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Abstract—We present a method for repairing topological errors on solid models in the form of small surface handles, which often arise
from surface reconstruction algorithms. We utilize a skeleton representation that offers a new mechanism for identifying and measuring
handles. Our method presents two unique advantages over previous approaches. First, handle removal is guaranteed not to introduce
invalid geometry or additional handles. Second, by using an adaptive grid structure, our method is capable of processing huge models
efficiently at high resolutions.

Index Terms—Topology repair, skeleton, thinning, octree.

˙

1 INTRODUCTION

WITH the advance of data acquisition techniques, we
have witnessed a boom of high-resolution 3D data in

recent years. Although many surface reconstruction meth-
ods are capable of generating watertight surfaces from these
data, the resulting models may still exhibit topological
errors in the form of small handles such as those shown in
Fig. 1a. These high-frequency topological features may
unnecessarily increase the complexity of the model and
make it unsuitable for subsequent processing tasks such as
mesh simplification, mesh parameterization, and physical
computation.

Our goal is to remove small handles on the surface of a
solid model so that a low-genus model can be prepared for
further applications. To be able to process large models
with complex errors, which are typical in today’s surface
reconstruction problems, we particularly desire the follow-
ing properties:

. Discriminative. The method should be able to
differentiate between big and small handles.

. Robust. Removal of existing handles should not
introduce invalid geometry or additional handles.

. Efficient. The method should handle huge models
at high resolutions within reasonable time and
memory.

Unfortunately, to the best of our knowledge, none of the
current topology repair methods satisfy all of our require-
ments. In particular, it is difficult for mesh-based or existing
volumetric methods to guarantee that removing a handle
does not introduce a new handle. Furthermore, the time and
space consumption of traditional methods are typically

high for processing large models due either to operations
that require the full mesh resolution or to the reliance on a
uniform volumetric grid.

In this paper, we introduce a new volumetric approach
of topology repair that meets all of the three requirements.
Our method converts an input solid into a volume grid and
thins the volumetric model to a skeleton so that the task of
detecting handles is reduced to identifying cycles on the
skeleton. Using topology-preserving morphological opera-
tions, the modified skeleton with cycles removed grows
back into the model with the corresponding handles
removed. Both thinning and growing are performed on an
adaptive grid structure for efficient processing of large
models. In addition, our method allows the selective
removal of small handles by computing and utilizing a
thickness measure on the skeleton.

Contributions. We present a robust and efficient solu-
tion for topology repair. Our method consists of concep-
tually simple steps and possesses two advantages over
existing techniques:

1. Unlike previous mesh-based or volumetric ap-
proaches, our method is guaranteed to remove
handles without introducing additional ones via
skeleton modification and topology-preserving mor-
phological operations.

2. Although previous volumetric methods rely on a
uniform grid structure, our method operates on an
adaptive octree grid and is capable of processing
huge models at very high resolutions (for example,
4; 0963) in minutes.

2 RELATED WORK

2.1 Skeletons
Skeletons are compact medial representations that describe
the shape and connectivity of a 3D object [1]. In contrast to
skeletonization methods based on Voronoi diagrams [2], [3]
and distance transforms [4], [5], iterative thinning excels as
an efficient easy-to-implement technique for generating
topology-preserving skeletons of volumetric images (see an
excellent survey in 2D in [6] and a 3D introduction in [7]).
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Given a solid represented as a set of 3D grid points, each
thinning iteration removes points in the outmost layer of
the set. The key of topology preservation lies in identifying
simple points [8] whose removal would not alter the
topology of the solid. Unfortunately, existing thinning
methods rely heavily on the use of a uniform grid because
it is convenient to identify simple points on such a grid,
which limits these methods to relatively low resolutions
that are often insufficient for capturing the topology of large
models.

2.2 Topology-Controlled Surface Reconstruction
This class of methods [9], [10], [11], [12] is designed to
reconstruct isosurfaces from volumetric data with a known
topology type. Starting with an initial solid with the correct
surface topology, these methods grow (as opposed to thin)
the solid in a topology-preserving manner. Although such
methods have been effective in reconstructing topological
spherical cortical surfaces from magnetic resonance ima-
ging (MRI) data, application to other topologies is difficult,
as these methods require a priori knowledge of the desired
topology, as well as the geometry of the initial solid.

