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This paper presents a new approach for generating coarse-level approximations of topologically complex models. Dramatic
topology reduction is achieved by converting a 3D model to and from a volumetric representation. Our approach produces valid,
error-bounded models and supports the creation of approximations that do not interpenetrate the original model, either being
completely contained in the input solid or bounding it. Several simple to implement versions of our approach are presented
and discussed. We show that these methods perform significantly better than other surface-based approaches when simplifying
topologically-rich models such as scene parts and complex mechanical assemblies.
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1. INTRODUCTION

The main goal of geometry simplification algorithms is to transform a given geometric model into a new
representation featuring less geometric complexity while preserving important object features and
minimizing some error function. These simplified representations either replace the original model or
are arranged into several level-of-detail (LOD) representations with varying accuracy and complexity.

Over the last few years, many different approaches for surface simplification have been proposed.
One of the main caveats of current techniques concerns the simplification of groups of objects and
mechanical assemblies. As noted by Varshney [1997], most of the current simplification techniques
seem to be optimized for small numbers of high-complexity, densely-tessellated objects such as terrains
and digitized surfaces, rather than for hundreds of simple objects forming a topologically-rich assembly.
Most surface simplification methods are unable to modify the topology of the model [Varshney 1997].
Unfortunately, the amount of geometric reduction and the quality of the simplified models are severely
affected by topology preservation, therefore these methods usually do not perform well on topologically-
complex models. A few methods attempt topological simplification (reviewed in Section 2) but they are
based on error metrics defined on the boundary surface of the objects and they cannot solve the topology
simplification problem in general, complex surfaces [Anddjar 1999].

On the other hand, model integrity issues, such as guaranteeing the two-manifold condition on the
simplified model, have not received too much attention because these aspects do not play a critical role
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in visualization-oriented models. Most incremental methods (e.g. [Schroeder et al. 1992; Cohen et al.
1996]) proceed through a sequence of local reduction transformations starting from the initial mesh,
which forces them to be quite sensitive to the way the input surface is tessellated, and thus to preserve
input degeneracies such as small cracks, double walls, self-intersections and dangling parts. These
features keep output models from being suitable for other applications besides visualization, such as
approximate occlusion culling [Andugjar et al. 2000], global illumination [Rushmeier et al. 1993] and
query acceleration [Veltkamp 1992].

In this work we present a new method for geometry simplification which addresses the above prob-
lems. The key ingredient of our approach is an intermediate volumetric representation and the corre-
sponding algorithms for converting the input model to and from this representation. The remainder
of this paper is organized as follows: Section 2 surveys some previous work on geometry simplification
focusing on topology-reducing methods. Section 3 states the problem being addressed and provides
a conceptual distinction between surface-metric simplification and solid-metric simplification. A new
method for stable topology simplification, called TDPS, is presented in Section 4. In Section 5 some
results are discussed and compared with existing methods. Finally, Section 6 provides some concluding
remarks and future work.

2. RELATED WORK

Surface simplification literature has focused mainly on simplification algorithms tuned for highly-
tessellated, topologically-simple surfaces, which are frequently modeled as triangular meshes. Methods
based on wavelets [Eck et al. 1995; Gross et al. 1996] require the input surface to have special subdivision
properties and exhibit inherent limitations for modifying the genus and connecting disconnected shells.
Most others methods follow a top-down strategy, performing face reduction directly on the mesh by
the iterative application of reduction operators such as vertex removal [Schroeder et al. 1992; Soucy
and Laurendeau 1996], edge collapse [Hoppe 1996; 1997; Ronfard and Rossignac 1996; Guezic 1996],
face removal [Hamann 1994] or superfaces merging [Kalvin and Taylor 1996]. All these algorithms
have been designed to preserve the original topology of the mesh. The interested reader can consult
the work by Cignoni et al. [1998] for a comparative survey on these algorithms. In the rest of this
section we will concentrate our attention only on those simplification methods that attempt topological
simplification.

Vertex clustering methods group nearby vertices into clusters, then replace all vertices inside a cluster
by a single vertex. Rossignac and Borrel [1993] present a simple yet efficient algorithm that subdivides
the model by a uniform grid and uses a vertex clustering approach within each grid cell. Low and
Tan [1997] and Luebke and Erikson [1997] improved this method by extending the shape and location
of clusters. Low and Tan [1997] replace the uniform grid by arbitrary-shaped floating cells that are
constructed by sorting the vertices on their importance, and then iteratively letting the most important
vertex be the center of a new cluster, thus making Rossignac and Borrel’s method less susceptible to
producing artifacts resulting from a particular alignment of the cell boundaries. Luebke and Erikson
[1997] presented a dynamic algorithm for view-dependent simplification which uses an octree structure
for storing a hierarchy of potential vertex clusters. All these vertex-clustering methods allow topological
changes in regions with nearby vertices lying within a cluster, but they tend to produce simplified models
exhibiting dangling elements and do not guarantee the two-manifold condition.

