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A B S T R A C T

In the last twenty years, advances in technology led to a progressive digitalization in photography and pho-
togrammetry and to the development of a considerable number of image processing software. In several
fields, Digital Image Processing techniques began to spread. For example, in Civil Engineering there are many
methodologies for the monitoring of reinforced concrete structures or road pavements. In most cases they in-
volve the application of mathematical and morphological filters to two-dimensional images, to obtain quan-
titative information about the decay of the analyzed structures. Instead in Architectural Restoration there are
still few researches focused on these methodologies, because of the great complexity and uniqueness of his-
torical buildings. Furthermore, until now architectural photogrammetry mainly concerned geometric survey
and it was not widely used to diagnose the presence of alterations on buildings, despite the great potential of
a non-invasive, contactless survey technique. Therefore, the aim of this research is to create an analysis ap-
proach, to detect damages on three-dimensional models, richer in information about depth and volume. The
analysis can be carried out through a specific set of spatial and morphological filters for advanced surface
analysis, adopting software tools mostly used for three-dimensional metrology and surface topography. A se-
quence of operations can be executed, allowing to obtain quantitative information about some kinds of alter-
ations damages (cracks or features induced by material loss) from three-dimensional models like point clouds
or polygonal meshes. The procedure was tested and validated on a case study (Palazzo Palmieri, Monopoli
– Italy). The result of the research is a low interaction approach, through which it is possible to identify and
quantify damages on the surfaces.

© 2018.

1. Introduction and state of art

Architectural Restoration has a great importance in Italy, due to
the vast amount of buildings heritage. Today many of these build-
ings are widely degraded, because of the obsolescence process and
the lack of maintenance. Therefore, it is necessary to act to ensure its
preservation over time. While approaching a cultural heritage which
needs to be restored, the first step, for a correct planning of the in-
terventions, is the survey of the existing decay and its mapping, in
order to identify the different kinds of alterations and pathologies,
for example using the definitions contained in the UNI 11,182 stan-
dard [1] or in the “Illustrated glossary on stone deterioration pat-
terns” (ICOMOS international glossary) [2]. It is necessary to rely
on an adequate scientific knowledge and specific technical instru-
mentation. In fact, the initial phase of building’s general conditions
and performances assessment is managed by technicians. Generally,
they make on-site surveys, with the help of instruments such as flex

⁎ Corresponding author at: Department of Civil, Environmental, Land, Building, and
Chemical Engineering (DICATECH), Politecnico di Bari, Via Edoardo Orabona, 4,
70126 Bari, Italy.
Email address: r.galantucci@studenti.poliba.it (R.A. Galantucci)

ometers, laser distance meters, Vernier calipers, crack-meters or de-
formeters. The result is a thematic decay map, supplemented by the
photographic documentation. It is quite a complex and time-consum-
ing procedure, in which the technician’s knowledge and experience
play a fundamental role in determining the precision and accuracy of
the result.

In Civil Engineering, there are numerous works focused on meth-
ods that combine image acquisition and Computer Vision techniques
(photogrammetry, laser scanners, robotic devices, charge couple de-
vices). The main purpose is the automatic detection of objects and data
by means of specific algorithms, with the aim of assessing and mon-
itoring reinforced concrete structures or road pavements conditions.
Mohan et al. [3] provided a critical review and analysis of 50 research
papers existing in literature. They compared various automatic crack
detection techniques on concrete surfaces, according to different crite-
ria (accuracy level, error level, image data sets…).

Valença et al. [4] proposed an Image Processing approach, inte-
grated with Photogrammetry. They mapped cracked areas by iden-
tifying the strain field on the surface. Various Image Processing al-
gorithms are applied to these areas: High-Pass Filter, to improve the

https://doi.org/10.1016/j.culher.2018.09.014
1296-2074/ © 2018.
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Fig. 1. Flow chart illustrating the sequence of operations composing the protocol, to obtain information on cracks or features induced by material loss; flowchart of the process pro-
posed for monitoring the alterations.

Table 1
Spreadsheet for the planning of shootings.

Scanning
number

Object
area

Shooting
distance

Overlapping
between
consecutive
images

Overlapping
between
adjacent lines

Total
number of
images

Step
in X

Step
in Y

Ground
resolution

Height
resolution

Smallest
characteristic on
the sensor

Focal
length

m2 m % % m m cm cm mm mm
1 249.2 5.7 89% 59% 114 0.74 2.97 0.12 0.25 1.2 20.00
2 364.9 13.9 87% 55% 44 1.86 4.45 0.27 0.54 2.7 22.00
3 764.75 10.0 87% 70% 138 1.90 2.92 0.27 0.54 2.7 16.00
4 9.45 1.1 89% 58% 120 0.18 0.45 0.03 0.06 0.3 16.00

Table 2
Comparison of data between the three campaigns.

Survey Campaign 06/11/2015
19/02/
2016 09/06/2017

Shooting distance m 5.72 13.90 10.00
Overlapping between

consecutive images
% 89 87 87

Overlapping between
adjacent lines

% 59 55 70

No. photos 114 44 138
Distance in X mm 7400 18,600 19,000
Distance in Y mm 29,700 44,500 29,200
Area m^2 24,920 36,490 76,465
Z focal length mm 20 22 16
f focal length px 4675 5123 3762

quality of the image; Otsu’s Thresholding, to transform the image into
binary code; morphological operators, for noise reduction.