2.3 Mesh-Based Topology Repair
The first class of methods for repairing the topology of a
given surface performs surgeries directly on the polygonal
mesh. Representative work includes the method of Fischl
et al. [13], which inflates a reconstructed cortical surface
into a sphere and removes handles by identifying and
deleting overlapping triangles on the inflated sphere. Using
the concept of �-hulls, El-Sana and Varshney [14] achieve
controlled simplification of CAD models by identifying
small tunnels and surface concavities as regions not
accessible to a sphere of user-specified radius rolling on
the surface. Also in a controlled manner, Guskov and Wood
[15] employ a surface-growing technique that identifies and
removes small handles completely contained in a mesh
neighborhood of a given size.

Mesh-based methods have the advantage that topology
changes only involve local modification of the geometry.
However, there are two typical drawbacks: First, the
removal of existing handles directly on the mesh may
introduce invalid geometry in the form of self-intersections.
Second, it is computationally expensive to identify handles
directly on a large mesh, for example, by surface inflation

[13], by computing and intersecting �-prisms of triangles
[14], and by exploring a surface neighborhood that can be
potentially large for identifying long and thin handles [15].
Note that optimizations can be performed to dramatically
speed up the detection of small handles, as proposed in a
recent work by Attene and Falcidieno [16].

2.4 Volumetric Topology Repair
The second class of methods, to which our method belongs,
removes surface handles by modifying a volume represen-
tation of the input model. In a simple approach, Nooruddin
and Turk [17] applied opening and closing operations on
the volume to remove small surface handles. However,
these global morphological operations may create addi-
tional handles in areas away from the existing ones. In a
more targeted approach, the method of Wood et al. [18]
detects each surface handle as a cycle in the Reeb graph of
the isosurface extracted using the Marching Cubes method
[19] and performs handle removal by filling a disklike
volume inside the shortest geodesic loop corresponding to
each cycle. Still, the main problem with this hybrid
approach, as commented by the authors, is the possible
introduction of new handles due to the loop-filling
operation. In addition, the removal of each handle requires
rebuilding the Reeb graph on a uniform grid, which can be
time consuming for a large number of handles. The
detection of the shortest geodesic loops on big handles
can also be expensive.

Our method is most closely related to the graph-based
approach of Shattuck and Leahy [20] and Han et al. [21].
Both methods encode the topology of the solid (instead of
the surface) as a graph and remove handles by breaking
cycles in the graph. Using topology-preserving morpholo-
gical operations, handle removals are guaranteed not to
introduce new handles. However, both methods involve
complex graph generation and analysis that are restricted to
uniform grids. In particular, the construction of the Reeb
graph in [20] is based on axes-aligned sweeping, whereas
handle removal using the graph in [21] requires nontrivial
connectivity analysis to identify “hidden” handles within
each graph node. In contrast, our skeleton representation of
the solid is simple enough to compute on an adaptive grid
and allows for easy identification of surface handles of
different sizes.
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Fig. 1. Topology repair on a spiderweb model: (a) The original genus-75 model reconstructed from point sets with many small and entangled
handles. (b) Topology repair removes all erroneous handles except for the 17 major Web holes.
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Recently, a multiresolution solution was proposed by
Szymczak and Vanderhyde [22], which applied topology-
preserving carving operations to extract isosurfaces with the
desired genus. This method, however, provides no direct
means for controlling the size of the handles to be removed.
In addition, the removal operation is limited to filling
tunnel-like handles and, hence, may result in modifying a
much larger volume than necessary. In comparison, our
handle removal is guided by an accurate measure of handle
sizes and allows for both tunnel filling and ring cutting (see
the removal of the two handles in Fig. 6e).