Pair contraction methods proceed by the iterative elimination of geometric entities through a local
transformation (sometimes called vertex collapse or vertex unification) consisting in joining a pair of
vertices not necessarily connected by an edge. These methods differ basically on the decimation criteria
adopted. Garland and Heckbert [1997] use quadric error metrics for their simplification algorithm based
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on vertex collapses. Candidates for collapse are any two vertices that are within a user specified distance
threshold or are connected by an edge. Garland and Heckbert’s work has inspired other methods based
on pair-contraction [Erikson and Minocha 1998; 1999]. Popovic and Hoppe [1997] extend Progressive
Meshes by Hoppe [1996] and select candidate vertices using a cost function that includes a measure
of distance to the original surface as well as a term that penalizes contractions that would merge ver-
tices having different appearance properties. El-Sana and Varshney [1999] describe a pair-contraction
method suitable for selective refinement. A Delaunay tetrahedralization of a subset of the vertices is
computed, and candidate vertices for pair contraction are those sharing a Delaunay edge. Schroeder
[1997] presents a further development of a previous decimation algorithm [Schroeder et al. 1992] that
works with invertible operations allowing topology reduction and progressive mesh representation.
All the above pair-contraction methods allow topological changes in regions with nearby vertices, but
they do not identify and remove triangles that become internal after genus reductions. Furthermore,
pair-contraction methods create non-manifold vertices.

El-Sana and Varshney [1998] proposed a controlled topology simplification scheme based on the notion
of alpha-hulls which extends a previous genus-reducing approach [El-Sana and Varshney 1997]. Alpha
prisms are constructed in regions with holes and cavities, and their union is performed by computing
their pairwise intersections. Several heuristics are used for identifying regions to be tessellated. This
method nicely reduces the genus, removes protuberances and fills cracks, but it does not support ag-
gregation and it does not handle certain degeneracies such as coincident polygons and self-intersecting
meshes.

Volume-based methods achieve topology simplification by converting a 3D model to and from a vol-
umetric representation. Ayala et al. [1995] presented a simplification algorithm using an octree as
the intermediate model. A two-manifold surface is computed from the octree by a discretized, orthog-
onal version of Marching Cubes [Lorensen and Cline 1987]. Unfortunately, some parts of the octree
called non-regular regions were reconstructed separately thus this method increased the number of
components of the original model. Andujar et al. [1996] extended this method to arbitrarily-oriented
models by a further decimation of the reconstructed surface, but the method was not simple to im-
plement and it sill had the non-regular regions problem. He et al. [1995] proposed a similar topology
reduction strategy which is based on discretization into volume rasters followed by isosurface extrac-
tion. First, the input solid is sampled and low-pass filtered resulting in a 3D grid from which the final
surface is generated by applying an isosurface extraction algorithm. The extraction method adopted in
Heet al.[1995] is the original Marching Cubes, and an improved version is used in a further development
[He et al. 1996]. The approach of He et al. greatly reduces the topology of the model, but it tends to
produce verbose representations.

3. PROBLEM STATEMENT

The aim of this work is to contribute to the simplification of complex models and assemblies by pro-
viding a topology-reducing algorithm whose output is suitable not only for visualization but also for
interference detection, global illumination and query acceleration.

A generic approximation problem is defined as follows. Given a solid P and an error parameter ¢ > 0,
compute a polyhedral approximation P’ such that (a) P’ is a valid boundary representation of a solid,
(b) the maximum distance between P and P’ is at most ¢, (¢c) P’ exhibits less geometric complexity than
P, and (d) P’ exhibits topological complexity less than or equal to that of P (measured as the number
of connected components of the solid).

The problem we address differs from classic surface simplification because we measure distances
between solids, not just between their boundary surfaces. The remainder of this section discusses

ACM Transactions on Graphics, Vol. 21, No. 2, April 2002.



N
L[]

C. Andllar et al.

@

Fig. 1. Agreggation of two cylinders: (a) two nearby cylinders; (b) wireframe representation of these cylinders showing that they
are actually disconnected; (c—d) result of aggregating the two cylinders. Note that the middle point of the red disk, which is on
the surface of the original model, is far from the surface of the merged model.

the key differences between classic surface simplification and the solid simplification problem being
addressed.

With a few exceptions [He et al. 1995; 1996], almost all surface simplification methods use metrics
and geometric criteria based on the points of a surface, that is the domain of the distance function is a
subset of the boundary points of S and S’; such metrics will be referred to as surface-metrics.

