200000 —| ~ 300 |
150000 — 200 |
100000 —

50000 | 1007

0 0
17x32x% 32 64 x 64 x 64 128 x 128 x 128 17x32x% 32 €4 3 64 x 64 128 x 128 x 128

Figure 13: Diagrams about the isosurface.

{=="] MODELADO DE VOLUMENES TE X

Figure 14: Images from volumes used.
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tree is much longer, but it is a process that is just
done once. The number of triangles of the isosur-
face and the time for building it is very similar; this
is because the isosurface built is nearly the same in
both bono and octcell.

The number of triangles can be reduced in or-
der to reduce the rendering time. In order to do so,
Schroeder et al. propose a way to reduce the trian-
gles by deleting points of the mesh of the triangle
and making a retriangulation [14]. Montani et al.
propose that the isosurface be built in such a way
that triangles can easily be in the same plane, then
this polygon can be retriangulated [15].

6 Conclusionsand futurework

An improvement of bono, noted as cells octree, has
been showed. This improvement is achieved by cell
compression, so less storage is required. \We have
presented tables and diagrams. The quality of the
images obtained using our method is good for two
reasons: first, the compression criteria is such that
there has been little modification in the isosurface,
and secondly, we have proposed and implemented a
way to fill cracks.

We are currently working on an improvement so
that property values may be stored in the tree, so it
is not necessary to store the grid and there will be
further reductions in the storage requirements.
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