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Point cloud optimization based on 3D geometric features for architec-

tural heritage modelling

The present article shows a novel methodology
to classify 3D point clouds related to architectur-
al heritage elements based on dimensional fea-
tures, and using open source software. The 3D
point cloud is the key element for the extraction
of semantic and/or vector information, as well as
the meshing step for architectural heritage mod-
elling. A point cloud classification that optimizes
the point cloud while preserving the relevant
information will improve the subsequent opera-
tions. The present methodology is based on the
extraction of the geometric properties of the 3D
point clouds on the basis of the 3D covariance
matrix. Among all the possible dimensional fea-
tures, the omnivariance (Q) is considered the
most suitable for the variety of situations of the
architectural heritage elements. For a study case
of the Niculoso Pisano Portal of the Monastery of
Santa Paula of Seville (Spain), three clusters are
defined according to the different level of details.

http://disegnarecon.univaq.it

As a result, and in comparison, to a standard spa-
tial sampling of 1 cm, the proposed clustering al-
lowed a weight spatial sampling within the inter-
val 20 — 1 cm, achieving an 85%-point reduction,
keeping 3D points in the complex areas, whereas
the low detail areas, like planes, were considera-
bly reduced in size for the next steps of paramet-
ric modelling. The error of the optimized point
cloud, by the comparison with the original point
cloud has a mean value of 0.3 mm and a standard
deviation of £ 4.6 mm.
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1. INTRODUCTION

The digital documentation processes are becom-
ing an essential element in conservation tasks and
decision making, and in this regard, geoinformat-
ics provide a wide set of techniques for the docu-
mentation, conservation, and promotion of cultural
heritage (CH) (Xiao et al., 2018). While it is possible
to achieve high precision and spatial resolution
values, the obtained 3D point clouds are usually too
heavier for the required tasks to transform the raw
data into useful products for the conservation and
management of CH assets. A drawback is the fact
that it depends on the characteristics of the scan-
ning area to obtain a point cloud that guarantees a
homogenous result. But the major drawback is the
need to have a sufficiently light point cloud to be
able to manage the data with a minimum of agili-
ty, but either in many cases it will be necessary to
work with the fragmented point cloud, or key de-
tails will be lost in the decimation process.

Currently, the 3D measurement and consequent
creation of virtual models (CH buildings, assets,
scenarios, architectural environments, etc.) is a key
tool increasingly employed due to the continuous
improvement of the geoinformatics techniques and
instruments involved (both software and hardware).
The range of applications is widening from the mere
3D digitalization to 3D visualization for augmented,
virtual, and/or mixed reality (Bekele et al., 2018);
preservation and safeguarding (Remondino and
Stylianidis, 2016); data sharing and web visualiza-
tion (Boutsi et al., 2019); and creation of integrated
information systems for management or analysis
(Soler et al., 2017), being the common requirements
the completeness and precision, so the CH profes-
sionals can employ these models efficiently.

The 3D point cloud is the key element for the ex-
traction of semantic and/or vector information, as
well as the meshing step for architectural heritage
modelling. To define a faithful model of a CH ele-
ment, the current 3D measurements play a key role
to carry out the multi data fusion of all the relevant
historical and documental information. Therefore,
a point cloud classification that optimizes the point
cloud while preserving the relevant information
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will improve the subsequent operations (Rodri-
guez-Gonzalvez et al.,, 2017). Therefore, the aim
of the present manuscript is to present a meth-
odology to classify the 3D point clouds related to
architectural heritage based on dimensional fea-
tures. The approach is based on open software, to
ease its application among CH professionals. As a
result, an optimized point cloud will be generated,
preserving the details while decreasing the model
size, thus this product will ease the next steps of
parametric modelling, since the 3D mesh delivera-
ble obtained will serve as a basis for preservation,
consolidation, valorisation, and/or divulgation of
the CH element.

The proposed workflow takes advantage of the
geometric properties of the 3D point clouds to ex-
tract the key parameters that characterized the
irregular areas, namely, the areas where the pro-
cessing has to be more careful to avoid any loss
of detail. The 3D geometrical features encapsulate
the geometrical relationship between 3D points
for a local neighbourhood (Weinmann et al., 2013],
and can be computed from the 3D covariance ma-
trix (Jutzi and Gross, 2009). The geometrical fea-
tures have been applied to complex tasks as Li-
DAR point cloud segmentation (Xu et al. 2017) or
the semantic classification of submilimetric pho-
togrammetric point cloud (Rodriguez-Gonzalvez
and Rodriguez-Martin, 2019).