For example, the surface-metric version of the Hausdorff distance is defined as follows,

don(S, 8") = max(dn(3S, 88"), d(3S’,98)), D

where 39S denotes the boundary of S and dj(A, B) is the directed Hausdorff distance from A to B, i.e.
maxgca(mingeg(dist(a, b))).

As shown in Figure 1, surface-metrics are not suitable for the simplification of complex assemblies
because they strongly limit the amount of topology reduction. Consider, for example, the two cylinders
shown in Figure 1-a. A surface-metric such as the surface-Hausdorff distance keeps simplification
algorithms from merging the two cylinders into a single solid (Figure 1-c) because the surface-Hausdorff
distance would report an approximation error equal to the length of the radius of the red circle shown
in Figure 1-d.

Our approach uses a different domain for evaluating the approximation error. We use metrics based
on the points inside the solid. Such metrics will be referred to as interior metrics or solid-metrics. The
solid-metric version of the Hausdorff distance will be referred to as solid-Hausdorff and is defined as
follows (where iS denotes the closure of the interior of S):

din(S, ) = max(d,(iS,18"), dn(iS’,iS)). (2)

Note that, unlike d,,, d;, reports a relatively small approximation error between the separated
cylinders and the connected solid of Figure 1, thus allowing the aggregation of the two pointsets.

Since the domain pointset defines the space of possible solutions for a given error parameter and
exerts such a strong influence upon the result of the simplification process, it has been suggested
[Andudjar 1999] that each family of error metrics actually corresponds to a different problem. More
specifically, simplification methods based on surface-metrics are in fact concerned with a subproblem
of geometry simplification that can be referred to as surface-metric simplification. Since the disparity
between the original surface and the simplified one is measured by surface-metrics, the goal of surface
simplification is to calculate a less complex surface that approximates the original one within a tolerance
bound around the surface.

Our approach to the geometry simplification problem derives from solid-metrics and will be referred
to as solid-metric simplification. Unlike surface-metric simplification, solid-metric simplification deals
with 3D solids and takes into account the region enclosed by a two-manifold surface. Solid-metric simpli-
fication applications make us somewhat less concerned with preserving surface appearance attributes
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Table I. Surface-Metric Simplification vs. Solid-Metric Simplification

Surface simplification Solid Simplification
Underlying entity surface (2D) solid (3D)
Error metric points on the surface points inside the solid
Topology simplification very limited high degree of freedom
Model validity relaxed enforced
Previous work intense research papers are still rare
Applications visualization-oriented visualization, collision detection,

i

#

occluder synthesis. . .

s

such as curvature and color, whereas validity-preservation becomes crucial. The differences between
surface-metric and solid-metric simplification are summarized in Table I.

4. TRIHEDRAL DPS

This section describes a topology-reducing simplification algorithm called Trihedral DPS (TDPS) which
belongs to the class of algorithms modeled by the discretized polyhedra simplification (DPS) framework
described in Andujar [1999]. DPS models a family of simplification methods that achieve aggregation
and genus reduction by converting a 3D model to and from an octree-based volumetric representation.
This fact makes our approach completely insensitive to the way the input surface is tessellated and
hence to the typical degeneracies of 3D models.

4.1 Algorithm Overview
The TDPS method proceeds through three major steps described graphically in Figure 2:

—Discretization
During discretization (Section 4.2), the L-level octree representation of the input model is computed
for a given positive integer L. Note that, as in any hierarchical space decomposition model, the
removal of the deepest level of the octree has the effect of doubling the size of the terminal nodes and
hence decreasing its accuracy. Consequently, an L-level octree can be viewed as a multiresolution
series of octree representations ranging from Op, to 01, where the subindex denotes the level of the
tree at which octree nodes are considered to be leaves.

—Reconstruction
The reconstruction step (Section 4.3) consists in the extraction of a polyhedral surface from an octree
representation. This process is applied iteratively to Or, ... O yielding a series of polyhedral models
Ry, ... R; with decreasing accuracy and complexity.

—Face reduction
The face reduction process (Section 4.4) further simplifies the surface extracted from the octree.

4.2 Discretization

The discretization step consists in the construction of an intermediate octree representation Oy, cor-
responding to the input solid P. We use a variant of the classical octree representation [Samet 1990]
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Fig. 2. Algorithm overview. From left to right: original polyhedron, multiresolution of octrees (some front GREY nodes have
been culled to keep BLACK nodes visible), reconstructed models and final multiresolution.

called maximal division classical octree (MDCO) [Brunet and Navazo 1990; Ayala et al. 1985]. AMDCO
uses a recursive subdivision of a cubic universe into eight octants that are arranged into an 8-ary tree.
Nodes corresponding to cubic regions completely inside the object are labeled as BLACK (B) and nodes
completely outside the object are labeled as WHITE (W). WHITE and BLACK nodes are not further
subdivided. Nodes containing a part of the boundary are labeled as GREY (G) and are recursively
subdivided up to a certain level L, resulting in TERMINAL GREY (TG) nodes. The boundary of the
cubes associated to octree nodes are defined so that TG nodes corresponding to connected regions are
6-connected [Andujar 1999].

