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Abstract: Today, plans to protect historic buildings focus on managing architectural heritage sustain-
ably. Technical teams, such as architects and restorers, use massive data acquisition techniques, so an
identification mechanism is required to select geometrical similarity patters to support hypothesis
that guarantee historical data. Moreover, computational methods are required to understand the role
of organic shapes in historic buildings. This paper first describes an extensive review of the literature
and then the algorithms and methods to compare and to detect similar geometrical elements and
complex patterns in architecture and archaeology. For this purpose, two key aspects are consid-
ered: the metric standpoint and historical-graphical features of the 3D models, i.e., composition,
techniques, styles, and historical-graphical documentary sources. Research implies testing several
methodological lines to know the similarity degree of complex organic shapes in architectural details
through statistical analysis, software to assess point clouds, and complex curve analysis. The results
have shown that the three procedures can be compared and that the bases of the pillars of both the
Cathedral of Seville and the churches in Carmona, Jerez, and Morón are very similar; however, the
base of the pillar of the church in Carmona presents scalability variations.

Keywords: 3D range scanning; Terrestrial Laser Scanning; Structure-from-Motion; 3D data
comparison; Cathedral of Seville

1. Introduction

One of the key goals to preserve cultural assets is implementing preservation natural
landscapes and all the artistic and historical elements created by mankind over time in
research. Cultural heritage (CH) is a substantial and dynamic deposit of knowledge, con-
sidered as a unique and irreplaceable source of aesthetic, historical, and cultural values [1],
so it should be documented to maintain the object and its knowledge. Consequently,
works included in an architectural context are considered a worldwide category, as well as
working areas of universal value. The architectural heritage composed of buildings, civil
structures, and their objects, among others, is part of that unique value due to their nature.
In this context, new digital tools foster the collaborative work among work teams and allow
both the information related to the record of cultural assets and the accuracy of geometrical
shapes to be managed. The digital record by using techniques to acquire accurate data is an
interesting field for engineers and architects that work within the heritage area [2], so today,
there are many works [3–9] focused on the applicability of photogrammetry techniques,
such as Structure-from-Motion (SfM) and new Structure from Motion/Multi-View-Stereo
(SfM/MVS) implementation algorithms, making such modeling easier from photo or video
surveys [10–12] and techniques of Light Detection And Ranging (LiDAR) as Terrestrial
Laser Scanning (TLS). Structure-from-Motion reconstruction methods can be used in order
to retrieve complete surfaces with high precision, dense image matching methods. How-
ever, a key challenge is the selection of images, since the image network geometry directly
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impacts the accuracy, as well as the completeness of the point cloud. Thus, the image
stations and the image scale have to be selected to carefully meet the accuracy requirements.
Furthermore, most dense image matching solutions are based on multi-view stereo algo-
rithms, where the matching is performed between selected pairs of images [13]. In addition,
the progress in architectural heritage within the field of 3D digital reconstruction has been
related to surface analysis methods [14–16] for architectural shapes. Müller et al. [17]
suggested fifteen years ago that manual methods are the best way to process details of
shapes such as bricks or capitals, but today, the complex geometry of historic buildings is
studied through the automatic procedure of Building Information Modeling (BIM) digital
platforms. Thus, combining Massive Data Capture Systems (MDCSs) and the record in
Heritage Building Information Modeling (HBIM) platforms constitutes an appropriate
procedure to record elements such as columns, capitals, or arches, among other elements of
the Gothic architecture. HBIM is the new paradigm in the scientific community because
semantic components can be included. These components are represented as digital objects
with relations, attributes, and properties [18], and geometry plays an important role in
cultural heritage as most buildings have structural damages and deformations.

Thus, accuracy in geometry implies a greater analysis, with many sides and applica-
tions. However, the various scanning methods give advantages to study copies or digital
twins with both a 3D detail and an incredible accuracy. The information provided by 3D
digital models could replace the current iconographic material in cultural heritage [19],
thus leading to both geometrical accuracy and important research studies that could be sig-
nificant to determine authorships and to relate architectural shapes in the context of CH. To
acquire that knowledge, this paper suggests describing algorithms and methods to compare
and establish a geometric similarity pattern. The work will be based on comparing profiles
of the geometric shapes by using algorithms through the CloudCompare software [20],
calculating probability indexes through linear regression statistics and refuting the results
with historical hypotheses of authorships and artistic styles. As we know CloudCompare
is an open-source software with certain point cloud classification, segmentation, and eval-
uation algorithms derived from LiDAR or close-range photogrammetry, which allow (i)
rasters based on LiDAR attributes, (ii) 3D vectors, (iii) changes of point cloud format, (iv)
three-dimensional models, (v) point cloud self-classification, and (vi) data georeferencing.
Therefore, a powerful tool widely used by the scientific community is the most used ICP
algorithm. The nearest point algorithm based on the search for pairs of points in two
adjacent scans. Reference [21] is open source and has been used by numerous researchers in
evaluation studies, including for Scan-to-BIM [22,23] or structural behavior analysis [24,25].