3 METHOD OVERVIEW

To avoid introducing an invalid geometry (for example,
self-intersections) as a result of topology repair, we
represent an input model as an implicit volume. The
surface of the model, represented as the isosurface on the
volume, partitions the volume into the object (for example,
interior) and the background (for example, exterior). To
remove surface handles, our method involves three
conceptually simple steps, as illustrated in Fig. 2:

1. Thin the object into a skeleton that preserves the
topology of the object (Fig. 2b).

2. Remove cycles in the skeleton by computing the
spanning tree of the graph defined by the skeleton
(Fig. 2c).

3. Grow the modified skeleton to form a new object
that preserves the topology of the skeleton (Fig. 2d).

Intuitively, a cycle in the skeleton corresponds to a
ringlike handle on the original surface, and removing the
skeleton cycle has the effect of “cutting” the ring at the
location where the cycle is cut (see Figs. 2c and 2d). In our
method, removing one skeleton cycle is guaranteed to cut
exactly one surface handle without introducing additional
handles (unlike mesh-based [13], [14], [15] or previous
volumetric [17], [18] handle removal methods). Further-
more, we can associate the skeleton with a thickness
function, which allows the user to control the size of
handles to be removed and allows each ring to be cut at its
thinnest location.

The above steps can be applied to both the object and the
background. When applied to the background, a cycle in
the background skeleton corresponds to a tunnel-like
handle on the original surface, and removing a skeleton
cycle results in “filling” of the tunnel. Like cutting, filling is
guaranteed not to introduce additional handles, and tunnels
can be selectively filled based on their sizes.

4 VOLUME REPRESENTATION

Before presenting the main algorithms, we first introduce
an adaptive volume representation on which the algorithms
will be performed.

4.1 Motivation
Our volume representation is motivated by the need to
analyze and modify the topology of a solid using its
skeleton. As we shall see in Section 5, our topology analysis
and operations require models, as well as their skeletons, to
be represented as 3D cellular complexes, which consist of
points (0D), edges (1D), faces (2D), and cells (3D). In
particular, each edge connects two points, each face is
enclosed by a ring of edges, and each cell is enclosed by an
envelope of faces. For example, the darkened points, edges,
and faces in each grid in Fig. 2 form a cellular complex in 2D.

To represent a cellular complex on a volumetric grid, we
need to be able to tag each grid element (for example, point,
edge, face, and cell) that belongs to the complex. Note that
merely storing signs at grid points, as in traditional volume
representations, is not sufficient: The edge connecting two
points that belong to a cellular complex may not, itself, be
part of that complex (see the highlighted region in Fig. 2c).
Even the more advanced representation [23] restricts
tagging to just points and edges.

4.2 Representation
We begin with an octree structure to support the efficient
processing of large models at high grid resolutions. We
additionally associate each minimal grid element of the
octree with a þ= � sign. Here, a minimal element is the one
that does not contain any smaller elements of the same
dimension (for example, a minimal edge contains no
smaller edges on the grid). For convenience, we shall drop
the prefix “minimal” hereafter. We call the new volume
representation an Extended Signed Octree (ESO).

To facilitate thinning, both object and background must
assume the form of a cellular complex. The object V in an
ESO G is defined as the set of all positive elements in G.
Note that not every ESO yields an object that is a cellular
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Fig. 2. Two-dimensional illustration of handle removal using skeletons.
(a) The original object (darkened points, edges, and faces) and the
isosurface (solid lines). (b) The skeleton of the object. (c) The modified
skeleton consisting of a spanning tree of (b) (removed edges are
highlighted). (d) The new object grown from the modified skeleton (c),
resulting in the removal of handles.
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complex: A positive edge containing a negative point
violates our previously stated definition that an edge in a
cellular complex must contain two points of the complex.
As a result, we further require that, in a valid ESO grid, each
positive element must contain only positive elements of
lower dimensions.

Unlike the object, the set of all negative elements on a valid
ESO is not a cellular complex. To this end, we consider the dual
of a valid ESO grid G, denoted as Ĝ, which consists of points,
edges, faces, and cells topologically dual to the cells, faces,
edges, and points on G. In addition, each element in Ĝ is given
the sign of its dual element in G. Geometrically, points in Ĝ
are located at the centroids of their corresponding cells on the
primal grid G.1 A 2D illustration of a portion of an ESO grid
and its dual are shown in Figs. 3a and 3b. As such, we define
the background V as the set of negative elements in the dual
grid Ĝ (shown as dimmed elements in Fig. 3b). Since each
negative element of a valid ESO is only shared by negative
elements of higher dimensions, by duality, every negative
element in Ĝ contains only negative elements of lower
dimensions. Therefore, V is also a cellular complex.

