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Abstract

The Surface Octree (SO) is an extension of the Clas-
sical Octree used to maintain a decimated codifica-
tion of a surface while preserving volume data in-
formation. Constrained by a region of maximal in-
terest, we present an algorithm to extract a multires-
olution surface from a SO data structure. This al-
gorithm reconstructs the surface with maximal pre-
cision in the focus of interest and at progressively
lower resolution away from it.

1 Introduction

The work we are presenting here is part of the de-
sign of an hybrid model [2]. This model, which
is based on an octree scheme, is able to maintain
and efficiently manipulate surface and volume data,
either independently, taking advantage of classical
surface and volume visualization approaches, or in-
tegrated, combining surface and volume data in a
single image. In particular, we are going to present
part of the work related to the surface manipulation.

Since the earliest work from Meagher [7] con-
cerning 3D data representation based on the octree
scheme, many applications of this hierarchical rep-
resentation have appeared over the years, e.g., to
improve rendering speed, to manage easily large
data sets, or to obtain error controlled renderings
[4, 5, 16, 17]. In surface rendering applications,
they have been used in combination with the March-
ing Cubes (MC) algorithm [6]: to accelerate the sur-
face extraction process or combined with adaptive
isosurface extraction techniques as a surface sim-
plification method [13, 11, 15]. In this last case, the
octree is used to subsample the data and extract iso-
surface patches just applying the MC to those nodes
which meet certain criterion.
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The Surface Octree (SO) is an extension of the
classical octree used to maintain a decimated cod-
ification of an isosurface [1]. Additionally to the
classical black, white and grey nodes, the SO intro-
duces five new terminal nodes. The most remark-
able properties of the SO are that:

e it is able to maintain a codification of any sur-

face obtained from the MC algorithm.

o it reduces the number of faces of the fitted sur-
face without introducing any error [1].

e it provides a framework able to support mul-
tiresolution surface renderings.

o it preserves the relation between the fitted sur-
face and the volume data. Thus, it is a suit-
able model for supporting multiresolution hy-
brid surface and volume renderings. For our
purposes, this is the most important character-
istic.

In this paper we propose an algorithm to adap-
tively extract a surface from a SO data structure.
Constrained by a region of maximal interest (ROI),
the algorithm reconstructs the surface with maximal
precision in this area and away from it at progres-
sively lower resolution.

The paper is organized as follows. The SO data
structure and its construction process are briefly re-
vised in section 2. Subsequently, in section 3, we
describe how to extract a surface from the SO with-
out introducing any error. In Section 4, we analyze
the proposed surface simplification strategy and the
implemented crack patching technique. The mul-
tiresolution surface fitting algorithm is presented in
Section 5. In Section 6, several results achieved
with the proposed technique show that it is well-
suited to perform interactive navigations with com-
plex fitted surfaces. Finally, concluding remarks
and future work are presented in Section 7.
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2 TheSurface Octree

It is well-known that an octree is a tree that codes
a finite cubic universe by its recursive subdivision.
The root of the tree represents the universe, a node
with 2™ edge. This node is divided into eight iden-
tical cubes, called octants, with an edge length of
2"~1. In this structure each node is terminal or
has eight descendants. In the classical octree rep-
resentation [12] nodes are labeled as black, white
and grey. Black nodes correspond to regions com-
pletely inside the object. White nodes correspond
to regions completely outside the object. White and
Black nodes are leaves, i.e. they are no further sub-
divided. Nodes containing part of the surface are la-
beled as Grey and are recursively subdivided. Leaf
grey nodes are named Terminal Grey.

In the recent years, several extensions of this oc-
tree model have been proposed. Such extensions
introduce terminal configurations to be added to ter-
minal Black, White and Terminal Grey nodes. Face
Octrees [14], for example, introduce the Face Node
(‘which contain a face of the surface of the the ob-
ject being modeled) or Extended Octrees [10], that
introduce Face nodes (crossed by a single planar
face of the solid), Edge nodes (contain part of two
neighboring faces and a part of their common edge),
Vertex nodes (contain a vertex of the polyhedron
and a part of the faces and edges converging to it)
and Nearly Vertex nodes (contain two or more faces
that converge to a single vertex outside the node).