Other authors such as Prasanna et al. [5] [6] developed an au-
tomatic system for cracks recognition and classification, integrating

Image Processing (Gaussian Filter, Intensity Gradient, Non-Maximum
Suppression, Double Threshold) and Pattern Recognition. To obtain
a correct classification, the authors implemented a Supported Vector
Machine, an automatic algorithm that allows computers to perform an
inductive reasoning based on a series of learning data (training exam-
ples). In 2016, the same authors improved the proposed system, in-
troducing a new algorithm for automatic crack detection, the STRUM
(Spatially Tuned Robust Multifeature) Classifier. It consists of three
steps: curve cracks’ approximation to straight segments; computation
of Multifeatured Vectors; classification with Machine Learning, by
comparing three different techniques (Supported Vector Machine, Ad-
aboost, Random Forest).

Also, Jahanshahi et al. [7] proposed a non-contact crack detec-
tion and quantification approach based on three main phases: 3D
model reconstruction, Image Processing and Pattern Recognition. In
this case, segmentation algorithms and morphological or mathemati-
cal operators are applied, to identify properties to classify cracks and
create a multi-scale map with all the cracks detected. Morphological
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Fig. 2. Three-dimensional models: polygonal meshes with and without texture.

Table 3
Comparison of information about the three-dimensional models as reconstructed by Ag-
isoft Photoscan.

Survey campaign 06/11/2015 19/02/2016 09/06/2017

No. dense points 60.519.474 31.242.288 39.561.646
No. mesh 8.047.213 5.534.505 3.540.423
No. vertices mesh 4.033.021 2.776.172 1.776.008
Processing time 1h4′ 21′19″ 37′8″
Ground resolution 1.20 mm/px 2.71 mm/px 2.67 mm/px
Height resolution 2.41 mm/px 5.37 mm/px 5.34 mm/px

Thinning operations are carried out to determine the axis of each
crack, its orientation and thickness, applying perspective error com-
pensation algorithms.

Lins et al. [8] combined Statistical Filtering techniques for auto-
matic cracks detection and Machine Vision Concept methods, with the
aim of automating the measurement of cracks amplitude and length.
The system employs an IP camera, a video camera that produces video
signals in digitized form. Two algorithms were implemented: Crack
Detection algorithm, Crack Measurement algorithm. The first detects
cracks through the Particle Filter, based on RGB (Red-Green-Blue)
and HSV (Hue-Saturation-Value) colour models, because the colour
distribution around cracks stands on a Gaussian curve. The second al-
gorithm determines the detected cracks amplitude and length, by mul-
tiplying the image resolution in pixels to the number of pixels detected
by the Crack Detection algorithm.

Su et al. [9] adopted Charge Coupled Devices for the images ac-
quisition. Then the images were transformed through a series of fil-
ters (Weighted Median Filter, Image Opening, Otsu’s Thresholding),
to obtain cracks area and eccentricity (focus/major axis length). The
classification method was verified through the Sensitivity Analysis,
which estimates the model uncertainties, with the aim of differentiat-
ing, among the segmented regions, those cracked and those that are
not, according to their correspondence to given criteria.

Nguyen et al. [10] developed a method that allows to remove
non-cracked objects from two-dimensional images, through the

“Phase Symmetry-Based Crack Enhancement” filter, identifying crack
edges, by means of the cross-section Gaussian distribution.

Instead, Adhikari et al. [11] completed the damage recognition and
detection with Neural Network techniques. They are artificial neu-
ron networks, whose connections carry unidirectional signals, propor-
tional to the connection forces. Their innovation lies in the possibility
of monitoring the evolution of crack phenomena, through image ac-
quisitions at different times. These authors compared quantitative in-
formation derived from Spectral Descriptors.

There are other non-invasive methods, such as the one proposed
by Hamrat et al. [12], to detect cracks, to know their width and their
development over time, through Digital Image Correction techniques.
They use the digital system “GOM – Aramis”, a three-dimensional
non-contact measurement system, generally used to determine mater-
ial properties. It is possible to identify the first cracking point (the one
with the maximum value of tension and bending moment), knowing
the stresses to which the structure is subjected.

For the identification of cracks on road pavements, Salman et al.
[13] used the Gabor filter, a linear filter whose impulse response is de-
fined by a combination of a harmonic function multiplied to a Gauss-
ian function. It allows crack detection, regardless of their orientation.
The adoption of a filter with many freedom degrees, leads to more ac-
curate results, but also longer processing time. Then the image is seg-
mented by means of binarization algorithms.

Also, Oliverira et al. [14] dealt with integrated systems for auto-
matic detection and characterization of cracks on flexible road sur-
faces. Their method is based on the processing of grayscale images, in
order to distinguish cracked pixels from non-cracked pixels, creating a
binary matrix (blocks with cracks = 1, blocks without cracks = 0). The
detected cracks are then classified according to the Portuguese Dis-
tress Catalogue (longitudinal, transversal, complex cracks). A level of
severity (related to the amplitude) is also associated to each of them.