The applications in archaeology and CH protection defined by Li and Zha [26] are
the creation of digital files, 3D line drawing, and 3D virtual restoration. On the one hand,
general files constitute new documents preserved for future intervention projects. On
the other hand, 3D line drawing allows geometrical or organic shapes to be decoded to
determine complex drawings in sculptures, and 3D virtual restoration allows orthophotos
and Digital Elevation Model (DEM) or Digital Terrain Model (DTM) to be obtained from
the 3D model, which includes detailed and accurate information in the digital plan of
the archaeological excavation [27,28]. Moreover, there are studies that implemented 3D
to analyze archaeological objects, such as [27,29–31], which determined the similarity of
geometrical shapes, or [32], which developed software to determine the axis of rotation of
the pottery made with wheels from several historical periods. To assess the characterization
of the pottery, [33] determined a “qp” (“Quantum Platform” open-code software [34])
of the tool capable of producing in a semiautomatic way a 3D pot collection through
the morphological characteristics of the old Greek pottery. Afterwards, a descriptor was
designed. It was based on both nearly complete 3D vessel replicas [35] and Zernike
Moments 2D (ZMDM) and Character-Based Depth Map Enconding (CBDM) depthmap
descriptors [30]. Copies are compared not just by using specialized software, but recording
methods between data acquisition techniques and old drawings to verify dimensionally
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architectural shapes [36] or to compare old Roman coins by analyzing the deviation in the
morphology of the surface of the coin [37].

From very valuable tools for capturing images, the development in geometric mor-
phometry (GM) appears, a tool through which it is possible to abstract the shape of organ-
isms through the use of “marks or points” and where the size, position, and orientation
are adjusted to obtain the information of the “shape of its outline” in a mathematical
context. The applicability was initiated by biologists to characterize the size and shape
of living things. The essence focuses on reducing the shape of the entire object to a set of
individual points called reference points [38,39] that will mark the biological structure of
the shape. Like any process that occurs in the lines of research, the methodology of the
medical-forensic area of skull characterization studies passes to the archaeological study
through the analysis of the stone. The way to characterize the shape of the lithic stone
through the use of reference points can be seen in the work of [40].

The historiography suggests analyzing similar architectural shapes based on the com-
putational study by Pintus et al. [41]. The problems in observing shapes and interpreting
objects are among the goals of this study, focused on the geometric classification criteria
and the cardinality of the relations between the areas of the objects. In another line, several
research studies are focused on the analysis of symmetries in architecture. An example is
the study of automated Architectural Symmetry Detection (ASD), suggesting an informa-
tion model of the cities to model digital twin objects from a Light Detection And Ranging
(LiDAR) point cloud [42].

Both the texture of architectural design arrangements and the relationship between
their surface have been widely studied by means of fractal pattern techniques [43–45].
Nevertheless, it is a metric-characterized geometrical analysis that does not comply with
the scope of this research. In this regard, the authorship of stonemasons and master builders
in the Gothic architecture is not generally allocated due to the lack of sources, such as
factory books. The use of new technologies based on the analysis of architectural shapes
could be a mechanism to make authorship hypotheses that identify pieces carved by the
same stonemason or designed by the same master builder.

This research started from a work [46] which studied the similarity of patterns through
the linear regression statistics. Afterwards, the algorithms were analyzed by using the
software CloudCompare by algoritm ICP and mathematical geometry models, and the
analysis has also been extended to two churches that contain historical aspects of the
Gothic architecture of the lower Guadalquivir River. The next step is to provide new
methodologies related to the formal analysis based on data acquisition methods, as well as
to compare new scenarios of case studies that are an original document.

Thus, characterizing architectural shapes based on morphological similarities is an
important experimental field to classify not just archaeological pieces, but also architectural
pieces used both to identify replicas through their relations with previous periods and
to determine historical hypotheses. Based on the MDCSs, procedures are established
to compare the shapes of the bases of the pillars of four churches (Figure 1a) and their
location (Figure 1b). This procedure is based on similarity statistics, the determination of
homologous points, and the agreement of characteristic sections and characteristic points.
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arches forming its geometry are inseparable of the structural function [47]. Many of the 
studies by authors such as Alonso de Valdelvira [48] and Hernán Ruiz “el Joven” [49] 
showed the importance of the architectural graphic expression in the treaties of Gothic 
architecture. Many of these studies interpret the geometric design of vaults, stairs, arches, 
and pillars built with stone using a hammer. The most recent historiography includes re-
searchers focused on Gothic designs [50], which maintained the hypothesis on the geom-
etries of ribbed vaults through the Euclidean geometry. The studies by the Sevillian re-
searcher specialized in tracings in heritage buildings are also interesting [51,52]. These 
studies showed that the material control of the productive process of the design of the 
stone is based on the line [53] as its traditional execution in the Gothic period. The geom-
etry of shapes in a stonework is verified through proportions, scale, and the design of the 
line and the curve. Today, the vision of the digital twin refers to the physical and func-
tional description of a component which includes all the information of its useful life [54]. 
In this regard, the geometric control components could also be used as a digital twin to 
provide information on the material with purposes of structural engineering. Thus, the 
bases that are part of the beginning of the pillars of the churches and cathedral already 
mentioned were chosen. This decorative element in Figure 2 obtained from the base of the 
pillar (Figure 3) represents one of the geometries in which stonemasons should sculpt at 
the beginning of the historical construction. In these case studies, researchers have worked 
with very similar structures, although scales slightly vary. For this reason, this study is 
first focused on the characteristic points to determine a geometric similarity pattern. 