2.1 Terminal Surface Nodes

In order to obtain a well-suited octree to codify a
surface extracted by the MC algorithm, the SO in-
troduces to the classical Black and White nodes,
five new Terminal Surface (TS) nodes (see figure 1).
These nodes are characterized by the topology and
the number of polygons that define the surface con-
tained in them. These five TS configurations are:

e Face nodes,(F'), crossed by a single planar
face.

e Edge nodes, (E), crossed by two planar faces
that converge into the node, generating an
edge.

e Double Edge nodes, (DE), crossed by three
planar faces that converge into the node, gen-
erating two edges.

318

]

)

Figure 1: Terminal Surface nodes added to the clas-
sical octree.

e Band™ nodes, (B™) crossed by nm planar
faces that never intersect into the node, with
2<n<4.

e Special Band nodes, (B™), obtained from the
union of a F' and an E node.

The surface of a TS node is represented as
s(ni) ={K,< Vo,do >,...,< Va,d, >} where
K identifies the node’s configuration (i.e. F, E,
DE, B" or B*) and (< Vo,do >,< Va,d1 >
ooy, < Va,dn >) represents the set of plane
equations that define the surface. Each couple <
Vi,d; > corresponds to a m; plane where V; =
(As, B, C;) is the normal vector and d is the dis-
tance from the plane to the node’s origin.

2.2 The SO construction

To obtain a SO, we start with a complete volume oc-
tree in which the isosurface, initially obtained with
the DiscMC, is codified at terminal nodes according
to the new configurations. Note that using the Dis-
cMC the number of planes incidences is reduced,
and all the codification process is simplified. The
surface codification can be reduced to a set of inte-
gers.

Then, a bottom-up strategy is taken in merging
cells. Such strategy allows to implicitly represent
coplanar faces in upper octree levels without intro-
ducing error. As all possible TS node configurations
are known, a look-up Merging Table (MT) is used
to maintain all possible combinations of TS nodes
and the way they have to be merged. The MT ta-
ble is the basis of all the simplification process. The
merging process ends with the surface codified in a
set of TS nodes distributed at different levels of the
octree.

3 Maximal Accuracy Surface Recon-
struction

When an explicit representation of the fitted surface
is needed, for rendering purposes for example, a
surface reconstruction algorithm has to be applied



on the SO. This algorithm is composed of two steps.
The first, traverses in a top-down manner the octree
and selects all TS nodes. The second, reconstructs
the surface contained in each one of the selected
nodes. This reconstruction is carried out by the Ex -
actRec function described in next section.

3.1 ExactRec Function

Before the description of this function we have to
take into account that: (i) each plane equation rep-
resented in the TS node has to be represented by one
polygon; (ii) this polygon is defined from the con-
nection of all or some of the intersection points be-
tween the plane and the edges of the node. (iii) the
number of polygons required to define the surface

varies with the configuration of the node (F:1, E:2,

DE:3, B™:n and B*:3).

Let consider that the surface of a n; node has to
be reconstructed. The ExactRec function applies
the three following steps:

1. Intersection Point Computation. On a first step
s(m;) is evaluated and for each plane equation
< Vi, d; >€ s(n;), the intersection points be-
tween the plane and the edges of the node are
computed. This set of points is represented as
P;. Additionally, for Edge, a DoubleEdge or a
Band* nodes, the points defining the interior
edges are also computed (see Figure 2(a)).

. Point Selection. For each set P; a selection
process is applied to determine which of these
points are members of the surface. Such selec-
tion depends of the node’s configuration and is
done evaluating the normal vector (see Figure
2(b)). Selected vertices are represented in P;*.

. Points Connection. Finally, P;* vertices are
connected using a look-up table.

The error involved in all the surface extraction
process is the error introduced by the DiscMC, i.e.
an error of 1/2 of the cell edge size.