In Architectural Restoration the automatic detection of defeats is
still little explored, but, in recent years, some methodologies were ex-
perimented. The critical review from Bruno et al [15] represents a
methodological discussion on research papers, according to selected
criteria, regarding Building Information Modelling and Historical
Building Information Modelling, with the aim of diagnosis, perfor-
mance assessment, monitoring and therefore supporting refurbishment
interventions.

Stefani et al. [16] starting from the case study of Chambord Castle,
elaborated an approach to connect 3D models and 2D mapping data,
with the aim of providing a digital documentation about the conserva-
tion state of buildings, through the creation of alteration mapping.

Nespeca et al. [17] investigated the possibility “to extrapolate use-
ful information in diagnostics using spatial annotations” through the
use of mathematical procedures and the development of software plat-
forms They started from 3D models of the artefact to obtain thematic
maps with the classification of stones, the recognition of the carving
and previous restorations, the presence of detachment, corrosion or
loss of material.

Muñoz-Pandiella et al. [18] proposed “a workflow to map the
weathering effect known as “scaling” on monuments with very lit-
tle user interaction”, by generating 3D models with photogramme-
try techniques, and then elaborating them with image processing fil-
ters (like the adaptive anisotropic Gaussian Filter), integrated with the
RANSAC algorithm that allows to estimate the shape of the original
surface. Lombillo et al. [19] [20] adopted an integrated system to re-
motely control the condition of historical buildings, create a register
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Fig. 3. a: small area (3.5 × 1.8 m2) extracted from the rusticated basement, on which the protocol was applied; b: three-dimensional model of a small area of the main façade trans-
formed in a false-colour depth map by the software; c: studiable resulting from the application of the gradient filter (matrix 9 × 9).

of historical information, evaluate data through computer-based pro-
tocols and define proper maintenance strategies.

Several authors, such as Alshawabkeh et al. [21], Quagliarini et al.
[22], Herráez et al. [23] analysed ortho-photos or three-dimensional
models obtained through laser scanner, with the help of Image Pro-
cessing algorithms (threshold operator, Canny Edge), in order to ob-
tain information about geometry, previous interventions and condi-
tions of structural elements.

Quagliarini et al. [24] [25] proposed non-destructive techniques,
based on a hybrid ultrasonic system or a Scanning Laser Doppler Vi-
brometry, to detect defeats on historical plasters on light thin vaults.

Others, like Hallerman et al. [26] [27] [28] utilised high-qual-
ity pictures, achieved through unmanned aerial vehicles (UAV) and
processed through Computer Vision techniques, such as Structure
from Motion, a three-dimensional structures estimation technique
based on sequences of two-dimensional images. The objective is to

locate visible damages on the surface of masonry, and to consider their
evolution, by comparing point clouds acquired at different times. A
damage assessment quality index is also determined, to show the dif-
ference in results between a high-quality image and an image affected
by blurring.

Sánchez et al. [29], instead, proposed a semi-automatic system to
recognize and classify materials composing a façade, by means of
near-infrared digital images, with low-cost photogrammetric equip-
ment. Results are represented by multiband images, composed of vis-
ible and infrared.

Other authors, like Bello et al. [30], developed a structural monitor-
ing system, applied to the case study of the Cathedral of Conegliano.
They adopted hardware and software, such as the Structural-X plat-
form (National Instruments). Thanks to the application of some optical
targets and video images acquisition, it is possible to make an evalua-
tion of displacements or structural damages.
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Fig. 4. Cracks detection by segmentation of areas deeper than a selected threshold (the window top-left visible in Fig. 3 has been excluded manually from the segmentation process,
because if included in the segmentation, it would protract the processing time, without specific reason).

Table 4
Table with the parameter corresponding to each motif identified through the motifs analysis.

No. of motif Height Area Volume Perimeter Coplanarity Minumum diameter Maximum diameter Form factor Orientation

mm mm2 mm³ mm mm mm mm °
2 10.7 2318.9 24,766.5 372.0 14.9 24.5 84.5 0.2054 43
3 26.5 2589.6 68,744.6 363.1 1.7 22.8 155.6 0.2414 89
4 12.5 426.8 5332.6 96.4 2.8 9.7 36.2 0.5567 91
5 11.3 705.8 7983.8 143.7 12.3 14.2 56.2 0.4156 93
6 11.5 671.9 7721.5 120.2 3.8 14.5 52.5 0.5668 91
7 14.4 588.1 8457.6 121.4 3.8 19.7 43.5 0.4845 112
8 10.4 1167.2 12,145.8 201.3 11.4 20.4 59.5 0.3521 82
9 12.1 664.1 8020.3 129.0 4.2 11.8 56.9 0.4858 87
10 17.4 668.8 11,634.0 148.0 4.2 10.4 73.9 0.3692 94
11 1.1 329.3 371.6 85.0 5.0 10.1 35.7 0.5494 100
12 21.3 642.5 13,712.2 148.8 5.2 12.2 68.3 0.3503 93
13 28.4 703.7 20,016.0 179.4 5.5 5.9 83.5 0.2629 89
14 25.4 1380.2 35,116.7 232.0 6.0 16.5 78.9 0.3134 92
15 14.5 702.3 10,196.8 151.0 6.4 11.9 46.1 0.3744 59
16 13.3 2644.1 35,224.8 266.3 6.4 38.2 88.2 0.4610 107
17 11.0 353.6 3888.6 104.8 8.1 7.1 33.6 0.3858 118
18 12.5 599.2 7488.8 169.7 7.5 7.0 93.1 0.2486 94
19 24.9 498.7 12,414.9 119.7 10.6 16.6 38.7 0.4219 169
20 16.1 485.6 7799.7 111.5 14.9 11.5 45.9 0.4729 89