Classical octree construction from a BRep is a well known problem based on a simultaneous space
subdivision and clipping of the boundary of the polyhedron [Brunet and Navazo 1990]. We start with a
single GREY node n representing the bounding cube of the 3D model and then we recursively subdivide n
until the maximum depth L has been reached. At each step, the geometry intersected by n is distributed
into the eight sons following the algorithm presented by Brunet and Navazo [1990]. Each son is labeled
according to its interior geometry. If the son node does not contain any geometry, then it must be
either completely inside or completely outside P thus it is labeled as NON-GREY and it is not further
subdivided. Otherwise, it is labeled as GREY and is recursively subdivided.

After the subdivision process, NON-GREY nodes are segmented into BLACK and WHITE nodes. In-
stead of performing a point-inside-solid classification as in Brunet and Navazo [1990], we use the robust
seed algorithm presented in Andujar [1998] which labels as WHITE those NON-GREY nodes that can
be reachable following a 26-connected path from a boundary NON-GREY seed. After all WHITE nodes
have been identified, the remainder NON-GREY nodes are considered to be BLACK. This segmentation
allows TDPS to remove interior cavities and to accept degenerate models as input.
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(2) (b) (c)

Fig. 3. Feasible reconstruction in TDPS: (a) input model (three components); (b) interior section of the octree showing node
classification; (c) feasible reconstruction (one component).

4.3 Reconstruction

The reconstruction step consists in the extraction of a polyhedral surface R from each octree represen-
tation O;,. Before describing the reconstruction algorithm, we first discuss how to guarantee a precise
error bound in terms of the solid-Hausdorff distance.

The error bound of the reconstructed solid R with respect to the original solid P is guaranteed by
constraining R to lie inside a particular subset of octree nodes. Given a MDCO O, a restrictor is a
classification rule for which, nodes must be traversed by the boundary of R, which nodes must be
completely inside R, and which nodes must be completely outside R, in order to fulfill a given error
distance. A restrictor can be seen as an outer boundary and an inner boundary (similar to simplification
envelopes [Cohen et al. 1996]), defined in terms of the union of octree nodes.

Several restrictors have been discussed in Andujar [1999]. We have adopted the in-restrictor, which
distinguishes between border and interior TG nodes. A TG node is said to be border (BTG node) if at
least one of its 26-neighbors is WHITE. Otherwise, the TG node is said to be interior (ITG node). The
in-restrictor establishes that the output solid R has to be reconstructed in such a way that (a) BLACK
and ITG nodes are completely inside R, (b) WHITE nodes are completely outside R, and (c) all BTG
nodes are intersected by the boundary of R (see Figure 3). Since we aim at minimizing the number of
connected pointsets, we also add a further requirement: for any two BTG nodes, if they are 6-connected,
then they must be intersected by a single connected faceset of R (i.e. we require maximally connected
facesets in R).

A solid R fulfilling the above conditions is said to be feasible, and this is a sufficient condition for
the solid-Hausdorff distance between R and the original polyhedron to be bounded by the length of
the diagonal of a TERMINAL GREY node [Andujar 1999]. Consider for example, an L-level octree Oy,
representing a cubic universe of size U, U being the length of its main diagonal. The length of the
diagonal of its TG nodes is ¢ = S/2L~1. Therefore, the solid-Hausdorff distance between the original
polyhedron and the reconstructions provided by this octree is guaranteed to be bounded by &. For
instance, L = 8 means a 0.78% error threshold.

Topology simplification is also controlled through the size of TG nodes. Two originally disconnected
pointsets A and B will be aggregated in those regions where nodes in BTG(A) are 6-adjacent to nodes in
BTG(B) (see Figure 8). A through hole (often called a tunnel) is closed (and therefore genus is reduced)
in those regions where its TG nodes form a single 6-connected component (i.e., when terminal nodes
are large enough to keep white nodes from appearing inside the hole, see Figure 9).

Therefore, both geometry and topology simplification are controlled through the size of TG nodes,
which in turn depends on the user-defined maximum octree depth L. Our results demonstrate that
controlling the topology reduction through the size of octree nodes is quite intuitive. Although topo-
logical changes are a little sensitive to octree alignment, in practical cases these changes are easy to
predict.
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Fig. 4. The 14 equivalence classes.
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Fig. 5. Triangular reconstruction of non-ambiguous classes.