Figure 1. (a) Photograph of the pillar of the church in Morón de la Frontera. (b) Location of Seville
cathedral and other gothic churches.

Like 400 years ago, stonemasons or master builders involved today in the restoration
of cathedrals and churches verify the cut of the stone by using tools, such as rigid and
articulated squares, wooden and cartoon templates, and graduated and curved rules. All
these tools are used by stonemasons. These objects, which are museum pieces, such as
the Anglican cathedral in Liverpool, St James Mt Cathedral, with many pieces used in its
construction in the 20th century, are the easiest way of transmitting the Euclidean geometry
and are the responsible for creating art based on geometric shapes in which lines and arches
forming its geometry are inseparable of the structural function [47]. Many of the studies
by authors such as Alonso de Valdelvira [48] and Hernán Ruiz “el Joven” [49] showed the
importance of the architectural graphic expression in the treaties of Gothic architecture.
Many of these studies interpret the geometric design of vaults, stairs, arches, and pillars
built with stone using a hammer. The most recent historiography includes researchers
focused on Gothic designs [50], which maintained the hypothesis on the geometries of
ribbed vaults through the Euclidean geometry. The studies by the Sevillian researcher
specialized in tracings in heritage buildings are also interesting [51,52]. These studies
showed that the material control of the productive process of the design of the stone is
based on the line [53] as its traditional execution in the Gothic period. The geometry of
shapes in a stonework is verified through proportions, scale, and the design of the line
and the curve. Today, the vision of the digital twin refers to the physical and functional
description of a component which includes all the information of its useful life [54]. In this
regard, the geometric control components could also be used as a digital twin to provide
information on the material with purposes of structural engineering. Thus, the bases that
are part of the beginning of the pillars of the churches and cathedral already mentioned
were chosen. This decorative element in Figure 2 obtained from the base of the pillar
(Figure 3) represents one of the geometries in which stonemasons should sculpt at the
beginning of the historical construction. In these case studies, researchers have worked
with very similar structures, although scales slightly vary. For this reason, this study is first
focused on the characteristic points to determine a geometric similarity pattern.
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2. Case Studies

The similarity of the Gothic shapes of the Cathedral of Seville and other bordering
churches could be seen in the decorative program of traceries, capitals, and frames used in
the construction of posterior temples. The clearest examples are the Santiago Church in
Jerez de la Frontera, whose master builder, Alonso Rodríguez, author of the design, worked
at the end of the 15th century and at the beginning of the 16th century to erect the structure
of the church [55]. In the historiography of the Cathedral of Seville, both Falcón [56] and
Sancho de Sopranis considered the Cathedral of Seville as the inspiring building of the
church in Jerez. There are very clear similarities in the apse and in the structure of the
church. The San Miguel Arcángel Church in Morón de la Frontera was built in two periods
between 1506 and 1730. It is classified within the select group of historic buildings of the
cathedral Gothic [57], in which the masters projected and disseminated the architectural
details made in the Cathedral of Seville in the 15th century. The Nuestra Señora de la
Asunción Church, in Carmona, was also built under the influence of the Cathedral of Seville
at the end of the 15th century. It has three naves, side chapels and a slightly rectangular
plan. It was started by the front, like the Cathedral of Seville, maintaining the old sahn
or ablution yard of the mosque. The church in Carmona is considered one of the main
temples that represents the Late Gothic based on the Cathedral of Seville [58]. In recent
investigations [59], other types have been found that are very similar to these forms of
construction of the Gothic style of their bases, for example, the Church of the Divine Savior
of Vejer de la Frontera, but here the base is more stylized. In addition to the ecclesiastical
ensembles of the Late Gothic Mediterranean environment, there is the Cathedral of Palencia
where Ysambart, master stonemason in 1433 in Seville, worked together with Pedro Jalopa
in the splendid funerary chapel of the Saldaña [60]. The authors compare profiles and try
to find similarities between the shapes. The choice of these profiles is made because of the
similarity of the forms exposed by the historiography of the Cathedral of Seville, selecting
four representative samples by means of their cross section.