2. Research aim

The main purpose of this research is to investigate methodolo-
gies for the quantitative assessment of degradation, in the context of
Architectural Heritage Restoration, and to develop a possible detec-
tion and monitoring approach, which uses digital photogrammetry (a
low-cost scanning method) and image processing techniques applied
to three-dimensional models. The idea heading the experimentation is
to process three-dimensional models of buildings with a series of oper-
ations, through high-end surface imaging and advanced surface analy-
sis software. These tools are created for 3D surface topography and
metrology, but so far adopted only in three-dimensional optical pro-
filers and microscopes. The final aim is to define an approach and an
operating method to highlight, quantify and monitor the alterations on
the surfaces of buildings.

3. Methodology

The proposed approach is divided into three main phases:

• survey of the architectural heritage, through close range digital pho-
togrammetry, and creation of two and three-dimensional models, by
means of 3D photogrammetric elaboration software;

• analysis of the models, through surface analysis software;
• development of monitoring procedures based on the comparison of

results obtained from models acquired at different times.
The first phase consists on the acquisition of several images of the

building, through close range photogrammetry, in parallel with a tradi-
tional survey based on observations “in situ” and direct measurements.
The images are then elaborated to reconstruct two and three-dimen-
sional models, using a 3D photogrammetric reconstruction software
(Agisoft Photoscan). Particularly photogrammetric scanning leads to
the reconstruction of three kinds of models:
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Fig. 5. a: application of the threshold, in order to include all the areas affected by alveolizations, differential erosions, mechanical damage, perforation, missing parts; b; motifs analy-
sis obtained through the surface segmentation.

Fig. 6. Distance measurement (A, B, F, G); Table 5 Comparison between corresponding distances (A, B, F, G) in the two models: a: years 2015; b: year 2017.

• point cloud;
• polygonal mesh;
• high-resolution ortho-photo.

Each of these models need to be further processed by means of
other programs, which allow the acquisition of information about al-
terations and damages on the buildings. The level of details depends
on the resolution and complexity of 3D models.

3.1. Proposed analysis protocol

The reconstructed three-dimensional models represent the basic
data for the analysis protocol, which can be carried out through differ-
ent analysis software. In fact, models must be preliminarily processed
with a rectification algorithm and a spatial noise reduction filter.
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Fig. 7. Profile extraction: a: indication of where the deepest point is located on the analysed surface; b: horizontal profiles passing through the deepest point (up: years 2015 down:
2017).

Table 5
Comparison between corresponding distances (A, B, F, G) in the two models: a. years
2015, b. year 2017.

Name Unit A B F G

Distance mm 265 209 741 401
X1 mm 1487 1466 342 1797
Y1 mm 792 954 1138 216
X2 mm 1752 1675 1083 2197
Y2 mm 793 955 1139 217

Name Unit A B F G

Distance mm 273 206 754 416
X1 mm 1525 1508 352 2
Y1 mm 827 1000 1178 0
X2 mm 1798 1714 1106 2
Y2 mm 833 1000 1178 0

The first is an algorithm which allows to level the surface, so that
it is mainly orthogonal to the point of view. There are two level-
ling methods: the three-point method and the least squares method.
In the three-point method the plane is simply determined by three
user-defined points on the surface. This way, it is possible to carry
out quick calculations on complex surfaces. Instead the least square
method consists in calculating the equations of a plane P, which min-
imizes the sum of the squares of distances d (x, y), between each
point (x, y, z) to be levelled on the surface and the point (x', y', z') on
the plane (geometric reference form). The geometric reference is the

form that best fits the measured points, it means that if the surface
is predominantly flat, the geometric shape is the plane. This method
works better than the first one for surfaces, with random surface tex-
ture.

The spatial noise reduction filter ensures the removing of anom-
alous values, deriving from acquisition errors. Among various existing
filters the one selected is the median denoising filter, which is more
efficient in reducing noise, without smoothing the surface too much.
The filter works by replacing with the median value only the points
whose coordinate Z is between the quartile 0–25% or 75–100% of the
neighbours’ Z-values (z-axis is perpendicular to the plane, parallel to
the façade, identified by the rectification algorithm). This means that
the value is not modified, if it is close to its neighbours’ values [31].

Then there are different processing ways, depending on the fixed
purpose:

• identifying and measuring;
o cracks,
o features induced by material loss;
• monitoring.