Given a MDCO O, our reconstruction algorithm computes a feasible triangle mesh R by first con-
verting O into a 3D digital picture and then extracting an isosurface from it (see Figure 8-f). A 3D
digital picture is a set of points (called lattice points) arranged into a regular grid. Digital pictures are
often converted into 3D surfaces by using beveled-form algorithms such as marching cubes [Lorensen
and Cline 1987]. These algorithms consider the cube defined by eight adjacent lattice points. There are
256 possible configurations of such a cube regarding the color at its eight vertices. These configurations
can be grouped by means of symmetries into the 14 equivalence classes shown in Figure 4. The surface
inside each cube is assumed to intersect those edges whose end-points have different color, and it is
reconstructed through a look-up table which describes the reconstruction of each equivalence class.
Some classes are non-ambiguous (Figure 4, classes 1, 2, 5, 8, 9 and 11) whereas other classes accept two
topologically-different reconstructions (Figure 4, classes 3, 4, 6, 7, 10, 12 and 13) and caused topological
inconsistencies in the original marching cubes.

The computation of the digital picture starts with a traversal of the MDCO looking for BTG nodes.
Each BTG node n is subdivided into eight octants denoted as n;_g. The color at each corner of the
octants is computed by simply labeling as WHITE those corners which have contact with a WHITE
node and labeling as BLACK those corners which do not. Fortunately, the digital picture computed
by the above color definition only includes the non-ambiguous classes numbered as 0, 1, 1 (the bar
indicates the inside-outside complement), 2, 2, 5, 5, 8 and 9 in Figure 4, thus no explicit disambiguation
method is required. The actual reconstruction of each of these classes is shown in Figure 5. Note
that the intersection point on stabbed edges is always at the midpoint of the edge [Montani et al.
1994].

The extracted surface R is guaranteed to be feasible, therefore the solid-Hausdorff distance between
R and the original polyhedron is bounded by the length of the diagonal of TG nodes. In fact, R is enclosed
inside the region confined between the White Surface and the Black Surface, which are defined below.
Given a MDCO O, the White Surface WS(O) is the cuberille surface [Fuchs et al. 1989] that separates
WHITE nodes from the rest of nodes. Symmetrically, the Black Surface BS(O) is the cuberille surface
that separates BLACK and IT'G nodes from the rest. These discrete surfaces can be seen as outer and
inner bounds respectively, within which a two-manifold surface completely confined inside BTG nodes
can be found (see Figure 3).
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MDCOs also provide a convenient framework for non-penetrating simplification, that is approxima-
tions completely bounding or completely enclosed inside the input solid. The octree transformation
required for providing bounding approximations is as follows. Before the reconstruction step, TG are
converted to BLACK, and WHITE nodes 26-adjacent to new BLACK are converted to TG (suppose that
WHITE nodes have been subdivided). This operation guarantees that the feasible reconstruction com-
puted from this new enlarged octree is a bounding volume of the input solid. Likewise, if TG become
WHITE and 26-adjacent BLACK nodes become TG, then reconstructed solids will be enclosed inside
the input solid.

4.4 Face Reduction

The aim of the face reduction step is to further reduce the geometric complexity of the extracted solid R
while preserving its validity. Our face reduction differs from classic surface simplification in many ways.
TDPS face reduction starts with a valid two-manifold solid whose geometry, incidence and topology has
been transformed so that (a) the new surface inside each MDCO node is quite simple, and (b) it exhibits
less topological complexity since those parts of the boundary which were not visible from the outside
have been removed, small through holes have been closed, and nearby disconnected parts have been
merged into a single component. A key aspect is that our face reduction is not concerned about changing
the topology of R, an operation that would involve primitives such as pair-contraction, which create
non-manifold boundaries.

TDPS uses an incremental simplification approach based on the edge-collapse operator (see Figure 7).
We have adapted the geometric criteria proposed in Garland and Hekbert [1997] and Lindstrom and
Turk [1999] along with the use of restrictors. After each local update, the new surface is required to be
feasible, that is it must stab all BTG nodes and it must enclose a 3D volume containing all BLACK and
ITG nodes. Since face reduction starts with a reconstructed surface that feasible, we need to guarantee
that each local update of the surface preserves this condition. A local update on surface S replaces a
group of faces F' € S with another group of faces F’ covering the same area. Such an update is accepted
if (a) all the octree nodes intersected by F’ are labeled as BTG, and (b) for each node n intersected by
F, if n is not intersected by F’ then n is intersected by S — F', so the new surface S’ =(S — F)U F' is
feasible [Andgjar 1999].

Before the face reduction step, we relax the vertices of the reconstructed surface R by the iterative
application of an attracting force defined via the gradient vector [Ohtake and Belyaev 2001]. The
relaxation process stops before surface R intersects a non-BTG node. We use a positive parameter t for
scaling the attracting forces. In our implementation 7 is set so that only 4-5 iterations are performed.