3D point cloud 3D covariance matrix

Fig. 1 - Workflow of the proposed methodology.
DOI: https://doi.org/10.20365/disegnarecon.26.2021.18

2. MATERIALS AND METHODS

In this section, the study case analysed and the
proposed classification approach are described.
The methodology is structured in three phases: 3D
feature extraction, clustering, and weighted sam-
pling. The complete methodology is summed up in
the following figure (Fig. 1):

2.1. Study case

The Monastery of Santa Paula is located in the
historic neighbourhood of San Julidn in Seville
(Spain). It was built for the cloistered Order of Saint
Jerome in 1473 and was the first monastery in the
city to be declared as a historic monument (listed
as Good of Cultural Interest (BIC - Bien de Interés
Cultural]). The religious building, which is occupied
by the cloistered nuns continuously since five cen-
turies, includes a church that was built between
1483 and 1489. It is accessed from a modest en-
trance brick doorway that opens the way to a land-
scaped atrium. The greatest important structure in
this atrium is the entryway to the church, known as
the Niculoso Pisano Portal (Fig. 2). The construc-
tion of the Portal was carried out by sculptor Pedro
Millan and Francisco Niculoso Pisano in 1504. The
Portal, which is the study area for the proposed
methodology, is composed by an impressive brick-
and-tile structure where its sole design integrates
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Gothic and Mudéjar style with Renaissance compo-
nents. The panel of ornamental tiles is decorated
of complex figures and tondos with a plateresque
crowning, all covered with polychrome glazed tiles.
This study case was selected as an example of
complex architecture with a mix of planar and
smooth surfaces, and non-parametric shapes and
ornaments, as normally happens in heritage build-
ings. Therefore, the present study case is repre-
sentative one the architectonic heritage to assess
the proposed point cloud optimization algorithm.

2.2. Methodology

The present subsection is devoted to the semantic
classification of the point cloud, to generate sub-
regions thanks to the analysis of 3D dimensional
features. The input is a 3D point cloud, which does
not require any specific consideration since it will
be analysed only its geometry. The geometric fea-
tures are extracted according to the eigenvalues of
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the covariance matrix of a local neighbourhood for
each 3D point in the input point cloud. This subset
of points can be selected based on k-nearest neigh-
bours or points within of a sphere of a pre-defined
radius. For this subset is it possible to compute the
optimal plane, but since it is an overdetermined
system, a least-square system is written (1):

A-X=0 (1)

where the matrix A (2) contains the k points with
coordinates X, y, z relatives to the neighbourhood
centroid (x,, y,, z,), and the vector X contains the
coefficients of the normal vector of the plane.

H=X MW= ZH—%
A= : : : (2)
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(right) detail of the Niculoso Pisano Portal.
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Fig. 2 - Monastery of Santa Paula Seville (Spain): (left) Laser scanner recording of the main entrance brick doorway to the landscaped atrium and
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The least-square solution of the equation (1) is
computed by the principal component analy-
sis (PCAJ of the matrix ATA, or covariance matrix
(Cov). The 3D covariance matrix encapsulates the
geometrical relationship between 3D points for a
local neighbourhood, and therefore its geometri-
cal properties (Demantké et al., 2012). The covari-
ance matrix (Cov) has the values of the variance in
the principal diagonal (3). By the diagonalization
process of matrix Cov, the eigenvectors of the co-
variance matrix are obtained, and as a result, the
three eigenvalues (M, A2, A3).

xx o-yx O-.lf:

C0v=lATA= o, 0, 0,.| B

O-:x O-:y O-::

The eigenvalues correspond to the principal com-
ponents of the spatial distribution of the points;
they are sorted as A, > A, > A, and employed to
compute the 3D features, which can be grouped
as dimensional features (Weimann et al., 2013)
(Blomley et al., 2014): linearity (4], planarity (5]
and sphericity (6}, and other measures such as
omnivariance (7), anisotropy (8), eigenentropy (9)
and surface variation (10), also called the change
of curvature.