3. Data Acquisition

As for the scope of geomatics and topography, control points determine an essen-
tial space in the measurements of the architectural and archaeological objects. Thus, the
control points are widely used for the formal control of the architecture. In “classical”
SfM/photogrammetric pipeline, control points are used for image orientation in the as-
sumed reference system. For indented assessment, check points are utilized. In the close-
range photogrammetry, the complementary value of the Ground Sample Distance (GSD) in
the use of Digital Elevation Models (DEM) has a determinant space [61]. Moreover, [62]
revealed the difficulty in arranging control points for georeferencing; [63] reviewed the
advantages of direct georeferencing in point cloud achievement for complex elements and
geometries and Devrim Akca et al. [64] addressed the verification of the data used by
means of quality control in 3D modeling. In this regard, to locate the work in the set, points
existing in other records were used as reference. These points were used to georeferenced
the scan to the city plans by means of a total station. As the column bases scanned contain
surfaces with sufficient geometrical magnitude, targets to link the different scans were not
set. TLS was the technique used for this purpose: a Leica ScanStation C10 laser scanner,
with 5 mm resolution and 2 mm accuracy (in accordance with Leica Geosystems specifi-
cations). The applicability of the terrestrial laser scanner and the structured light scanner
is used for presentation purposes context since the true analysis is carried out through
photogrammetry.

Regarding photogrammetry, knowing some aspects about the way of working is cru-
cial. Thus, the superposition among adjacent photographs should be guaranteed [65] and
the distance from the object should be established, so the GSD should be nominal [66].
The recommendations given in the data capture section are appropriate in the studies
focused on architectural heritage in a classification of Class A, according to Campos [67].
Images were processes through Darktable [68], an open-code software to develop pho-
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tographs. Afterwards, Agisoft Metashape [69] was used for 3D image processing through
control points taken by the total station LEICA Flexline TS02, with a precision of 2 mm [70].
The full description of the SfM method is that used in previous studies [71], which are
based on the detailed description given by Jaud [72]. Figure 4 shows a 3D digital model
of the pillar of the church in Morón made through photogrammetry. The surveys of
the low pillar of each church were conducted with the digital reflex camera NIKON
D80, with a 12 MP sensor, with the following size: 23.6–15.6 mm, lens Nikon DX AF-S
NIKKOR 18–135 mm f/3.5–5.6 G E, and a tripod. The focal distance was 18 mm, stabilizer
of optical image and (fixed) exposition 1/400 sf 3.5. The size of the CCD sensor was
23.6 mm × 15.8 mm, distributed in 3872 × 2592 pixels for a maximum resolution in NEF
RAW format. The ISO value was set to 200. With respect processing configuration the
steps are developed in: (i) Match photos Chunk. Align cameras with parameter “Accuracy
High (full resolution image files)”. (ii) Build Dense cloud with parameter “Quality High”.
(iii) Build mesh with parameter “Source date Depth maps”. (iv) Build DEM with parameter
projection Type Geographic”. The GCPs were placed both in the part of the horizontal
plane and distributed among the elements of the pillar in such a way that the total station
could capture all of them in a single position. The XYZ coordinates set were 100, 100,
and 10 m. The coordinates of the elements on each space were later recorded to achieve a
uniform set of points. In the processing SfM, an accuracy of 0.001 m was recorded.
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The combination of the techniques based on images and ranges have complementary
advantages [73] as the attributes provided by photogrammetry are complementary to those
provided by the TLS as accurate data acquisition. For this reason, and to know the general
context of the columns, the column was recorded by using TLS, and the level of detail of
the base was scanned with the Artec MHT 3D scanner, as Figure 5 shows. Through a field
of view of 214 mm × 148 mm (high × width) and distant 536 mm × 371 mm, the scanner
provides a resolution of 1 mm to create three-dimensional meshes that could be textured.
This optical use has been used in many records both for medicine [74] and for the scanning
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of small objects, such as sculptures [75]. In addition, methods such as the optical flow [76]
or the digital image correlation (DIC) [77] could be used to know the deformations of the
changes in the case of the photogrammetry point cloud or a digital model.
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Figure 5. Meshed 3D model of the pillar of the Santiago Church in Jerez de la Frontera by using Artec
Studio 10 Professional.

Although many tools of Massive Data Capture Systems (MDCSs) were used, the mod-
els used for the assessment were photogrammetry, which guarantees a more homogeneous
resolution of characteristic points of the point cloud, comparing the cloud in just one range
and limiting the comparison to the simple share, without including variables, such as
uncertainty, due to instrumental errors. Both TLS and Optical Flight Model (OFM) have
made auxiliary 3D reconstruction, but in this case, they have not been used to analyze the
dataset. Photogrammetry provides characteristic attributes of the point cloud, such as x,
y, z coordinates, RGB colors, and also the three normal directions such as the remaining
techniques. Thus, a dynamic point cloud could be treated as a sequence of various static
point clouds, but all in their own context [78].