4.5 Alternative Orthogonal Reconstruction

As shown in Section 5, the simplification method described above, produces reasonably good results on a
wide range of 3D models. However, a reconstruction providing support to nontriangular faces would lead
to more concise approximations of those octrees having large linearly-separable regions. This section
introduces an alternative reconstruction which is able to produce models involving non-triangular faces
(see the third column of Figure 2).

Given a MDCO, the a-inner offset of its White Surface is defined as W © C,, where WV denotes the
set of non-WHITE nodes (i.e. B and TG nodes), ‘©’ is the Minkowski substraction operator and C, is a
cube of length 2L« centered at the origin, L being the side of a TG node. For 0 < « < 1, inner offsets
define a continuous series of orthogonal polyhedra between the White Surface (0-offset) and the Black
Surface (1-offset). It can be shown that 0 < o < 1/2 is a sufficient condition for an inner-offset to be a
feasible two-manifold [Anddjar 1999].
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Fig. 6. Orthogonal reconstruction of non-ambiguous classes.
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Fig. 7. Edge-collapse and its dual primitive, face-merge.

Our orthogonal reconstruction algorithm generates the %—inner offset by just using the lookup table
shown in Figure 6. The extracted surface contains a large number of adjacent coplanar faces which
can be merged into large nontriangular faces. This compactation step can be greatly optimized by first
computing the geometry of the orthogonal reconstruction R as a list of vertex coordinates, and then con-
necting these vertices into edges, loops and faces by a domino-like algorithm which performs an ordered
traversal of coplanar vertices. We have implemented the algorithm described in Brunet and Navazo
[1990] because of its simplicity, although other efficient methods exist [Montani and Scopigno 1991].

The extracted surface R is guaranteed to be feasible and involves orthogonal faces with an arbitrary
number of rings and vertices, although its incidence graph is far simpler than arbitrary Polyhedral mod-
els, because all its vertices have degree three.! This model is topologically equivalent to that produced
by the triangular reconstruction described in Section 4.3.

Our face reduction approach for orthogonal solids is based on an extension of the classic coplanar
face-merge [Kalvin et al. 1991; Montani et al. 1994] called generalized face-merge. The generalized face-
merge is the dual equivalent of the edge-collapse (see Figure 7). It accepts as input, two adjacent faces
(not necessarily lying on the same plane) and then merges them into a single face. Since the input faces
are not generally coplanar, the orientation of the new face determines the position of its vertices, which
must be recomputed by intersecting the planes of its corresponding faces (in the above orthogonal solid
there are only three planes sharing a vertex).

Incremental simplification of orthogonal solids proceeds by the iterative application of the extended
face-merge transformation. First, we sort the edges of the reconstructed surface into a priority queue
according to the degree of its two incident faces f1 and f3 [Andajar 1999]. We have adopted a low-degree
criterion because it is very fast to compute and it usually improves the output quality. This criterion
contrasts with the purely geometric criteria used for triangle meshes. However, these geometric criteria
tend to lead orthogonal solids to reach local minima faster than the low-degree criterion [Andgjar 1999].
In order to merge faces f1 and [, a plane IT stabbing all nodes intersected by /1 and f3 can be computed
in optimal O(n) time using the linear programming technique presented in deBerg et al. [1997], n being
the number of MDCO nodes traversed by f1 and fs [Anddjar 1999]. As in the original face reduction
step, after each local update the new surface is required to be enclosed inside the set of BTG nodes.

5. RESULTS

TDPS has been implemented and tested on a number of polyhedral models with varying shape and
complexity. Figure 8 shows the output of TDPS on a basketball model with 23,730 faces that has

1Some vertices have degree six, but they can be trivially split into two vertices of degree three [Andtdjar 1999].
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(d) (e) ®

Fig. 8. Results of TDPS for the basketball model: (a-b) original model (23,730 t); (c) original model and its 8-level TG nodes;
(d—e) simplified model (1,797 t); (f) detail of the surface reconstructed from the octree, before decimation.

been selected for demonstrating aggregation. Note that the three disconnected basketballs have been
merged in those regions where their corresponding TG nodes are 6-adjacent. Figure 8 is also a good
example of the fact that our method is able to both increase and decrease the genus. In fact, the input
model has three 0-genus components, whereas the result has a single 1-genus component. This is just
a consequence of allowing the aggregation of parts belonging to the same pointset.

Figure 9 shows the output of TDPS on a mechanical piece model with 14,832 faces that has been se-
lected for demonstrating genus simplification. Note that some small holes have been closed, particularly
in those regions where no WHITE nodes appear inside the hole.