L=A_% (4)

PZ%_% (5)
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where A is the sum of the eigenvalues. The afore-
mentioned dimensional features are global fea-
tures that reflect the common characteristics of
point cloud geometry. They characterize the de-
gree of change in the surface of the point cloud ac-
cording to different criteria. So, the selection of the
dimensional feature that best reflects the surface
changes is critical to carry to the guided spatial
sampling. In order to facilitate the understanding
of the dimensional features, and to exemplify the
selection of the dimensional feature employed in
the proposed approach in Figure 3 is shown their
computation over a real-case of a sandstone with
an irregular surface and shape. Please note that
the sandstone is not part of the Niculoso Pisano
Portal, but it has been selected to exemplify the
capacity of each dimensional feature due to the
different surfaces present. The computation and
representation of the results were carried out with
the opensource software CloudCompare (Girar-
deau-Montaut, 2021).

It can be appreciated how the dimensional feature
that best captures the surface variability is the om-
nivariance (Fig. 3.e], since takes into account the
three eigenvalues, which are highest in areas with
changes in the three axes. Moreover, the obtained
values are better distributed between the minimum
and maximum values, so they can be thresholded
easily. Therefore, among all the possible features
(Blomley, et al., 2014), the omnivariance (Q] is con-
sidered the most suitable for the variety of situa-
tions of the architectural heritage elements.

In order to illustrate the relationship between the
shapes, their geometric complexity level, and the

(9)
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Fig. 3 - Simulation results of different dimensional features: (a) Original 3D point cloud of a sample rock; (b) linearity; (c) planarity; (d) sphericity; (e) omnivar-
iance; (f) anisotropy; (g) eigentropy; (h) surface variation. Please note that the colour palette and the distribution of the histogram values (all dimensionless,
except the omnivariance expressed in m?) are shown to the right of each subimage (b to h).

selected dimensional feature (omnivariance), in
Figure 4 is shown its computation over an ideal pro-
file of a column shaft with a mix of linear, curve, and
transition lines. The profile was generated using
CAD software, and extruded orthogonally to create
a continuous mesh; next, the mesh was sampled to
obtain a uniformly distributed point cloud.

On the basis of the computed omnivariance values,
a classification on different clusters is generated,
which will allow a guided spatial sampling.

By the approximate knowledge of the main ge-
ometrical primitives anticipated it is possible to
specify a set of thresholds to define a discrete
number of clusters according to similar omnivar-
iance values, being the higher values related to
high detailed features, as borders, corners, and/or
surface discontinuities. Therefore, three clusters
are suggested; the aforementioned high detailed
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Fig. 4 - Simulation results of the omnivariance computation over a column
shaft: (a) 3D view of the 3D point cloud colorized with the omnivariance
values; (b) cross-section of the 3D point cloud; (c) unroll of the visible part of
the column shaft. Please note that all the subimages share the same colour
palette expressed in mm2.
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areas, the quasi-planar features which are areas
closer to planes and/or smooth surfaces where the
highest sampling will be carried out; and finally,
the transition areas which encompass the inter-
mediate areas that are difficult to assign to any of
the both clusters.

Once the clustering is completed a guided spa-
tial sampling is applied to all the points inside the
cluster based on their associated geometrical fea-
tures. In the highly detailed areas (highest omni-
variance cluster] the lightest decimation is applied
since it encloses the areas where the ornaments
are located, thus for subsequent meshing tasks it
is necessary to keep all the details. So, two objec-
tive values are established, the maximum spatial
resolution to be preserved (T}, and the minimum
one to retain all the features ['I12]. The areas without
any significant feature, enclosed in the cluster with
the lowest omnivariance values, can be idealized
as a planar surface, so the final number of points
could be severely reduced. For this cluster, two ob-
jective spatial resolution values are defined, firstly
the minimum sampling value (T ], which cannot be
lowered, to avoid committing a great simplification;
and secondly the sampling value for the bounda-
ry areas between the intermediate and low detail
clusters (T,). To sum up, four spatial sampling res-
olutions are established:

e T,: maximum spatial resolution of the 3D
point cloud. This value is established on
the basis of the technical specification of
the input sensor and expected error, so the
preserved 3D points are significant, where-
as computational overloads are avoided.

