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Reconstruction of the sculpture surface
In the process of optical 3D scanning
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Abstract: - Currently, 3D scanning technology is used for high-precision measurements and fixing the
geometric shape of various objects. However, when creating a computer 3D-model as a result of processing the
array of data obtained from the scanning process, may contain errors. Errors may related to the features of the
studied object (material, weight, size, location), functional properties of the software used or they may be the
low qualification of the software engineer involved in processing 3D scan data. The task of this work was a
finding the technical solutions, which allows one to reconstruct the objects surface, recorded using 3D scanning
in the process of creating their computer 3D models. We proposed to use the inverse distance method, which is
used in biometry to improve the quality of reconstruction of the 3D surface of a human face. Experiments have
shown that the result of the reconstruction makes it possible to increase the accuracy of creating 3D models by
recovering gaps in the surface of an object that were made during the 3D scanning process. The proposed
approach allows one to construct a 3D surface without solving the triangulation problem, which leads to a
reduction in computational costs.

Key-Words: - sculpture 3D scanning, reconstruction of the surface, inverse distance method, restoring missing
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1 Introduction 200-300 kg). However, if we are dealing with
Laser and optical 3D scanning technologies came to bronze or marble statues 2.5-3 meters high and even
the museum area in the mid of 1990s. This made it more so installed on city streets, in parks, etc., the
possible to approach the task of documenting use of tpmtables is not possible. Whpn scanning
monuments of history and culture at a higher (as large objects, th? amount of scans (Wl.th th? same
compared with the traditionally used photography) angle shots at different angles and w1th different
scientific and technical level. 3D scanning allows heights) can be up to 300-500 scans. With such a
one not only to capture a three-dimensional image number' of scans during shooting, you may simply
of an object, but also provides highly accurate not notice that one of the scans has a section where
information about its size and geometrical features a flare has formed (or, on the contrary, there was a
of surface shape [1], [2]. As a result of scanning, a surface shadowing during the shooting). .
so-called cloud of point is created - a computer 3D- It should be noted that, the accuracy of creating
model file in one of the graphic formats (usually .3D mod.els can also be reduced due to the loss of
STL (Stereolithography) or OBJ (3D Object)), it can 1nf0rmat10n' about separate sur'face areas of the
be casily exported to all major standards for scanned objects as a result Qf bright 11ght h1gh11ghts
exchanging 3D data for further processing. This or, on the contrary, insufficient surface illumination
allows us to consider 3D models as high-precision dur1ng the scanning process. In such cases, when
electronic passports of monuments. Such a passport creating 3D-models, these “dead zones™ on the
contains information that may be indispensable in surface of the object are u§ually filled with the he¥p
case of damage or loss of monuments as a result of of the so-called “sculpting” when working in
natural disasters or vandal attacks. 3D models can specialized programs designed for processing 3D
be used to create computer animations, for example, scanning data. In fact, we are talkiqg about the
historical ~ reconstructions of  palaces, park "manual” refinement of 3D models using computer
ensembles, streets, etc. [3]. graphics techniques. 'However, it is 'ObVIOU.S that
Museums use an automated turntable for object such ways of refining 3D-models introduce an
scanning. However, it can only be used when element of subjectivity in the process of
working with small weight objects (usually up to documenting registered objects, which casts doubt
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on the adequacy of the resulting 3D-models to the
original objects.

Software for creating a computer 3D-models are
based on triangulation procedures with straight-line
interpolation. It should be noted that the
triangulation and calculation of the connected
coordinates produce very good representations of
surfaces. However, this is achieved by use of a very
large number of triangles in the original grid, which
inevitably leads to high computational costs. But
more importantly, triangulation does not allow
restoring missing measurements, which leads to the
appearance of the so-called "black holes" on the
surface of objects. It should be noted that there are
various modifications of triangulation to reduce
computational complexity, for example adaptive
triangulation; however, they do not solve the
problem of gaps filling. Elimination of such gaps is
usually performed manually using spline
interpolation.

Another source of errors may be insufficiently
high qualification of the software engineer involved
in processing 3D scan data. The latter is due to the
fact that the highest accuracy of creating 3D models
can be achieved by processing the scanned data not
in an automatic, but so-called “manual” mode. But
this inevitably introduces a “human factor” into the
process of creating 3D models [4]. For this reason,
at the moment the task of finding mathematical
methods that can eliminate the human factor in the
processing of 3D scanning data and improve the
accuracy of creating 3D models is very important.

2 Method of inverse distances

At the moment there is no general approach to solve
this problem. Existing methods can be divided into
three categories [5]: methods based on polygonal
representation (restores arbitrary holes and irregular

data can be wused, but requires significant
computational resources and user involvement in
processing), methods based on parametric

representation (does not require user involvement in
the formation of the model but allows you to repair
only small holes, requires holes to be regular and it
does not work well with highly curved surfaces),
methods based on signed distance functions and
voluminous performances (restores arbitrary holes,
irregular data can be used, restores large holes and
does not require user input but requires significant
computational resources and high resolution input).
Professional software packages (RapidForm XOR,
RapidForm XOR, etc.) provide an opportunity to
reconstruct holes automatically or manually.
However, these software packages require a large
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amount of resources, even to restore the most simple
models. This is due to the fact that most of them use
triangulation.