Figure 10 shows the output of TDPS on several complex models. The first three models have been
simplified using an 8-level octree which guarantees the error to be bounded by the 0.78% of the diagonal
of the cubic universe, which in our implementation is about 25% larger than the bounding box of the
model. The engine model has been simplified using a 9-level octree guranteeing a 0.39% bound. Note
that most of the piping of the factory model (20,794 faces) has been transformed into large cylindrical
parts, showing the effects of aggregation. Topology reduction is even more dramatic in the piping model
(1,976 objects, 34,532 faces), the truck model (47,817 faces) and the engine model (140,113 faces), which
after simplification had only a single connected component. Although octrees used for discretization
are axis-aligned, the output surface is reasonably good in non-orthogonal regions.

Table IT shows the running times for the three main steps of TDPS on a Pentium IIT 800MHz processor.
Note that discretization is the only process that is sensitive to the number of faces of the input model.
Reconstruction and face reduction processes basically depend on the number of BTG nodes of the
octree, which in turn depends on the maximum octree depth. Our experiments show that increasing
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Fig. 9. Results of TDPS for the mechanical piece: (a—b) original model (14,832 t); (c) original model and its 7-level TG nodes;
(d—e) simplified model (4,860 t); (f) surface reconstructed from the octree, before decimation.

the octree level by one unit causes the running times of the reconstruction and face reduction steps to
be approximately multiplied by 4.

There are a few cases where the alternative reconstruction described in Section 4.5 is able to pro-
duce slightly better results in terms of both face reduction and sharp edge preservation. Particularly,
the orthogonal reconstruction is suitable for those octrees having large linearly-separable regions, for
instance, octrees corresponding to orthogonal and 2.5D solids.

Figure 11 shows the output of the orthogonal version of TDPS compared with the results of Jade
which implements the incremental mesh simplification technique described in Ciampalini et al. [1997].
To draw the comparison, we had to triangulate both the mechanical piece (1,366 faces resulting in 2,728
triangles) and the models returned by TDPS. We have selected the Metro tool described in [Rochini et al.
1996] for computing the resulting approximation error. Figure 11 shows the results of each method with
increasing tolerances. The model on the left is the original model with the color-coded approximation
error. The error distribution is similar in most levels, although in very coarse levels the average error
is greater on the TDPS output. Note that the Metro tool estimates the error from boundary points
and TDPS is based on interior points, therefore Metro overestimates the solid-Hausdorff distance in
topologically simplified regions of TDPS outputs.

TDPS produced, after triangulation, fewer triangles than mesh decimation in accurate approxima-
tions, but more triangles in coarse ones (first three columns of Table III). The key for explaining the
results on the last two levels is found in validity preservation. TDPS generated valid two-manifold
solids without self-intersections at all levels. The preservation of closed, non-self-intersecting bound-
aries slightly limits the amount of geometry reduction especially when working with high error toler-
ances. Running times on a MIPS R4600 SGI workstation are shown in the last columns of Table III.
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Fig. 10. Results of TDPS for complex test models: (a—b) factory model (20,794 t) and TDPS output (4,751 t); (c—d) ship model
(34,532 t) and TDPS output (11,948 t); (e—f) truck model (47,817 t) and TDPS output (9,320 t); (g-h) engine model (140,113 t)
and TDPS output (17,497 t).
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Table II. Running Times of TDPS on the Test Models

Model Octree depth | Discretization | Reconstruction | Face reduction Total
Mechanical piece (14,832 f) 7 558 24s 3.8s 11.7s
Basketballs (23,730 f) 8 12.1s 143 s 195s 459 s
Factory (20,794 f) 8 10.6 s 7.6s 7.1s 25.6 s
Ship piping (34,532 f) 8 22.9s 9.3s 11.7s 439s
Truck (47,817 f) 8 26.5 s 7.7s 7.8s 42.0s
Engine (140,113 ) 9 118 s 66 s 64 s 248 s

(b) Jade output (217 t)

(c¢) TDPS output (132 t) (d) Jade output (161 t)

(e) TDPS output (116 t) (f) Jade output (80 t)

Fig. 11. Results of the orthogonal version of TDPS and Jade for the mechanical piece.

Note again that, in contrast to Ciampalini et al. [1997], our implementation of TDPS has running times
inversely proportional to the tolerance, because its cost depends basically on the octree depth.

Figure 12 shows the results of the orthogonal version of TDPS on a VCR model with 25,396 faces and
68 shells, that has been selected to show the reduction ratio for very coarse approximations. Output
approximations (151, 26 and 19 faces) involve non-triangular faces.
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Table ITII. Results of TDPS and Jade on the Mechanical Piece

Depth #f TDPS #t Jade | Error param | TDPS times | Jade times
8 122 (248 t) 294 0.6% 1 min 52 s 53 s
7 86 (176 t) 217 1.2% 24 s 55 s
6 64 (132 t) 161 2.1% 6s 1 min
5 56 (116 t) 80 4.5% 2s 1min3s
4 34 (68 t) 59 6.1% 0.6s 1min5s

— ) \
\
\

— —l
(2) (b) (c) (d)

Fig. 12. TDPS results on the VCR model: (a) original model (25,396 f); (b—d) simplified models with 151, 26 and 19 faces.

