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Abstract
It is computationally expensive to fit the high-resolution 3D meshes of abraded fragments of archaeological artefacts in a col-
lection. Therefore, simplification of fracture surfaces while preserving the fitting essentials is required to guide and structure the
whole reassembly process. Features of the scale spaces from Mathematical Morphology (MM) permit a hierarchical approach
to this simplification, in a contact-preserving manner, while being insensitive to missing geometry. We propose a new method to
focusing MM on the fracture surfaces only, by an embedding that uses morphological duality to compute the desired opening
by a closing. The morphological scale space operations on the proposed dual embedding of archaeological fracture surfaces
are computed in a distance transform treatment of voxelized meshes.

Categories and Subject Descriptors (according to ACM CCS): I.3.5 [Computer Graphics]: Computational Geometry and Object
Modeling—Boundary representations-Geometric algorithms, languages, and systems

1. Archaeological Morphology

One of the goals in GRAVITATE H2020 project is to
reassemble fragments of archaeological artefacts (http://
gravitate-project.eu/). The artefacts have been scanned,
resulting in 3D meshes with relatively little scanning noise. How-
ever, chipping and abrasion of the fragments over the ages have
affected how well they can match, and should obviously inform the
processing.

Within the GRAVITATE data collection, it is rare to have all
fragments belonging to certain archaeological broken object. A
pair of promising fragments, coming from same or different data
collections, can be suggested for digitally gluing them at specified
fracture surfaces. Our task within the system, is to accurately
establish the pairwise alignment or to reject their initial suggestion
for potential fit. Our computational approach focuses completely
on the purely geometrical properties of archaeological fragments,
ignoring clues given by patterns or color. We will assume that the
fragments have not been deformed (our archaeological test case
is on terracotta rather than metal), though they are likely to be
abraded or chipped.

Verification and optimal pair-wise alignment are computation-
ally much cheaper on simplified versions of the originally scanned
fracture surfaces, organized in a hierarchy of increasing resolution.
Accordingly, we need a representation where a coarser, simplified
version of the fracture surface maintains its potential contact with
a coarser, simplified version of the counterpart, and is sufficiently

specific to detect non-fitting cases. Moreover, the representation
should not be linearly sensitive to missing geometry: a local gap
with the same surface outline but twice as deep should not make
the local fit twice as bad.

The Mathematical Morphology (MM) framework [Ser83],
though originally developed for image analysis, turns out to pre-
cisely enable such chipping-insensitive contact-preserving proper-
ties of shapes. Employing it for 3D mesh fitting appears to be new.
It is easy to show that under exact complementarity (the ideal case),
when one morphologically closes the gaps on one of the fitting sur-
faces, one must open them on the other, to retain complementarity
of the fit. Therefore, we need to make dual opening and closing
morphological scale spaces [JD96] for each pair of fracture sur-
faces suggested for potential fit. These will form the basis for sta-
ble morphological features, since it can be shown that MM scale
spaces are insensitive to certain types of abrasion of the surfaces.

2. Fracture Morphology

Locally, whether two broken fragments can be refit depends on the
shape of their fractures, so we need to design a method to constrain
our MM operations to the fracture parts of the mesh. Those parts
can be extracted by our faceting method proposed in [ED17]. The
extracted fracture surfaces are piecewise plane-like (which makes
sense for our terracotta artefacts).

According to such expected approximate planarity, the normal
of the best-fitting plane to the fracture surface can be used as the
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Figure 1: Morphological Simplification of Archaeological Fracture Surfaces

principal breakage direction along which the fracture is almost a
depth function. This geometrical intuition suggests to generate a
thickened fracture volume by extruding the surface along the break-
age direction. Such an extrusion effect is equivalent to making two
copies of the fracture surface bounded by a generalized cylinder:
one with original (non-inverted) normals and one with inverted nor-
mals (see Fig. 1c). The outward propagation of the copy with non-
inverted normals is the fracture mesh dilation, while the propaga-
tion of the one with inverted normals is the erosion. By a subse-
quent inward propagation, by the same amount, one then retrieves
the closing and the opening of the fracture.

Intuitively, morphologically closing the entire extruded volume
is equivalent to rolling a ball on the fracture surface from both sides.
The upper rolling is equivalent to the closing effect, while the lower
is equivalent to the desired opening effect on the fracture surface.

3. Distance-Transform based MM implementation

Since we are interested in isotropic surface propagation using ball-
like structuring elements, the euclidean distance transform is used
for computing the MM operations. For generating our distance
field, the method proposed by [MQRM03] is employed, which cal-
culates the euclidean distance transform in linear time on binary
voxelized representation of the object.

We convert the extruded fracture mesh to binary representation
by embedding it in a 3D voxelized grid of a well-chosen resolution.
The generated grid is padded with an empty region sufficient to
contain the maximally dilated versions of the fracture surfaces.

4. Coarser is Simpler

We compute the closed and the opened fracture surfaces at increas-
ingly coarse scales (i.e. with larger rolling balls). The resulting sur-
faces are simpler in form than the fracture they represent: they tend
to be hierarchically composed of fewer, larger and more dispersed
spherical caps. In fact, the centers of the balls to which these spher-
ical caps belong, are medial axis points of the complement of the
extruded fracture mesh volume [ABE09]. With increasing scale, the
ongoing morphological simplification can be characterized in terms
of these distinctive feature points that can be weighted by the sig-
nificance of their area contribution to the simplified surfaces. Such

point-like landmark MM features are expected to be stable enough
for guiding and structuring the next phase in our work: optimal
pairwise alignment (possibly by using the Kabsch algorithm).

5. Discussion

We have presented a morphological representation for simplifying
archaeological fracture surfaces based on their scanned 3D rep-
resentation, which is the structural step to enable our ongoing-
work for fitting broken artefacts. Using the MM framework in this
manner provides contact-preserving simplification of shapes that
is highly robust to missing information in a non-linear way. Such a
representation should indeed lead to cheaper well-structured hierar-
chical testing of possible fits of archaeological objects at interactive
speed.

Our current research focuses on quantifying the applied simpli-
fication by the medial axis feature points. Clearly this necessitates
studying the voxelization effect together with the noise sensitivity
of the resulting scale space representation.
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