The resulting meshes were finally aligned and located in their accurate location on the
global point clouds of each base. Figure 5 shows the result of this process. The meshing was
carried out with Agisoft Metashape, a photogrammetry software in the post-processing of
the record. To know the point cloud used in the methodology, Figure 6 is shown in two
different models, appreciating the scale of both objects.
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Figure 6. (a) Image of the set of points obtained from SfM of the church in Carmona; (b) image of the
set of points obtained from TLS of the church in Jerez de la Frontera.

4. Methodological Analysis and Results

The methodology of this work is based on the original idea of both establishing
characteristic points in the geometry of the objects and comparing these points. The shapes
analyzed were certain sections of the bases of the pillars of the Cathedral of Seville, the
Santiago Church, the church in Morón, and the church in Carmona. There are curves in
these sections that determine characteristic points that are accurately used by stonemasons
to work the stone. The original points were analyzed and compared with the coincident
points in each case. There are two key aspects in the methodology: i) from the point of
view of the methodological and historical characteristics, and ii) the coincidence of the
metric scalability.

Although there are diverse experiences, ad-hoc algorithm proposals and point cloud
comparison techniques [79], the first step in the analysis was the CloudCompare (C2C)
software package [20], which is useful to manage and compare point clouds [21]. The
comparison between the organic shapes was maintained in an adjustment of the curves
in 2D (AutoCAD) software and exported to C2C, with axes of coordinates and slopes
previously established by the authors. Thus, the points of the curves were not aligned
because their importance was referenced to an axis of coordinates. The geometric deviation
was calculated through the distances from cloud to cloud in C2C, which calculated the
distance from each point, in this case from the data subsets of shape Pc to shape Pm, both
obtained through the SfM cloud by the Agisoft Metashape software [80]. The results of the
surveys are shown in the histogram in the axis of abscissas, and the number of points is
shown in the ordinate axis. The study sequence was based on the comparison of the model
of the Cathedral of Seville with the other geometries. The first one is between Seville and
Morón, which determined the deviations as Figure 7 shows.
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The average distances between the two data subsets of the two-point clouds generated
through profiles of a global point cloud (TLSi) Y were calculated (Figure 8). The parameters
studied were the root mean square (RMS), the minimum and maximum distances between
the point clouds, the average distance, the standard deviation, and the standard error
estimated in meters. According to [81], the deviation between similar objects presents two
main characteristics: on the one hand, the high presence in the zero value in comparison
with the intervals of distance and, on the other hand, the standard deviation, which could
be calculated according to the formulae provided by [82], used in other studies [71,83] and
defined in 1984 by [84] (Equation (1)) of the points along those intervals.

σ =

√
1

n− 1 ∑n
i=1(xi − x)2 (1)

where n is the sample size, xi are the points in the intervals, and x is the average sam-
ple value.

The accuracy of the tools used and the optimization of characteristic points by means
of the mean squared error (De Reu et al., 2013) were empirically considered. A sample
of the points and the sections of the elements in the Cathedral of Seville are displayed in
Figures 8 and 9.
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The points of the profile Pc (capture of the subset of the points of the base of the
Cathedral of Seville) were compared with the profiles of Pm (capture of the subset of the
points of the base of the church in Morón de la Frontera) using the distance tool from cloud
to cloud in CloudCompare. This algorithm calculates the Hausdorff distance between the
referential point cloud and the points closer to the other cloud [85], thus calculating the
distance [20].

d (px, S0) = min‖px − p0‖ (2)

where px is a point of Sx and p0 is the closest point of px in S0. Apart from the distance,
the output of the algorithm provides the displacement vector between p0 and px. This
vector was then used to obtain the horizontal and vertical changes between t0 and tx.
Table 1 includes the results of the comparison of the various profiles, as well as the aver-
age deviations, the errors, and the maximum and minimum values among the various
profiles px.

Table 1. Results obtained from the comparison of the various profiles.

Experimental Surveys
Standart

Deviation (σ)
(m)

RMS (m) Min.
Distance (m)

Max.
Distance (m)

Average
Distance (m)

Estimated
Standard Error

(m)

C. Sevilla-C. Carmona 0.0110 0.0120 0 0.0440 0.0120 0.0010
C. Sevilla-C. Morón 0.0080 0.0110 0 0.0360 0.0080 0.0010
C. Sevilla-C. Jerez 0.0060 0.0060 0 0.0260 0.0060 0.0010

C. Carmona-C. Morón 0.0100 0.0080 0 0.0380 0.0130 0.0010
C. Carmona-C. Jerez 0.0150 0.0110 0 0.0520 0.0120 0.0010

C. Jerez-C. Morón 0.0060 0.0090 0 0.0180 0.0080 0.0010

Geometrical proportions were used in the past in architectural designs and pictograms
related to religious aspects throughout civilizations. Most of them have been built with
variables including mathematical numbers, e.g., the golden measure [86]. Moreover, the
symbolic geometry includes very identified geometric aspects. For this reason, the geometry
proportional to a pattern requires a qualitative and quantitative dimension in the order
and shape. Recent studies have assessed textured 3D meshes from the photogrammetry.
For instance, [87] established qualitative comparisons of 3D sections, and [88] analyzed the
coincidence of 3D curves through the mathematical formulation. For this reason, a second
phase of the coincidence analysis of profiles through curves that generated the points in
the space of a section plan was carried out (Figure 9).