4 Simplified Surface Reconstruction

The main goal of a simplified surface reconstruc-
tion is to reduce the number of polygons used to
represent the surface while preserving the surface
connection (no cracks must be generated). In order
to do that, we propose a simplification technique for
each class of SO node and an adaptive crack patch-
ing strategy.
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Figure 2: The surface of the node is codified as
s(ni) ={E,— <0,1,0>,0.5,<1,0,0 >,0.5}.
(a) Intersection Point Computation; (b) Point Selec-
tion according the normal vector direction

4.1 Simplification Strategy

The vertices of the polygons of the surface inside a
node could be classified as (see figure 3): external if
they lye on one of the edges of the node or internal
if they are not external.

Based on this vertices classification the sim-
plification strategy eliminates all internal vertices
and generates the polygons connecting the external
ones. The critical point of this policy is to determine
how external vertices must be connected. To solve
this problem we have analyzed the possible situa-
tions and a specific solution is proposed for each
case.

Simplification of a TS node

When the simplification has to be applied to a TS
node, (n;). the surface can be obtained directly if
one of the following conditions is satisfied:

e n; is an E node with the edge isothetic (i.e. the
generated edge is parallel to one of the axis)
(see Figure 3(a)). In this case n; can be re-
duced to a face.

n; is E node with the edge no isothetic. In this
case, external points have to be detected and
the two planes required to connect them have
to be computed (see Figure 3(b)). The number
of planes is not reduced. There is a reduction
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Figure 3: Black and white circles corresponds to external and internal intersection points respectively. (a)
An Edge Node is reduced to a Face. (b) An Edge Node is represented as an Edge with a simplification on
the number of surface vertices. (c) A DoubleEdge Node is simplified as an Edge.

on the number of intersection points.

n; isa DE node, if the vertices of the generated
edges are internal, the node can be reduced to
an E node. Once the E is obtained, if it is iso-
thetic it is reduced to a F (see Figure 3(c).

n; s a B* node, with s(n;) =
{B*,mo, w1, w2}, and where mo corre-
sponds to the Face plane and 71,72 to the
Edge. The simplification is applied on the
Edge configuration as it has been previously
described. In the optimal situation the new
configuration corresponds to a B2 node.

If none of the previous situations is given, a se-
lection process identifies the set of external vertices
of the TS node. Then, a triangulation scheme is ap-
plied to connect them and generate the surface (see
section 4.3).

Simplification of a not TS node

When the node n; is not a TS node, in order to
detect the set of external vertices of n; the TS de-
scendant nodes are selected. Then, a triangulation
scheme is applied to properly connect them (see
section 4.3).

4.2 Crack Patching

A crack is a discontinuity that appears on common
faces between neighbor nodes, when the intersec-
tion points defining the surface do not match. Such
discontinuity generates a hole on the final surface.
To describe the patching strategy we denote the face
containing a crack as the crack face, and the points
causing the crack as crack points (see Figure 4(a)).

Our proposed crack patching strategy varies ac-
cording the relation between the crack face and the
user defined ROI. We classify the nodes as IN and
OUT, according to its relation with the ROI. An IN
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node is a node inside the ROI and it must be rep-
resented with maximal accuracy. An OUT node is
external to the ROI and it should have a simplified
surface reconstruction.

Observe that a crack face only could appear in
two situations:

(i) when it is the common face between a node
represented at maximal accuracy (TS node)
and a simplified node. In this case, the crack
is consequence of the elimination of internal
intersection vertices performed by the simpli-
fication strategy;
when it is the common face between two nodes
that have been simplified and represented at
different levels.

Based on the IN/OUT nodes classification the
crack patching is done as follows:

o if the crack appears on the common face be-
tween an IN and an OUT node, the patching
strategy is applied during the reconstruction of
the OUT node. Crack points are considered
as surface vertices. The coarser representation
(OUT node) is forced to match with the higher
one (IN node) (see Figure 4 (b)(c)).
if the crack appears on the common face be-
tween two OUT nodes, the higher representa-
tion is forced to match with the coarser one,
i.e. the points causing the crack are not con-
sidered on the surface representation process.
(see Figure 4(b)(c))

This strategy guarantees that IN nodes are always
reconstructed with maximal accuracy.