3.1.1. Cracks
To identify cracks, it is necessary to use an edge-extraction fil-

ter. The gradient filter is the most efficient because it subtracts points
near the central one, looking for the major slopes in four directions at
least. In fact, the aim of edging filters, is precisely to enhance discon
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Fig. 8. Simulation of photographic texture of the point cloud (left) and the polygonal mesh (right) of the same portion.

tinuities in intensity (high frequencies), and to eliminate small varia-
tions in intensity (low frequencies). The gradient calculates the first
derivatives corresponding to each point, in the direction of maximum
discontinuity:

This equation represents the gradient of the function f (x, y), at a
point in the generic direction r, with angle θ. In order to obtain the
maximum value of the gradient ∂f/∂r, it is necessary to derive it in θ
and assigning it equal to zero:

The gradient vector represents the maximum value of the deriva-
tive ∂f/∂r in the direction of maximum variation:

where i and j are the unit vectors of x and y axes [32].
The extracted contours may be elaborated through the motifs

analysis, to get quantitative information on geometrical characteris-
tics of cracks. This study segments a surface into significant hill or
dale motifs, leading to a localization of peaks (high points) and holes
(lower points). Segmentation works according to user-selected thresh-
olds: minimum height and minimum area.

3.1.2. Features induced by material loss
To identify features induced by material loss (alveolizations, dif-

ferential erosions, mechanical damage, perforation, missing parts),
the threshold operator artificially trims the surface in correspondence
to selected depth values, and analyses only the elements within this
range. This allows to easily identify areas affected by these alterations,
since they are generally located at a greater depth than the remaining
surface. In fact, by changing the threshold value, it is possible to iso-
late degraded areas, in order to estimate their size and depth, through
a false-colour map.

Then it is possible to extract quantitative information through the
motifs analysis.

It is important to realize a preliminary on-site survey, with tradi-
tional techniques, defining the scope of the survey also in terms of
minimum size of the detectable alterations, in order to ensure the se

lection of adequate values for a correct behaviour/functioning of the
filters and to verify the results obtained through their application.

3.1.3. Monitoring
The protocol may be applied to 3D models of the same object, ac-

quired at different times, to evaluate the development of the decay.
Then it is possible to perform other studies, to identify the geometric
properties of some specific elements.

For example, multiple measurements can be done through the dis-
tance measurement study:

• x, y, z coordinates of a point;
• coordinates of the lowest and the highest point;
• horizontal, vertical, oblique distance between two points;
• angle between two segments;
• distance between two parallel lines.

They could be interesting, for example, to easily measure the am-
plitude of a specific crack, the distance between two neighbouring
cracks, the size of a missing part, or the diameter of a cavity.

It is also useful to extract profiles in correspondence of the most
significant points (less deep and deepest point), for the purpose of
monitoring. Profiles can be horizontal, vertical or diagonal, for an im-
mediate and complete comprehension of the variation of depth along
z. This is a valid support in the analysis of the alterations mentioned
in Sections 3.1.1 and 3.1.2. In Fig. 1, there is a workflow showing the
process to obtain quantitative information about them, and to evaluate
the monitoring over time.

3.2. Software support

There is a variety of software, specifically created for the surface
analysis, which can be adopted in the protocol illustrated in Section
3.1. The one selected in this work is TalyMap 3D™ [33], a Moun-
tains Map product developed by the company Digital Surf [34]. It
is a high-end surface imaging, advanced surface analysis, 3D sur-
face topography and metrology software. It is generally used in indus-
trial researches, product-development, process-improvement and be-
haviour estimation.

What makes TalyMap 3D ™ extremely suitable to many applica-
tions, is the possibility to import and export various formats and there-
fore to carry out analysis on different kinds of documents (indicated
as studiables). In this research, it is considered only the spectrum of
analysis and studies that can be performed on surfaces, three-dimen-
sional point cloud models, polygonal meshes, and ortho-photos. This
software facilitates the repetition of tests, because once the protocol
has been carried out on the first case, it is possible to create a tem-
plate, so that the sequence of operations is automatically repeated on
any other studiable.

(1)

(2)

(3)
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4. Case study

The case study is Palazzo Palmieri in Monopoli (Puglia, Italy),
located in the homonymous square largo Palmieri. The construction
dates to the 18th century, by the Marquis Palmieri’s family, native of
France. The building is an example of late-Baroque architecture, with
a coexistence of influences from Lecce and Naples, like typical ele-
ments of the Neapolitan palace house.

The main façade is marked by rusticated ashlars at the base and a
smoothed stone cornice at the top. The main entrance is composed by
limestone Ionic columns. The upper floor loggia is decorated by the
family emblem. The designer wrote that the building “consists of three
apartments, with internal courtyard, partly covered and partly uncov-
ered. From this courtyard there is the access to the stone staircase that
reaches the sun deck. The highest point is the turret that covers the
stairwell” [35].

Over the centuries, Palazzo Palmieri changed many times: in fact,
from the beginning of the 20th century, it was firstly used as a chil-
dren’s school, then as a location for the institution for disabled people,
and finally as an art institute.