In this work, profiles are in vertical position, as well as perpendicular to one of the
sides of the base of the pillar, in the middle of that side. Afterwards, a referential frame-
work of local coordinates was established before analyzing the profiles. Moreover, this
referential framework of local coordinates established the axis “x” as the system in which
the characteristic points of the various profiles were aligned, thus maintaining their scale
value. Consequently, there were no geometrical limitations, and its coincidence was as
adjusted as possible. The spatial distribution of the point group subsets was analyzed in
a 2D environment, so the angle θ of the vertical axis was maintained without performing
roto-translation. The closest area among curves was calculated to determine both the
difference among them and their similarity. Many research works have shown the use
of this qualitative methodology. For instance, ref. [89] assessed profiles by extracting the
point cloud, so this could be a previous application of the method. Moreover, other studies
analyzed both the profile of the areas generated on meshes to calculate the accuracy of
campaign series in photograph intakes in the field of photogrammetry [65] and the multidi-
rectional 3D spatial profile to segment individual trees in a hydrographic watershed [90].
It is understood that these are the first studies that analyzed the profiles obtained from
the point cloud using the area of the curve with similarity goals in geometrical patterns
Figure 10. Although the process could be tedious because points should be extracted and
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taken to a statistical software, the analysis is not appropriate to mathematically establish the
accuracy of two organic shapes. To verify the solidity of the model within the framework
of the mathematical analysis, the points of the curve are used to establish tendency lines in
which the mathematical function could be adjusted to the organic shape as maximum as
possible. For this purpose, OriginPro 8.5.0 SR1 was used [91].
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Figure 10. Graph of the curves between the Cathedral of Seville and the church in Carmona.

The subsets of the closest points from profile to profile in the various models created
area spaces which were mathematically calculated and the results are show in Table 2.
Figure 11 represents the values obtained according to Equation (3).

A =
∫ b

a
f (x) dx−

∫ b

a
g(x)dx =

∫ b

a
[ f (x)− g(x)] dx (3)

where A is the differential area between curves, and f (x)dx and g(x)dx are their functions.

Table 2. Table differential area between curves.

Experimental Surveys Geometric Area (m2) Mathematic Area (m2) Average Distance Estimated Standard
Error (m)

C. Sevilla-C. Carmona −0.0014 −0.0013 −0.0014 0.0001
C. Sevilla-C. Morón −0.0009 −0.0010 −0.0009 0.0001
C. Sevilla-C. Jerez −0.0013 −0.0015 −0.0014 0.0001

C. Carmona-C. Morón −0.0022 −0.0017 −0.0019 0.0004
C. Carmona-C. Jerez −0.0064 −0.0081 −0.0073 0.0012

C. Jerez-C. Morón −0.0005 −0.0005 −0.0005 0.0000

To know the adjustment of curves, they were structured in parts to know the vari-
ability of the areas affected and their relationship between the results of geometrical and
mathematical area in each profile.

Assessing the performance of the method proposed is crucial to determine the com-
parison process between the organic shapes of the Gothic architecture, thus comparing this
process with the results of other methods. The lesser the area, the better the estimate.
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The third step is to determine the points that emerge based on repetitive sections
in a vertical axis. For this purpose, objects were meshed and divided into vertical and
horizontal plans with Rhinoceros [92], following the same criterion and direction in the
four case studies (Cathedral of Seville and the churches in Morón, Carmona and Jerez). The
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Rhinoceros software allows you to create meshes and generate sections very easily from
records obtained by photogrammetry using the e.57 file extension. This software was used
since Rhinoceros proves to be the most stable software of the set, among others such as
Metashape itself, ClouCompare, and MesLab. According to recent research [65], dections
being created for each element were placed on the edges of the horizontal direction and in
the middle of the side of each element in vertical direction, as Figure 12 shows.
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Figure 12. Representation model of horizontal and vertical sections of the bases of the Santiago
Church in Jerez de la Frontera.

Results were exported to a 2D coordinate system to adjust the extraction and the
characteristic points. In this case, when performing the meshing of the 3D surface, there
are no differentials in the form of noise, therefore, making it not difficult to vectorize the
architectural sections. Cuts in a 3D model allow the edges to be assessed on sudden changes
in the direction of the normal of the triangles of the mesh, thus, according to [93], leading
to a reliable interpretation of the model rule.