(i)

4.3 SimplRec Function

Summarizing, taking into account the simplifica-
tion and crack patching strategies that have been de-
fined, we propose the SimplRec function to
reconstruct the surface of an intersected node n; of
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Figure 4: (a) Cracks faces and crack points of node n;. (b) Patching strategy when the classification of
ni, n; and ng nodes respect to the ROI is OUT, OUT and IN, respectively. (c) Patching strategy when the
classification of n;, n; and ny nodes is IN, OUT and OUT, respectively.

level 1. This function is composed of the following

steps:

1. External Vertices Detection. Constrained by
the simplification strategy, the surface only has
to connect external vertices. Thus, the first
step is the detection of the n; external vertices.
Such selection varies according the configura-
tion of the n; node:

(i ) Ifn; isa TS node and its original config-
uration allows a simplification (because
some of the conditions defined in section
4.1 are satisfied) the set of intersection
points defining the surface are obtained
directly. Then, the Point Computation
Strategy and the Point Selection process
defined in section 4.1 are applied.

If n; isnota TS node or is a TS node that

could not be simplified, the external ver-

tices are selected on a SO traversal. n;

TS descendants are localized and, subse-

quently its external vertices are identified.

The set of external vertices is denoted as

P*

. Crack Test. The Crack Test compares vertices
polygons obtained from a node and from its
neighbors. When there’s no matching between
all the points crack faces are identified. Ac-
cording the situation of the crack face with re-
spect to the ROI, the crack points are consid-
ered members of P* or not.

. Points Triangulation. Finally, the set of P
points are triangulated. A look-up-table have

(if)
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been defined to proper counter clock-wise or-
dering them.

5 The Multiresolution |sosurface Fit-
ting Algorithm

In this section we present the algorithm to adap-
tively extract an isosurface from the SO data struc-
ture. The algorithm uses the reconstruction func-
tions defined in the previous section, ExactRec
and SimplRec.

The user-defined ROl is a simple 3D subregion of
the dataset domain. The algorithm detects and re-
constructs the nodes of the ROI, and then applies a
simplification and crack patching strategies to gen-
erate the surface outside the ROI. Let analyze both
steps in detail.

5.1 ROI reconstruction

The algorithm starts with the identification of in-
tersected nodes of the ROI. These nodes compose
what we call the C;,.
Starting at the coarsest level, SO nodes are recur-
sively processed and
o if the region covered by the n; node is com-
pletely internal to the ROI, the node is clas-
sified as IN. The n; TS descendant nodes are
detected and considered members of C;,.
e if the region covered by the n; node is com-
pletely external to the ROI, the node is classi-

OUT-OUT face



1.- ROI RECONSTRUCTION

2.- BORDER OF THE ROI

3.- BORDER OF THE BORDER'S ROI

Figure 5: The first steps of the reconstruction process applied to two spherical models

fied as OUT. No more of its descendants will
be processed.
o if none of the previous situations is given n;
descendants are evaluated
This process ends when all C;,, nodes have been
selected. To improve the SO traversal maximal and
minimal values of the region covered by the node
are stored [16].
To reconstruct the surface of the ROI, for each
n; € C;n the ExactRec function is applied.

5.2 Outer ROI Reconstruction

In the next phase, the surface outside the RO is re-
constructed. The process applied for such recon-
struction is represented in the following algorithm:
Ci = Cin
Repeat
DetectBorder (C;, Cout) ;
for each n; € Cout
SimplRec (n;) ;
Ci = Cout;
until Cout = NULL

where DetectBorder (IN:(C7, OUT:Co)
is a function that given a set of nodes C as input re-
turns the set of nodes Co, such that each n; € Co
satisfies: (i) n; ¢ Cr (i.e. the surface of the n;
has not been reconstructed); (ii) n; is an intersected
node; (iii) exists one n; € C; 18-connected (i.e. n;
is connected with a reconstructed node).
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The set of nodes returned by this function is what
we call border nodes of C;.