/

Table IV. Comparison of TDPS with other Topology-Reducing Methods. VC Stands for

Vertex-Clustering [Rossignac and Borrel 1993; Low and Tan 1997; Luebke and Erikson

1997] and pair-contraction methods [Garland and Heckbert 1997; Erikson and Minocha

1998, 1999; Popovic and Hoppe 1997; Shroeder 1997]; a-hulls refers to the El-Sana and
Varshney [1998] method.

Feature VC | a-hulls | He et al. [1995] | Ayala et al. [1995] | TDPS

Strict error bound * * * *
Aggregation * * * *
Genus simplification * * * * *
Removal of internal structures *
Sensitive to original tessellation * *

Support to bounding approximations *
Two-manifold output regardless of input * * *

Table IV compares our approach with previously reported methods focusing on the main aspects of
solid simplification. Vertex-clustering methods (represented by Rossignac and Borrel [1993] in Table IV)
also rely on defining cells inside which the geometry is arbitrarily collapsed. However, geometry recon-
struction in DPS methods is based on cell neighborhood instead of directly collapsing the input geometry,
which is the key for guaranteeing valid two-manifold outputs. Pair-contraction methods allow a finer
control for topology modifications, but these modifications are still restricted to regions with nearby
vertices, and output models involve non-manifold vertices.

The simplification envelopes approach presented in Cohen et al. [1996] uses an offset surface that
covers both sides of the input surface for error control. Offset surfaces are suitable for bounding the
surface-Hausdorff distance but not for the solid-Hausdorff distance. In TDPS, such offset surfaces are
replaced by the discrete offset volumes provided by the cells of the MDCO. These inner and outer
bounds can be seen as a discrete version of the alpha-hulls proposed by El-Sana and Varshney [1998].
However, TDPS requires no heuristics to detect regions with holes and relevant cavities; it is completely
insensitive to the tessellation of the input surface and it scales very well as the polygon count increases.

TDPS is specially suitable for LOD-based applications where surface appearance preservation is not
as important as topology reduction, such as indirect illumination, collision detection, occlusion analysis,
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Fig. 13. Bounding approximations of the mechanical piece model: (a,c) bounding approximations with 46 and 21 faces; (b,d)
original models (shaded) and their bounding approximations (wire).

multiresolution robust boolean operations, acoustic modeling, and query acceleration. In occlusion syn-
thesis, TDPS provides a simple way of computing big occluders from a complex scene. Due to its ability
to produce bounding and bounded approximations (Figure 13), it is also suitable for conservative query
acceleration such as real-time collision detection. TDPS is not restricted to BRep inputs and it can
simplify any discretizable model, although open surfaces not enclosing a 3D volume are reconstructed
for both sides.

Regarding its limitations, TDPS is not intended for small error thresholds. The cost of the TDPS
method largely depends on the maximum subdivision level of the MDCO, that is, on the error parameter.
For very small error tolerances, a surface-metric simplification method might be better because not
many topology changes would be expected and the running times of most surface simplification methods
decrease with the tolerance.?

Due to the isothetic nature of the octree, TDPS is sensitive to octree alignment and orientation.
Therefore, it is convenient to apply a linear transformation to the input model so that its main directions
become axis-aligned [Wu 1992].

6. CONCLUSIONS AND FUTURE WORK

TDPS provides an efficient, general solution to the topology simplification problem including aggre-
gation, genus reduction and removal of interior structures. TDPS has a number of advantages over
previous simplification methods:

—1It produces concise, error-bounded representations using the solid-Hausdorff distance. The octree
provides a natural way of generating a multiresolution series of LOD representations.

—The generation of models that do not interpenetrate the original, either being completely bounded
by or enclosed in the original solid is fully supported. This property is only provided by a few surface-
based methods [Sander et al. 2000].

—1It is not affected by some degeneracies of the input surface and produces two-manifold solids even
with non-manifold inputs.

—1It is suitable for simplifying both individual objects and assemblies. It can generate simplifications
describing whole portions of the scene graph and thus it is suitable for hierarchical levels of detail
and simplification culling [Erikson and Manocha 1998].

We plan to develop new decimation criteria adapted for the special properties of the polygonal meshes
generated by TDPS. A hybrid method using the octree for topology reduction and the original model for
guiding the face reduction step would improve the fitting to the original surface. We also plan to add
surface appearance attributes, such as color, to the TERMINAL GREY nodes of the octree.

2However, running times of some incremental methods are quite independent of the tolerance since the computation of the queue
prioritizing the entities to be collapsed dominates the overall cost.
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