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Abstract

We present a method for the robust detection and removal of cracks and holes from binary voxel shapes based on the shapes’
surface and curve skeletons. For this, we first classify gaps or indentations in the input shape by their position with respect to
the shape’s curve skeleton, into details (which should be preserved) and defects (which should be removed). Next, we remove
defects, and preserve details, by using a local reconstruction process that uses the shape’s surface skeleton. We illustrate our
method by comparing it against classical morphological solutions on a wide collection of real-world shapes.

Categories and Subject Descriptors (according to ACM CCS): 1.3.3 [Computer Graphics]: Picture/Image Generation—Line and

curve generation

1. Introduction

Digital 3D shapes can be affected by various types of defects. Su-
perficial defects, e.g. small-scale noise, are easy to remove while
preserving the shape’s salient features (e.g., edges) by classical
fairing and filtering [Tau95, TWBOO02]. Profound defects, e.g. gaps
and cracks that deeply penetrate inwards from the shape’s surface,
can be caused by faults in the original scanned shape, such as in
the case of archaeological artifacts being scanned prior to restora-
tion [BSKO05], and are harder to remove while preserving details.

Defect detection and removal is typically done for 2D shapes by
inpainting methods [SCO05, BCHS06]. For 3D volumes, morpho-
logical filters, e.g. closing, find and remove (close) gaps whose
size is under a user-given threshold [Ser82]. While simple and
fast, such methods must be set up with great care so that they do
not either remove relevant details (false positives) or leave defects
(false negatives). More advanced 3D shape restoration methods ex-
ist, e.g. [BVGI11, BSKO05, KSY09,ZGLO07]. Yet, such methods de-
tect and remove surface, rather than volumetric, defects, and also
require delicate manual defect-delineation and parameter setting.

We propose a method to detect and remove gap-like defects
from binary volumetric shapes, with the next main advantages: (1)
detection-and-removal of complex (deep, large, noisy) gaps and
cracks with full surface detail preservation; (2) full automatic work-
ing; and (3) simple implementation and linear complexity vs shape
size. For this, we use a novel combination of the input shape’s curve
skeleton (to detect defects) and surface skeleton (to remove gaps),
described in Sec. 2. The method demonstrably obtains better results
than classical morphological gap-removal on a variety of real-world
complex shapes, as shown in Sec. 3. Section 4 concludes our paper.
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2. Proposed method

We first outline the scope of our method: (1) Our input shapes are
uniformly sampled 3D binary voxel volumes Q C Z3. (2) Defects to
be found and removed are thin-and-elongated structures that enter
deeply into the shape Q from its boundary dQ. For 3D shapes, such
defects can be 2D structures, such as surface-like cuts and cracks.
No restriction is put on the topology or geometry of these defects.
(3) Small-scale shape features, such as detail on dQ, should be al-
tered as little as possible by the restoration.

Our method adapts to 3D the 2D gap-filling method in [STB*14],
which is outlined next: Given a binary pixel shape Q C 7?2, one first
computes the medial axis, or Euclidean skeleton, Sq = of the shape
Q,. obtained by morphologically opening, next closing, Q. DT}, :
R? — R is the Euclidean distance transform [MRHO00] of Q Using
a disk structuring element of radius p fills all gaps in Q whose
local thickness is smaller than p. Next, the set of skeletal fragments
F=3Sq, \ Q, i.e., points of the skeleton of the defect-free shape
Q. which are outside of the original shape Q , is computed. Such
fragments correspond to gaps that cut deeply in the input shape Q.
Finally, gaps in Q are filled by convolving the skeleton-fragment-
set F with 2D disks whose radii equal the distance transform DTg
of the shape Q, obtained by first closing, then opening, Q.

We can easily generalize this method to 3D shapes Q € Z> by
using their 3D surface skeletons and distance transforms. Figure 1
(bottom path) shows this for a frog sliced by a thick planar cut. Vox-
els x € Q are red, and voxels added by gap-filling are green. Using
the surface skeleton fills the cut well, but also fills many detail gaps
— see e.g. green details between the fingers. This is not surprising:
The shape Q,. whose surface-skeleton Sq  we use, ‘inflates’ Q so
as to close gaps in Q before the skeleton computation. However,
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this also closes detail gaps, like the ones mentioned above, which
creates surface-skeleton fragments outside €. Restoring the shape
from such fragments yields the undesired fill-ins of detail gaps.

gap filling
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Figure 1: 3D gap restoration by surface and curve skeletons.
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The above problem is due to the higher sensitivity of 3D surface
skeletons to inflation-induced changes as compared to the 2D me-
dial axes in [SJB*14]. To alleviate this, one could simplify Sq
prior to its use in computing the gap-set F. However, this yields
an undesired locally non-smooth gap filling. Indeed: a gap in a
3D shape is, usually, far from circular. To fill this gap in a plau-
sible way, one must use the (almost) full surface skeleton, and not
the simplified one. This issue does not occur in 2D: Skeletal frag-
ments present in 2D gaps are 1D curve segments (internal skeleton
branches) which perfectly capture the simpler configuration of a
2D gap, and which are not affected by skeleton simplification. In
3D, a gap contains a mix of both surface-skeleton terminal man-
ifolds (which capture shape details) and internal surface-skeleton
manifolds (which capture the shape topology) [SP09].

We could fix the above problem by using the curve skeleton
CSg,, in the 3D detection-and-reconstruction process, instead of
the surface skeleton Sq, . Curve skeletons are 1D structures lo-
cally centered within surface skeletons [CSMO7]. Curve skele-
tons have the same simple 1D structure as 2D medial axes, so
robustly finding their fragments outside the shape, i.e. CS\ Q, is
easy. Yet, curve skeletons do not capture the local shape geometry
well [CSMO07,SP09], so using them to reconstruct Q will fill the de-
tected gaps by locally tubular structures (Fig. 1, top orange path).
Summarizing, we now avoid filling detail gaps, but we cannot fully
fill the large cut (which has a non-circular cross-section).