In the 20th century, the palace underwent several interventions, be-
cause of years of neglect and the appearance of structural problems.
In 1930 the first structural works were carried out by Eng. Sant’Er-
chia, with the application of the “sew-unsew” method in the piers of
the internal façade, collapsed in consequence of compression stresses.
In 1950 further interventions were carried out, and the latest restora-
tion works date back to the 1980’s [35].

4.1. Survey and models reconstruction

The approach illustrated in Section 3 was applied to the chosen
case study and particularly to some specific areas of the main façade,
affected by damage. The survey was based on three photogrammetric
campaigns performed “in situ”, as part of the MIUR Start-up project:
PAC02L2_00101 “Contactless diagnosis system of artefacts of signif-
icant cultural interest and difficult accessibility with augmented real-
ity” [36].

4.1.1. Planning of the shootings and equipment
Before each campaign, it is necessary to carry out a planning of the

shootings, inserting some datasets in a spreadsheet, to obtain: ground
resolution, height resolution, the number of photos and the shooting
positions (Table 1).

It is useful to place markers at known distances on the object,
which represent a dimensional reference to scale the model once the
three-dimensional reconstruction has been completed. The more the
markers are distant, the less the result of the 3D model scaling is af-
fected by error.

The photogrammetric shootings are made with APS-C sensor dig-
ital camera, with high-resolution (20 Mpx to produce ortho-photo
maps). This camera can be mounted on supports such as UAV’s ve-
hicle or telescopic sticks in carbon fibre, which allow to reach all the
heights needed for a complete survey. Therefore, the shots must be
controlled with remote control systems, using tablets and specific soft-
ware or apps [37].

4.1.2. Survey campaigns
The campaigns were realised in a period of eighteen months:

• 06/11/2015;
• 19/02/2016;
• 09/06/2017.

All the times the same equipment was used, except for the kind of
lens, with a different focal length, depending on the chosen distance
of shooting and the dimensions of the areas to be acquired.

In each campaign, different shooting parameters were chosen, to
test the accuracy of the photogrammetric method. The purpose was to
understand what kind of solution is necessary to obtain sufficiently de-
tailed information, for an accurate mapping of the alterations. In this
regard, some authors, like Napolitano et al. [38] and Lavecchia et al.
[39,40], wrote about the influence of various sources of error in the
photogrammetric process.

In Table 2 there is a synthesis of the principal information about the
three campaigns mentioned in Section 4.1.2, from which it is possible
to compare the main parameters chosen for each survey. The principal
differences regard the shooting distance and the focal length.

4.1.2.1. Two and Three-dimensional models
The reconstruction of two and three-dimensional models was car-

ried out by means of a computer, with dual Intel Xeon processor (128
GB of RAM, 64-bit operating system). Agisoft PhotoScan is the soft-
ware used for the reconstruction of models, based on Structure from
Motion (SFM) algorithms and Dense Multi-View 3D Reconstruction
(DMVR).

The first one is an estimation process of three-dimensional struc-
tures, extracted from sequences of two-dimensional images; the sec-
ond one allows to build three-dimensional models from an unordered
set of images of the object, from different points of view [41].

The first kind of model produced by the program, is the point
cloud, which represents the basis for the construction of the other
models. The quality of a point cloud is greatly influenced by the res-
olution and the limit imposed to the number of points. A point cloud
of a large object, like an architectural artefact, is composed by several
tens of millions of points. Clearly, a greater number of points corre-
sponds to a higher level of detail and a greater number of information,
but, on the other hand, to a longer processing time.

The polygonal mesh (Fig. 2) is generated on the basis of the point
cloud, so its quality is strictly influenced by the resolution of the cloud.
The results can be further modified by choosing the geometry and the
number of polygons in which the model must be divided, in order to
obtain a better approximation of the surfaces, especially if they are
mainly curvilinear and complex. The polygonal mesh may be com-
pleted by textures, which make it easier to identify alterations on the
surface, since the texture provides a real-colour representation and
from the three-dimensional models it is possible to calculate all the
geometrical characteristics. From Table 3 three-dimensional models
characteristics can be observed and compared. The high-resolution or-
tho-mosaics (obtained from the point cloud model) have a superior
quality than single images and they are not affected by perspective er-
rors and distortions. Moreover, since the buildings façades are large
and often with physical obstacles in their surroundings, it is difficult to
realize a complete survey with a single image. Instead the ortho-mo-
saic is reconstructed from a great number of images, which are aligned
and joined together by the software. The quality of the result varies
according to the chosen pixel size and resolution.

4.1.3. Accuracy of 3D models
The experimentation was conducted on three-dimensional models

of a small portion (3.5 × 1.8 m2) of the main façade (Fig. 3a). For
the scans of a restricted area (like the one used in Section 4), it was
adopted a shooting distance of 1.1 m, 49 images covering an area of
6.51 m2 (3.5 × 1.8 m2), with an overlapping of 88% between consec
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utive images and of 55% between adjacent lines. The Ground Resolu-
tion (or Ground sample distances) of the images is of 0.267 mm/pixel
and the Height Resolution is of 0.534 mm/pixel. The dense cloud is
made by 30.758.837 points. The accuracy is high and the processing
time of about 1 h 5 minutes. For the computation of the 3D models’ er-
ror the method adopted was the one proposed by Lavecchia et al. [40]
that considers the uncertainty of a photogrammetry model, according
to according to ISO GUM (JCGM 100:2008) [42] and ISO 15530-3
2011 [43], which is the combination of several causes (procedure re-
producibility, resolution of the system and form errors of workpieces),
comparable with the Ground Resolution of the model. Therefore, in
this case the error/uncertainty is about 0.267 mm. Instead the density
of the point cloud is of 3.5 points/mm2.