For this reason, at the moment the task of finding
mathematical methods that can eliminate the human
factor in the processing of 3D scanning data and
improve the accuracy of creating 3D models is very
important. The development of such a method is the
purpose of this work. The analysis of the scientific
literature carried out by the authors showed that no
one has used such methods so far. It allows us to
speak about the scientific novelty and original
character of the results obtained in our work.

To restore the surface of sculptures we used a
method of inverse distances that which can be
attributed to the third category. It is used in
biometry to improve the quality of reconstruction of
the 3D surface of a human face. This method allows
us not to solve the problem of triangulation. Instead,
it is possible to construct the surface of the object
from the measurements obtained, belonging to an
irregular grid of measurements. A detailed
description of the method can be found in [6].

The input information is a cloud of points. Each
point is described by its coordinates {xi, Vi, z},
where X and y determine the coordinates of the
point, and z is the height of the point relative to the
XY plane. We obtained L points from initial data
cloud by using a random uniformly distributed
number generator. Algorithm for reconstruction of
the 3D surface consists of two stages: model
construction and transfer the source data onto a
regular grid of MxN size.

We solve the problem of data translation from an
irregular grid to a regular one in 2 steps.

1. The initial information for the first step
includes set points {x, VY, 2z}, recorded in
corresponding vectors X, Y , Z, Lx1-size each.

The aim of this step is a construction of a model
z1 = f(xi, yi), that represents the dependence of z
from {x, yi}. To reach the aim we make the
following steps.

1.1. Let us represent all coordinates {x, yi} of
the initial data with a vector K in a complex form in
the following way:

K=X+jY,rme j= \/—_1
and it is assumed that the vector of K do not contain
data that kizkq for ld. And this condition of “data
non-multiplicity” is the only one in solving of the
given task.

1.2. Now create a matrix K, repeating L times the
resulting vector K:

K=[KK..K],
where the matrix K is the size LxL.
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1.3. Compute the distance between all the claims
of irregular grid:

D = abs(K — K"),
where the matrix D is the size LxL.

Note that only when the condition "nonrepeating
data”, the rank of D is equal to its order. Only in this
case, a transition to the next step of the algorithm.

1. Compute the vector of regression parameters
B such that:

B=Dz, (1)
where the vector B has a size Lx1.

2. The initial information to the second step are:

e Set points {x, VY, z}, recorded in the
corresponding vectors X, Y, Z;

e vector B regression parameters;

e the values of L, M and N.

The aim of the second step is initial data (cloud)
transfer onto a regular grid MxN-size, and as a result
we will receive a “range image”. The calculation of
each value I(m, n) of the “range image” is realized
in the following way:

N
Zg = ij *
j=1

m=1, 2,..., Mand n=1, 2,..., N.
where: K(nm) = X, + Jym , V n=1, 2,..., N and
m=1, 2,...., M ;

Kgt —K;j

, 2

‘kq| -k j‘ — modulus of difference between the new

and old coordinates;

Xp = min(X) + N(max(X) - min(X))/(N -1);

Ym = min(y)+ m(max(y)-min(y))((M -1);
ki = X+ )y

Note that the solution (2) has also been achieved

in the condition of "nonrepeating data", which can
be written as follows: |k(n,m)—k;|#0, V lzn u lzm.

Implementation algorithm (2) is given below.

2.1. For set {x, Wi}, recorded in the
corresponding vectors X and Y, we calculate the
coordinates of the boundary so that:

Max_Y=max(Y); Min_Y=min(Y);
Max_X=max(X); Min_X=min(X).

2.2. Then calculate the sampling interval of a
regular grid with considering the size of M and N
«range image»:

deltaY=(max_Y-min_ Y)/(M-1);
deltaX=(max_X-min_X)/(N-1).

2.3. Now define all the coordinates of a regular
grid for a given size «range image» and write them
in the corresponding vectors:

X=(min_X:deltaX:max_X);
Y=(min_Y:delta¥Y:max_Y).
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2.4. Create a "zero" work array size MxN for

«range image»:
| :[O]MXN;

2.5. For all the current coordinates of m=1, 2,...,
M and n=1, 2,..., N form the vector Xy, consisting of
L rows of coordinates [Xr(n)+jYr(m)], so that:
Xr(n)+ jYr(m)
Xr(n)+ jYr(m)

Xy = (3)
Xr(n)+ jYr(m)
2.6. Calculate the distance between the
new and the original coordinates
Drew = abs(Xy -K). 4

2.7. Calculate the values of «range image»
for the pixel (m,n):

T

I(m,n) = DpeyB )
and then proceed to the selection of a new current
value of m and n, and repeat steps (3) + (5).