After comparing through a statistical software, the shapes of the four bases of the
cathedral and the churches were analyzed, by using characteristic points, as Figure 13
shows. At this level of detail, the axis of abscissas was doubled to understand the drawing.

The resulting curves were exported to a vector format. Likewise, the coordinates of the
characteristic points were extracted for a later mathematical analysis, as Figure 14 shows.

Moreover, the distances between the points of the various profiles were established to
better understand the geometric problem, as Figure 15 shows.
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Figure 13. Comparison of sections between the Cathedral of Seville and the churches and their
characteristic points: (a) Seville and Carmona; (b) Seville and Morón; (c) Seville and Jerez; (d)
Carmona and Morón; (e) Carmona and Jerez; and (f) Morón and Jerez.
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5. Discussion of Results

Three assessment methods were tested to compare the similarity of the geometrical
shapes in the space of Gothic architectural elements. Recent studies have assessed models
from the point cloud to compare data acquisition methods, such as TLS and SfM [14,16],
multi-camera equipment in a photogrammetric work [94], Simultaneous Localization and
Mappings (SLAM) [95], and through algorithms that use C2C as evaluation tools using
images captures from Google Earth [96]. Within the various assessment scopes, there is no
profile assessment as geometry related to similarity patterns or models. However, char-
acteristic profiles have been identified to explore for the reconstruction of the surface [97]
or for goals of 3D modeling [98–100]. Thus, geometric accuracy comparisons were made
by calculating the deviation between the point clouds generated by profiles, taking the
various patterns as reference. The average deviation among the six types of comparison
made an approach of the similarity of the shapes. There were three groups with the lowest
estimates in the average distance in meters: firstly, the comparison between the profile of
the Cathedral of Seville and the church in Jerez with a value of 0.0063, which is the lowest
result; secondly, the Jerez-Morón group with an average distance of 0.0077; and finally,
the group between the profiles of Seville-Morón with an average distance of 0.0087 m.
Thus, these are the groups in which the greatest distances included in Table 1 obtained the
minimum values. The complexity of the method was the extraction of profiles of a same
Cartesian system (x, y) because the applicability of the matrix of the translation algorithm
of CloudCompare was very complex in a flat surface. To make them coincide and have the
greatest correspondence, it was decided to take it to 2D software and finally export it in
a .xyz file to CloudCompare.

Although few works have assessed the geometric profiles through the coincidence
of curves from reliability and accuracy of the reverse engineering for a geometric pattern,
there are more works quantitatively assessing the profiles of textured 3D meshes from pho-
togrammetry [65]. The variation between profiles was established through mathematical
analyses with the differentials of the areas according to Equation (3) and through a CAD
software to know the geometric area. The results showed first that the geometric and math-
ematical areas were coincident with a differential of 0.7 × 10−4 m2, so the mathematical
results could be considered valid. On the other hand, the results closer to that value were
the comparison between Seville-Morón, with a value of 0.0010 m2, and Jerez-Morón, with a
value of 0.0005 m2. The standard deviation of the values provided very positive results
that showed the adjustment of the mathematical area with the geometric area.

On the other hand, the identification of the characteristic points of a sample determined
the similarity correspondence between geometrical shapes. They were used, together with
other techniques, for the correspondence of two images in a same scene in the view
applications in the computer [101]. The idea was to establish characteristic points based on
the opinions of current stonemasons that verify and cut the stone with several tools, such
as templates, rules, rigid or articulated squares. These characteristic points determined
the patterns of these technical teams to preserve and restore the replica of geometric and
organic elements of a Gothic church or cathedral. In the third methodology, and based
on the specifications of these characteristic points, the curves of the various bases were
exported to a vector format, obtaining the coordinates of the characteristic points to then
be analyzed through a linear regression. After adjusting a linear model, the result was
four straight lines which showed the percentage of the variation in the variable observed.
There is a very similar group, Santiago, Morón, and Seville, with values of Rj

2 of 0.7404,
RM

2 of 0.8165, and RS
2 of 0.6414, and finally, a more variable result, Carmona, with a Rc

2 of
0.0222. It could be determined in the slope of the straight lines in which that first group
had similar slopes. However, the Carmona model had greater dispersion. The reason could
be the scalability of the model in contrast to three models with very similar scales and
inflections of the curves, and another model was disproportionate as its scale was greater.
Moreover, the characteristic points were studied through the differences of the marked
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points. The graph showed that the set between Carmona and Jerez was coincident in the
low coordinates, as Sevilla-Morón and Sevilla-Jerez.