4.2. Application of the proposed analysis protocol

When the models are imported in TalyMap 3D™, the program rec-
ognizes the coordinates (x, y, z) of each point and uses this information
to realize a false-colour map automatically. A colour scale is created,
corresponding to depths (Fig. 3b). Various elaborations were carried
out in order to outline the best procedure.

As mentioned in Section 3.1, the orientation errors were corrected
through the least square method and then a spatial noise reduction fil-
ter was applied to remove anomalous values resulting from acquisition
errors. It would be interesting to use an adaptive anisotropic Gaussian
filter, based on the strategy that different parts of an image should be
smoothed differently, choosing the degree of smoothing at each step,
instead of using a constant smoothing term, as the other denoising
techniques (Muñoz-Pandiella et al. [18], Deng et al.[44]). However
this kind of denoising filter works on three-dimensional surfaces com-
posed by polygonal meshes (Ohtake et al. [45]). This work is based
mainly on dense point clouds, which are richer in details than polyg-
onal meshes. Three methods of analysis have been distinguished, de-
pending on whether it is to detect:

• cracks;
• features induced by material loss;
• monitoring.

4.2.1. Cracks
The gradient filter allowed the edge extraction. The edges identi-

fied by the program are located in the deepest areas, which correspond
to cracks. Several tests were carried out, choosing different sizes of
the kernel matrix and obtaining different information:

• smaller matrices (3 × 3, 5 × 5, 9 × 9) allow a clearer identification of
the contour lines, where the slope variations are maximum (Fig. 3c);

• larger matrices (13 × 13, 19 × 19, 27 × 27) allow a more detailed
comprehension of the variation of slopes.
It is important to underline that the values shown in the colour

scale in Fig. 3c), do not correspond to the depth (z), but to the gradient
(slope variation). The reading of this scale is therefore useful to locate
the areas where gradients vary gradually and those where they change
suddenly.

To perform the motifs, thresholds (area, depth) were chosen, ac-
cording to the smallest dimension detectable and consequently the res-
olution of the analysed model. In Fig. 4 it can be observed that the
software identified 19 patterns, corresponding to the cracked areas.
For each of the detected regions, it was possible to obtain quantitative
information (Table 4). Then all these data were exported as tables in
Excel format.

4.2.2. Features induced by material loss
Alveolizations, differential erosions, mechanical damage, perfora-

tion, missing parts were detected through two chosen depth thresh-
olds, which identify the study interval (Fig. 5a). The depth thresh-
olds were chosen in accordance with preliminary on-site observations,
performed with traditional instruments. Through the motifs analysis
(Fig. 5b), the program created 48 motifs, corresponding to the areas
identified by the threshold operator. Consequently, also in this case,
it was possible to quantify the geometric characteristics of these mo-
tifs: area, perimeter, volume, minimum, maximum, average diameter,
height, number of adjacent elements, form factor, coplanarity, orienta-
tion.

4.2.3. Monitoring
This process has been applied to three-dimensional models, ac-

quired in a period of 18 months (from 06/11/2015 to 09/06/2017),
to compare numerical results and evaluate the development of alter-
ations. We considered two point clouds with the same resolution in
both directions (parallel and perpendicular to the plane of the façade).
The Ground Resolution is of 2.3 mm/pixel in 2015 and 2.4 mm/pixel
in 2017. The Height Resolution is of 4.6 mm/pixel in 2015 and
4.8 mm/pixel in 2017. The points composing the dense clouds are
960.000 in the first case and 951.021 in the second case. It means
that the two point clouds are comparable. Further analysis was carried
out: some distances were measured (Fig. 6), in correspondence of the
affected regions and the quantitative variations between the models
were estimated in order of some centimetres. It is necessary to specify
that the distance points (A, B, F, G) are introduced manually by the
user and, although it may introduce some error, this problem could be
avoided by the apposition of markers directly on the object. Then hor-
izontal and vertical profiles were extracted in correspondence of the
most significant points of the analysed portion. In the specific case,
the considered points were the highest and the deepest (Fig. 7).

5. Discussion of results

The analysis protocol was applied on dense point clouds of an af-
fected area of the façade. This led to achieve quantitative data on alter-
ations. It was possible to detect also very small motifs (up to an area
of 7 mm2 and a depth of 3.5 mm). Although it was observed that the
minimum detectable dimensions are strongly influenced by the resolu-
tion of the 3D models acquired. For this reason, further investigations
are taking place, consisting in direct comparisons of three-dimensional
models, to understand the distribution of the major distances between
two models of different resolutions.