The process starts with the nodes of the ROI as
input of DetectBorder. The function returns
the border nodes that haven’t been reconstructed.
These nodes are reconstructed in a simplified man-
ner. Then, border nodes of this nodes are detected
and reconstructed. The process is repeated until
DetectBorder returns the NULL list, this situ-
ation is given when all the surface is reconstructed.

In figure 5 we have illustrated the three first steps
of the reconstruction process applied to two spheri-
cal models: first the region of maximal interest is re-
constructed, then border nodes of the ROI and then
the border of the ROI’s border.

6 Experimental Results

The proposed algorithm has been implemented on a
standard PC Pentium I1l at 450MHz with a NVidia
graphic card. Three data models have been used
for the tests: a CT-vertebra of 128x128x80; a CT-
scanned jaw of 256x256x40 and a sphere of 643,
First, we have considered the extremal situation,
in which all the volume has been considered of
maximal interest. In this case, the proposed al-
gorithm works as a classical surface decimation
method. The achieved reductions, on the number of
polygons if compared with the MC algorithm, are:
a 48%, in the best situation, the CT-vertebra (see
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Figure 6: A lateral view of the CT-jaw modifying the ROI.

Figure 8); a 38% on the CT-jaw (see Figure 7); and
a35% on the 642 sphere. Timing results, including
all the phases of the process, (surface octree con-
struction, merging process and surface extraction),
are: 4.5, 6.3 and 2.4 seconds for the CT-vertebra,
CT-jaw and the sphere respectively.

The 64° sphere, has been used to compare the
proposed algorithm with the DiscMC algorithm [9]
and with Yagel’s decimation method [13]. Best re-
sults are obtained with the DiscMC, with a degree
of simplification of 76% with respect the MC algo-
rithm. In our method the degree of simplification is
of 35%, the same obtained by Yagel’s. Note that,
differently of DiscMC, we are forced to apply the
simplification on the regular regions defined by the
nodes of the octree. However, although our degree
of simplification is lower, our method obtains tri-
angulated representation that should posses a more
regular shape than the ones produced by the Dis-
cMC, which usually are composed of very thin tri-
angles.

Figure 7: The CT-jaw model

In Figure 6 a multiresolution reconstruction of
the CT-jaw is shown The ROI has been modified.
The degree of simplification on the number of poly-
gons, if compared with Figure 6(a) with 263.252
faces, are of 30% in figure 6(b) , 45% in figure
6(c) and 54% in figure 6(d). When changing the
ROI, previous computations can be used, i.e. not
all the tree nodes have to be recalculated. Thus, the
technique is well-suited to perform interactive nav-
igations with very complex surface where the user
could modify on-line the ROI.

Figure 8: A CT-vertebra reconstructed with the
Marching Cubes and extracted from the Surface Oc-
tree.
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7 Conclusions and Future Work

We have presented an algorithm to adaptively ex-
tract a surface from an SO data structure. The SO
is an extension of the classical octree used to main-
tain a decimated codification of a surface in a set
of terminal nodes distributed at different levels of
the octree. The surface is reconstructed from a set
of nodes selected according its distance to a region
of interest. The algorithm reconstructs the surface
of maximal interest nodes with maximal accuracy.
Non interesting nodes are reconstructed in a sim-
plified manner. To guarantee the correctness of the
reconstructed surface a crack patching strategy has
been defined.

In spite of the fact that implementations could
be further optimized, the experiments show the ef-
ficiency of the proposed multiresolution method.

The work presented here is part of the hybrid
framework described in [2]. The connection be-
tween surface and volume data preserved in the SO
data is exploited to support multiresolution surface
and volume data renderings. Our future work will
be centered on the definition of a multiresolution
hybrid renderer that extends the work presented in

(3]
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