e T.: minimum spatial resolution of the
high-detailed areas. This value should be
similar to T], or equal to T, if the number
of high detail areas is low in relation to the
scene size.

e T, the threshold between the transition
and low-detailed areas, that functions as
a break-point in the subsampling, being
the representative value of the scene, as-
sessed globally.

e T, minimum spatial resolution of the
low-detailed areas.

http://disegnarecon.univaq.it
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Among each threshold value, a weighted spatial
sampling will be applied on the basis of a linear
function. As a result of the process, a final 3D op-
timized point cloud is generated, which, although
lightweight, retains all the key geometrical fea-
tures. This weight reduction improves subse-
quent tasks as meshing, vectorization, information
management through Heritage Building Informa-
tion Modelling (HBIM), or even web visualization.
Please note, that the HBIM, as the integration of 3D
models and databases works as a support in the
decision-making processes for the restoration and
refurbishment of the CH asset (Bruno et al., 2019).
As a side note, the stated thresholds for sampling
distance do not relate to the omnivariance, namely,
they can be adapted for each study case.

3. RESULTS

A point cloud obtained from a Terrestrial Laser
Scanner (TLS) is used to exemplify the methodol-

ogy, however, it can be applied to 3D data coming
from Mobile Mapping Systems (MMS], photogram-
metry, etc.

The study case is the Niculoso Pisano Portal of
the Monastery of Santa Paula in Seville (Spain).
The fieldwork was carried out in October 2018.
The campaign was focused on the digital record-
ing of the main entrance to the atrium as well as
the facade of its church, with special interest in
the Niculoso Pisano Portal. The data acquisition
was carried out using a TLS Faro Focus® 350 which
reaches a resolution of 0.6 - 350 m, with a meas-
urement speed of ca. 1 million of points by second
and a distance error of + Tmm. The 3D data of the
structures were surveyed with a sub-centimetre
spatial resolution (6 mm at 10 m) and further-
more, with the aim to create photo-realistic 3D
models, HDR images (High Dynamic Range 5x]
were collected. Altogether 13 stations were nec-
essary to capture the main features of the area,
avoiding obstacles due to vegetation. In order to
test the proposed methodology, the church portal

Fig. 5 - Study case: (a) Location in Google Maps of the Monastery of Santa Paula; (b) and detail of the 3D point cloud of the atrium and the situation of the

Niculoso Pisano Portal in red.
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Fig. 6 - Representation of the selected dimensional feature (omnivariance).
The scale is in meters.

Fig. 7 - Result of the classification. The scale is in meters.

(Fig. 5) of Niculoso Pisano was chosen, due to its
geometric complexity. The example point cloud of
the Portal has 1.05 million points and an average
spatial resolution of 8.3 mm.

For the computation of the 3D geometric features,
the open-source software CloudCompare is used,
since it has in-built the computation function. In
Figure 6 is shown the result of the omnivariance
computation. The histogram has been modified
to show the points which encompass 95 % of the
points to improve the visualization.

According to the omnivariance values is possible
to establish three pre-established clusters, as
shown in Figure 7: quasi-planar features (Q <
1-10* m?) in purple colour; transition areas (1-10*
m? < < 2-10* m? in green colour; high detailed
features (Q > 2-10* m?) in yellow colour.

Thanks to the clustering it is possible to apply a
weighted sampling for each cluster. If over the
original point cloud is set a 1 cm resolution, the

http://disegnarecon.univaq.it

point cloud will be reduced to 515062 points. The
1 cm resolution was chosen since the 3D data ac-
quisition was carried out with sub-centimetre res-
olution. By means of the proposed methodology is
possible to set two thresholds of 2 cm (T,) and 10
cm (T,) in the change between the clusters, and a
minimum resolution of 20 cm (T ). The threshold
T,, or maximum spatial resolution, is seta 1 cm.
As a result, the final point cloud is composed of
73808 points, a reduction of 85.7%. The result is
shown in Figures 8 and 9.

The error of the optimized point cloud, by the
comparison with the original point cloud has a
mean value of 0.3 mm and a standard deviation
of £ 4.6 mm.