3 Experiments

It would seem that this method can be immediately
applied to scans of sculptures. However, several
problems were identified. We illustrate this with
experiments.

To solve the problem of recovering missing
measurement when constructing 3D models of
objects an application was developed in the Matlab
environment. The graphical user interface is created
in the App Designer editor. The application allows
you to create or load a point cloud, restore the
surface and save the 3D model in Matlab-format or
in stl-format. Typically, when shooting an object,
multiple 3D-scans are performed. Obviously, the
most accurate result can be obtained only by joint
processing of all 3D-scans, however, the quality of
each individual 3D-scan affects the quality of the
resulting model. Therefore, the object of study in the
experiment is a separate 3D-scan.

In each experiment, 3D models with
measurement gaps were used. The result of each
experiment is a 3D model in stl-format. For the first
experiment, the face of the sculpture was taken with
measurement gaps not exceeding 3% of the entire
surface. The fig. 1 shows input scan and fig. 2
shows reconstruction of the model with
measurement omissions less than 3%. It is clearly
seen that there are no measurement omissions in the
model, surface irregularities are smoothed. Fig. 3
demonstrated the symmetry lines of the original
sculpture and the restored model, which are almost
exactly the same everywhere, except for emissions
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in the source data, which are shown in blue. The
standard deviation is 0.13.

fig. 1. Input scan fig. 2. Reconstruction

of the model

o
0 2 4 &) B0 W0 12 60 160 60 200

fig. 3. Symmetry lines of the original sculpture
and the restored model

For the second experiment, a 3D model of a
turtle sculpture was taken. Damage is more than
30% of the model's surface. The fig. 4 shows input
scan and fig. 5 shows restoration of the model with
measurement omissions greater than 3%. In the
turtle scan 30% of measurements are missing. Even
such significant omissions on the turtle's leg are
completed in the form of a regular rounded surface.
The value of the standard deviation is 0.1638.

S ?

fig. 4. Turtle scan

fig. 5. Restoration of the
model with 30%
measurement omissions

The result of experiments showed that this
method has the following advantages: namely it is
able to work with irregular data, to restore
measurement skips more then 30%, and to recover
free form skips, does not require high resolution
input data, able to restore curved surfaces, does not
require solving the problem of triangulation to
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recover the gaps, which reduces the computational
complexity and time.

Another experiment was carried out to restore
the sculpture, the dimensions of which are much
larger than in experiments 1 and 2.

The fig. 6 shows scan of the profile sculpture of
a man, dimensions of which are larger than
previously considered (15 000). On the head there
are large curls, on which there are holes. Such holes
are typical for models of sculptures. The model has
been reconstructed (fig. 7), but there are

inaccuracies, the standard deviation is 0.2 and it is
larger than in previous experiments, which allows to
conclude that the larger the model, the lower the
quality.

fig. 7. Reconstruction of

fig. 6. Scan of the profile
the model

sculpture

To test this hypothesis, a fragment of the scan
was taken (fig. 8) and built a model of this fragment
(fig.10). A comparison of the pairs of figures 9 and
10 shows that when restoring a fragment of the
sculpture scan, the quality became much better. This
is also confirmed by the standard deviation, which is
0.1289 in comparison with the result of the first
experiment, 0.1397. In fig. 10 presents a 3D model
in stl-format, where also the details of the eye
became sharper.

It should be noted that the algorithm considered
above was used to build a 3D model using only one
scan, however, it can be applied to all sculpture
scans (as a rule, they are made on the order of
several hundreds). Since its computational
complexity is significantly lower compared to
triangulation, this will reduce the processing time of
scans and their joint use will allow building a high-
quality sculpture model.

The most effective method for improving the
quality of a 3D model is to divide the model into
fragments and restore each of them individually.
This means that this algorithm allows you to restore
the model to almost the selected level of detail.
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fig. 8. Fragment of the scan

fig. 9. Fragment of model

from experiment 1 fig. 10. Reconstruction of

the scan fragment

4 Conclusion

Laser and optical 3D scanning technologies
made possible to solve the task of documenting
monuments of history and culture.  However,
computer 3D-model based on this scans may
contain errors, which appear due to omissions of
measurements from the scanner caused by various
reasons. The experiments demonstrated that the
result of reconstruction does not contain the amount
or quality of black holes that has the original object.
The method used has the following advantages: able
to work with irregular data; recover significant gaps
in measurements of an irregular shape of a curved
surface. Using this method allows us not to solve the
triangulation task, which leads to a reduction of
computational costs. The proposed approach allows
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us to improve the quality of a reconstructed 3D
surface of an object or its parts using the inverse
distance method. Therefore this approach can be
applied to the restoration of 3D models of art
objects (monuments, sculptures, etc.).
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