Figure 14 shows that the models Sevilla-Morón, Sevilla-Jerez, and Jerez-Morón ob-
tained the best pairing results of the characteristic points in the set of average distances. The
standard deviation of the analysis was similar, particularly Seville-Jerez had lower values.
Figure 16 determines the location of characteristic points and their closeness among them.
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The photogrammetry technique provides measurements in the three dimensions of
space; length, width, and height of objects in the scene. These measurements are affected
by uncertainty [102]. The TLS and SLS datasets were made for presentation purposes, and
shape similarity analysis was performed by photogrammetry. However, in this section, we
find it interesting to know the deviation associated with these three stated data acquisition
techniques. The TLS and SLS dataset and its comparison with the SfM would be useful
to know the uncertainty associated with the dataset made in this research. For this work,
three sets of SfMXi points were taken for the photogrammetry registration, SLSxi for the
structured light scanner registration, and TLSxi for the terrestrial laser scanner registration.
All of them were delimited by two sections of Figure 12 and delimited in their z axis
including the drawing of the base. To obtain the uncertainty, three comparisons were
made to determine the deviation between the two techniques. According to ISO 3534-1 in
metrology, uncertainty is associated with the result of a test that characterizes the range of
values within which the true value is found [103]. In this sense, the reference value is found
in the values obtained by the results of the SLSxi. The geometric deviation between the
records was calculated through the comparison of C2C, once the alignments of the point
clouds were made in the same software, obtaining the results of the graph in Figure 17.

The results highlight that photogrammetry is a very solid technique in short-range
data capture; therefore, a deviation between photogrammetry values and the structured
light scanner of ±0.00042 m was obtained.
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6. Conclusions

The progress in digital technologies includes knowledge areas related to both geo-
matics and techniques of computer vision statistics. These techniques could be useful to
represent more and more accurate digital models. In another complementary field, new
BIM technologies are considered a new paradigm in architecture, engineering, and cultural
heritage. However, there is a new and emergent gap of knowledge in relation to reverse
engineering both to analyze architectural shapes and to generate organic geometries to
be extracted to BIM models in which metadata related to works conducted in restoration
are included.

The scientific literature has shown that massive data acquisition techniques, such as
TLS, Optical Scanning (OS), and SfM, have many advantages to show documentary tests on
knowledge sources in architectural and archaeological heritage. This study aims at having
with photogrammetry techniques to present the many advantages of using SfM to contrast
documentary sources in the historical heritage, trying to provide familiarization with the
procedures, means, and use of the software for these purposes. In addition, a new approach
is proposed to search a geometrical similarity pattern among various architectural elements
that are known and that could have a kind of authorship relation.

Satisfactory results were obtained with this technique by generating three-dimensional
models, considering that the scientific and academic community accept some errors. More-
over, this data acquisition technology allows an accurate planimetry of reality to be created.
All this information was the basis to analyze and to study architectural shapes which have,
generally speaking, all the architectural elements of cathedral Gothic buildings, including
the pillars studied.
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This study is important because it compares some characteristic points of the historical
elements to establish their similarity level. The measure variations in scalability, as well
as the differentials among the characteristic points between the profile of the church in
Carmona and the other buildings suggest the hypothesis that this profile, even similar
to the others, differs on authorships of the other Late Gothic churches. The approach
of the study was based on three different methodologies, thus providing a new vision
to search geometrical similarity patterns to confirm hypotheses initially supported by
documentary sources.

Geometries were mathematically interpreted, so it was concluded that the stonemasons
of that period used wooden patterns and templates, made by themselves, to cut stones. As
for the church in Carmona, it is possible that these templates were not used or that they
were deliberately misinterpreted to divide the shapes in their construction. There was a
scalability difference of around 80%, so it is possible that this kind of tool was not used.

In addition, the various sections extracted from the SfM technique showed several
alterations caused by natural processes, the course of time, human activities, or the struc-
tural movements of the buildings during their life cycle. These dimensional inconsistencies
were very perceptive, so these bases could be placed, and in situ cut, i.e., not before their
placement, as in a normal process. However, some alterations in the elements may have
been produced by the own signature of the stonemasons. The speed of construction of
the Cathedral of Seville can justify the hypothesis based on the intervention of several
stonemasons at the beginning of the works.

The importance of this research lies in establishing a series of characteristic points of
historical elements whose authorship is accurately known to compare them with pat-
terns of other objects. These points were established according to the criteria of the
current stonemasons.

The characteristic of these architectural elements within the set of cathedrals and
churches is crucial because their construction, as the Cathedral of Seville, began by their
front and not by their back, unlike other cathedrals. Moreover, the first piece with organic
shapes was possibly cut in that period (15th century): the bases of the beginning of the
pillar of the cathedral. This would be the first stage of the artistic work developed by the
master builder and stonemasons when building a cathedral.

Future research lines could be based on the analysis of other historic buildings to be
compared or even the study of other parts of pillars, such as the block of stones in the
lower part or their slimness. The pathologies and the erosion of stones over the years
could also be studied, thus fulfilling the building life cycle. In fact, this aspect is being
studied by the research team led by Professor Fabio Fatiguso at the Polytechnic University
of Bari (Italy). In another future line, using image correlation technology, similarity indexes
between objects with complex shapes in architecture could be used.
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