In order to illustrate the subsampling process
automation, according to the different clusters
of points, a comparison between the presented
methodology and a direct subsampling is shown.
Please note that the direct subsampling is carried

DOI: https://doi.org/10.20365/disegnarecon.26.2021.18

TS
AVAYAV,S
,1&:

AYA
o
5N

)

SOTS
VAV

A

AVAY
AL

S
50K
SR

K>,

Py
XK
KX

LS
“' N
%)

N¥Avs
\;&V‘

X

A

LERDD
anaar,
T

Fig. 8 - Global view of the mesh from the optimized point cloud. The scale
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Fig. 9 - Detailed view.
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Fig. 10 - Central medallion above the arch of the Portal.
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Fig. 11 - Discrepancies values between the original point cloud and the meshes shown in Figure 10 (left) and 10 (right). The units are in meters.
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out with the in-built function of CloudCompare.
The central medallion above the arch was select-
ed since it has very detailed characteristics (Fig.
10) encompassing 18765 points. In the figure 10 is
shown the result of the proposed workflow using
the aforementioned thresholds (maximum spa-
tial resolution of 1 cm), with a reduction of 93.9%
(1140 points). To compare to the usual procedure,
the original point cloud is spatially subsampled at
3 cm to achieve a similar number of points, being
the result shown in Figure 10.

Visually, in Figure 10 is clearly that the proposed
methodology distributes the 3D points in the
key characteristics of the medallion. To assess
them quantitatively, the error between the orig-
inal point cloud and the meshes derived from
both subsampling approaches are computed and
shown in Figure 11. The proposed approach, for
the selected area, has a mean discrepancy value
of 0.1 mm and a standard deviation of +2.0 mm,
being the minimum and maximum discrepancies
-16 mm and 14 mm respectively. In comparison
the direct approach has no bias (mean value of
0.0 mm), but a higher standard deviation (2.9
mm), as well as higher discrepancy range (from
20 mm to 25 mm).

As similar assessment is carrying out in low de-
tailed areas, as the Portal's door (Fig. 12]). This
area is pretty simple and planar, but there are
present several rivets that create to a certain
geometrical complexity and an alternation of
shapes. The original point cloud encompasses
31048 points, and the present methodology re-
duced up to 749 points (Fig. 12]. This heavy re-
duction (97.6 %] is favored but planar area of the
door which encompasses almost all the analyzed
fragment. To achieve a similar number of points,
a5 cm direct subsampling is applied (Fig. 12] re-
sulting a total of 761 points.

As in the previous example, or the proposed
methodology, the optimized point cloud of the
door area has a mean discrepancy value of 0.1
mm and a standard deviation of +1.2 mm, while
the direct approach (5 cm subsampling) has a
mean value of 0.5 mm and a standard deviation
of £2.4 mm. The effect of these higher error can
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Fig. 12 - Left door of the Portal.

be appreciated in Figure 13, where all the sixteen
rivets are not correctly modelized and does not
preserve the shape. The error ranges between -8
mm to 15 mm for the Figure 12; and between -22
mm and 16 mm for the Figure 12.

4. CONCLUSIONS

A novel process for point cloud optimization, fo-
cused on the context of architectural heritage
was presented. It allows optimizing the point
cloud thanks to a classification based on the om-
nivariance feature while preserving the geome-
try. Despite there are other dimensional features,
like planarity, they do not allow an adequate clus-
tering of the point cloud. It was achieved an 85%
point reduction for the study case while keeping

http://disegnarecon.univaq.it
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Fig. 13 - Discrepancies values between the original point cloud and the meshes shown in Figure 12 (left)
and 12 (right). The units are in meters.

3D points in the complex areas. The low detail
areas, like planes, were considerably reduced in
size for the next steps of parametric modelling.
For the proposed thresholds, the final geometri-
cal error is lower than the input spatial resolu-
tion. As future research lines, a comparison with
other point cloud optimization algorithms would
be addressed.

As far as Cultural Heritage is concerned is of
vital importance that the information obtained
through the presented optimization methodology
maintain high resolution geometric details in the
complex areas while the size has been drastically
reduced, allowing a manage and visualization in
real time of complex models and facilitating their
dissemination.

To conclude, the presented methodology allows
the automation of parametric modelling using

DOI: https://doi.org/10.20365/disegnarecon.26.2021.18

the three-dimensional information provided by
the different Geomatic instruments.
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