Finally, we note that symbols G, Ĝ, V , and V all refer to
the same volume representation. In particular, any changes
to the object V involve flipping the signs of some grid
elements in the primal grid G, hence affecting the signs in
the dual grid Ĝ and the composition of the background V .
In addition, we note that ^̂G … G and V … V .

4.3 Operations
4.3.1 Constructing ESO
A valid ESO grid can be easily converted from a traditional
octree grid, where signs are stored at grid points, by
retaining existing signs while assigning positive signs to
edges, faces, and cells that contain only positive points. The
initial octree grid can be obtained either directly from a
volume image (for example, MRI data) or from a polygonal
mesh using scan-conversion routines. In this paper, we use
the PolyMender software [24], which is capable of producing
a watertight solid model from arbitrary polygonal soups.

4.3.2 Extracting the Isosurface
To construct the isosurface of an ESO grid G, we extend the
Dual Contouring algorithm [25], which was designed for
octrees with signs only at grid points. In particular, we
consider a composite grid, denoted as ~G, that overlays
G with its dual Ĝ, as shown in Fig. 3c. Each point in ~G
corresponds to an element in G, as well as its dual element
in Ĝ. Recall that Dual Contouring proceeds by first creating
one vertex for each grid cell that is nonempty (that is,
containing grid points with different signs), followed by
creating one polygon for each nonempty grid edge. The
isosurface extraction on G proceeds similarly in two steps:

1. Create one vertex for each pair of a positive point and
a negative cell that contains the point (such a pair
corresponds to a nonempty cell in ~G).

2. For each pair of a positive N-D element � and a
negative ðN þ 1Þ-D element � that contains � (such a
pair corresponds to a nonempty edge in ~G), create
one polygon connecting vertices created for each
pair of a point contained by � and a cell containing �.

Although Dual Contouring guarantees producing a
crack-free isosurface, applying the above algorithm in a
valid ESO further ensures a manifold output (see proof in
the Appendix). To reproduce geometry details, each vertex
created in the first step for a point-cell pair is located at the
cell’s representative vertex. The representative vertex of a
nonempty octree cell is obtained during an ESO construc-
tion either from scalar values at grid points or by sampling
polygonal geometry (provided by PolyMender [24]). If a
representative vertex does not exist (for example, in a newly
created nonempty cell after topology repair), the vertex
associated with the point-cell pair is temporarily located
halfway between the point and the cell centroid. A
postprocessing step is then applied to smooth these
temporary vertices using iterative averaging [26].

Isosurface extraction can be implemented as tree
traversals on the ESO grid. We utilize the recursive
procedures proposed in [25], which visit each grid element
together with leaf cells sharing the element in one octree
traversal. Using these procedures, Step 1 is performed in
one traversal of all grid points and Step 2 is performed in
another traversal of all grid points, edges, and faces. Details
of the procedures can be found in [25].

5 HANDLE REMOVAL

Given an input model represented as an ESO grid G, our
method removes handles on the isosurface of G in three
steps: thinning, skeleton cycle removal, and growing.
Performing these steps on the object V results in cutting
ringlike handles, whereas performing the same steps on the
background V results in filling tunnel-like handles.

We first describe how each step is performed on the
object V , although the same algorithms are equally applied
to the background V . We next show that these steps result
in the robust removal of existing handles without introdu-
cing additional handles. Finally, we discuss efficient
implementations of the algorithms on the octree.
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Fig. 3. (a) A primal ESO grid G. (b) The dual grid Ĝ. (c) The composite
grid ~G constructed by overlaying G with Ĝ and the isosurface (solid
lines). In (a) and (b), positive grid elements are darkened and negative
elements are dimmed.

1. For completeness, the outside of the root node of the primal octree is
represented as a cell element in G with infinite size, whose dual in Ĝ is a
point at infinity.

Authorized licensed use limited to: Tsinghua University Library. Downloaded on January 4, 2009 at 11:30 from IEEE Xplore.  Restrictions apply.
