Summarizing the above, we conclude that, for a 3D shape, curve
skeletons are good to detect, but not to remove, gaps; and surface
skeletons are good to remove, but not to detect, gaps. Hence, we
combine the two skeleton types to solve our problem:

1. Compute the curve skeleton CSq . and use it to create the gap-
set FCS of all curve-skeleton voxels outside the input shape Q;

2. Compute the set F’ S of surface-skeleton voxels outside Q;

3. From FS, we remove all voxels not connected (within F¥) to at
least a voxel in FC5, by a simple flood-fill from FES onto F5.
This removes from F*S all spurious fragments which filled detail
gaps, yielding the final fragment-set F/7e;

curve skeleton

4. Restore Q by convolving voxels x € F/e by balls of radii
DTjq,, (x), where DT, _ is the distance transform of the input
shape Q after morphological closing followed by opening.

Figure 1 (middle cyan path) shows the result of our mixed curve-
and-surface skeleton method on our test shape: The large central cut
is restored just as nicely as when using the surface-skeleton only
(Fig. 1, bottom purple path), and no spurious detail is filled in, just
as when using the curve-skeleton only (Fig. 1, top orange path).

b) : c)
Figure 2: Reconstruction of tubular shapes. (a) Input shape; (b)

\ )
Curve skeleton (red) with selected surface skeleton parts (green);

(c) Reconstruction result.

3. Results

We implemented our method as follows: Surface-skeleton-only re-
construction uses the integer medial axis method (IMA) [HRO8],
which is fast, simple, and yields high-quality (unsimplified) surface
skeletons and 3D distance transforms [SJT14]. Reconstruction by
combined curve-and-surface skeletons uses the method in [JST16],
which is fast, yields both (simplified) curve and surface skeletons,
and guarantees that curve skeletons are contained in the corre-
sponding surface skeletons. This containment is crucial, as step 3
of our method (Sec. 2) does a flood-fill from the curve skeleton onto
the surface skeleton.

We ran our method, implemented in C++, on a Core i7 PC at
3.40 GHz with 16 GB RAM, using about 30 shapes voxelized
from polygonal models at resolutions up to 5123 voxels with bin-
vox [NTO3]. Figure 2 shows the reconstruction of a simple tubu-
lar shape. Our combined curve-and-skeleton method successfully
detects and fills even the large jagged-edge gap shown. Figure 3
shows additional examples. Here, jagged gaps were created proce-
durally, by cutting the input shapes at various places with planes
of various orientations and spheres of various radii, respectively.
Noise was added on the cut surfaces by removing a small random
set of voxels thereof. We compared our curve-and-surface recon-
struction to four other methods: simple top-hat morphological gap-
closing by using three structuring elements (ball, axis-aligned cube,
and axis-aligned cross, see Fig. 3 top); and the surface-skeleton 3D
extension of [SIB*14]. In Fig. 3, red shows points in Q, and green
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Figure 3: Comparison of our gap-filling method (right column) with four other methods.
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Figure 4: Reconstruction smoothness. Our method (right) yields the locally smoothest results as compared to four other variants.

shows points added by the reconstruction. As visible, our combined
curve-and-surface restoration method yields the best results in fill-
ing deep gaps and preserving surface detail.

We next discuss several relevant aspects of our method:

Smoothness: As noted in most inpainting-related works, restora-
tion should produce a ‘plausible’ reconstruction of damaged
areas [BCHSO06], which is reflected by the smoothness of the
reconstructed signal over, and along the boundaries of, the re-
constructed area. We adopt this requirement for our 3D context
too. As seen in Figs. 3 and 4, morphological closing produce
noisier results than our skeleton-based reconstruction. We also
see that the combined curve-and-surface reconstruction produces
the smoothest results — the reconstructed surface (green) closely
follows the curvature of the surrounding original surface (red).

Locality: As outlined in [SIB*14] (for the 2D case), gap-filling
reconstruction should detect and remove deep gaps and leave
shallow gaps (detail indentations) untouched. Figs. 1 and 3 show
that morphological closing indiscriminately fills all gaps smaller
than the structuring-element size. This is visible in the amount of
green in the reconstructed images which does not correspond to
cut-locations visible in the shapes in the leftmost column, e.g.,
filling the small gaps between the details of the dragon surface
(top row), spikes of the trident (neptune model, fourth row from
top), or frog’s fingers (third row from bottom). The combined
curve-and-surface method suffers far less from such issues.

Simplicity and scalability: Our method uses trivial morphological
opening and closing; computing 3D curve and surface skeletons; a
flood fill on voxel volumes; and reconstructing a shape from a se-
lected set of skeleton points by its medial axis transform (MAT).
All these operations can be computed in linear time in the size ||Q||
of the input shape [JST16]. This makes our method work in sec-
onds on volumes up to 5123 voxels on a commodity PC.

4. Conclusions

In this paper, we have presented a new method for automatic de-
tection and restoration of gaps and cracks present in 3D volumet-
ric shapes. For this, we extend the 2D gap detection and removal
method in [SIB*14] to 3D, by using a novel combination of curve
skeletons (for gap detection) and surface skeletons (for gap repair-
ing). Such skeletons can be readily and efficiently provided by the
3D skeletonization method in [JST16]. Our proposed 3D restora-
tion method was shown to produce better results, in terms of detail
preservation and gap removal, as compared to classical morpho-
logical closing methods, while having an identical cost — linear in
terms of the voxel count of the input shape.
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