Until now, the field of experimentation has been extended only
to planar models, like the small basement area (3.5 × 1.8 m2) in Fig.
2. However, the idea of the authors is to widen, with further investi-
gations, the applicability of this approach also to more complex sur-
faces with a non-planar/curvilinear evolution, using filters and opera-
tors like the Form Removing or robust Gaussian filter, which remove
or separate the main curvature of the surface from the model.

Furthermore, actually it is necessary to handle the presence of
sculptions and carvings manually, because the threshold operator
could erroneously identify them as cracks or features induced by mate-
rial loss, according to the value of the deep threshold. However, there
is a real intention to continue the research, deepening these two as-
pects.

For the damage detection, it was possible to recognise only al-
teration like cracks or features induced by material loss, through the
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illustrated protocol. But for each of these alterations, as it can be ob-
served from Fig. 4 and Fig. 5, it was possible to locate them precisely,
and calculate area, perimeter, average, maximum, minimum diameter,
orientation, form factor, without the use of other more complex instru-
ments (crack-meters, deformeters), normally used for the diagnosis of
the damage. Anyway, it was important to choose the right thresholds
for each case, in order to get an accurate detection.

For the monitoring, the analysis of the three-dimensional models
(years 2015 and 2017) showed differences in the order of a few cen-
timetres. In fact, the discrepancies found in the distance measurement
are significant and ascribable to the evolution of the decay over time.
In fact, in Fig. 6 and in Table 5 the detected differences (measured
in a plane parallel to the façade) are: 8 mm (A), 13 mm (F), 15 mm
(G). Therefore, these differences are above the Ground Resolution
(2.3–2.4 mm/pixel). From the profile extraction (Fig. 7) it can be also
observed that the lowest peaks are lowered of 1.5 cm, in the second
model (2017) that is above the Height Resolution (4.6–4.8 mm/pixel).

In this research, Digital Photogrammetry was preferred as three-di-
mensional survey technique (among others like Laser, LIDAR, Struc-
tured Light), for many reasons, such as the great affordability of the
equipment, the simplicity and quickness of the scanning method. In
fact, it is possible to use standard-level cameras, without specific re-
quirements and therefore easily available on the market. This leads to
further benefits consisting in simplicity of the using, which does not
require the contribution of specialized users.

For all these reasons, there is a significant reduction in scanning
and processing time, if compared with traditional survey techniques or
with other Reverse Engineering techniques (Laser Scanner). As Seg-
reto et al. [46] stated, while scanning the same object, the laser scanner
takes about seven times more than the time used in photogrammetric
scanning.

During the experimentation of the analysis protocol, evaluations
were made on how and when it is better to apply each operator or fil-
ter and on how to interpret each study. The approach was tested on
the first point cloud and then checked on other point clouds acquired
through the photogrammetric scanning. Then the procedure created
for point clouds was tested also on polygonal meshes. The elabora-
tions obtained are of a lower quality than those of the corresponding
point clouds, since when polygonal meshes are imported in TalyMap
3D™, the software only considers vertices of the triangles composing
the meshes. It means that the meshes consist of less points, if com-
pared to the point clouds. For example, the areas in Fig. 8 represent
a point cloud of 30 million points, and a polygonal mesh of 3 mil-
lion points. Since TalyMap 3D™ allows to import also image formats,
such as jpeg and tif, also high-resolution ortho-photos were analysed.
The field of intervention on ortho-photos is limited to mathemati-
cal and morphological transformations, typical of digital image pro-
cessing: spatial filters for noise reduction, minimum/maximum, edge
extraction, binarization, morphological corrections, like dilation, ero-
sion, opening and closing.

Although, in this case the possible evaluations are mainly qualita-
tive. However, it is possible to know some flat geometric characteris-
tics through the binarization because the operator segments the image
into motifs, and, for each of them, the software can calculate all the
parameters mentioned in Section 3.1, except for volumes and depths.

6. Conclusions

The approach proposed in this work includes the adoption of digi-
tal photogrammetry for the images’ acquisition and the 2D–3D mod-
els’ reconstruction (high-resolution ortho-mosaics, point cloud and

polygonal mesh). The analysis developed are applicable, regardless
of the 3D scanning method. The models reconstructed from the pho-
togrammetric scanning represent the starting point for the next phase
of experimentation, aimed at building an approach for the damage de-
tection and mapping.

The purpose was to create a protocol that can be easily executed
by the user, to obtain information on cracks or features induced by
material loss. These alterations are identifiable on 3D models, using
false-colour maps and morphological filters (median noise removal,
edge extraction), which eliminate useless information. Threshold and
binarization operators have been adopted to segment surfaces and cal-
culate their geometric characteristics, through the motifs analysis.

Specific tools were used for the direct measurement of alterations
(distances, areas and volumes), which are particularly interesting for
monitoring alterations over time. In fact, measuring the same points
on 3D models acquired one eighteen months after the other, the grow-
ing of alterations was observed and calculated.

During the experimentation, it emerged a problem concerning the
possibility to develop an automation in the process, through the soft-
ware tools. For example, it was impossible to identify unique thresh-
old values, which give significant results in all the cases in which they
are applied. In some cases, the approach requires a post-production in-
tervention by the user, to evaluate the accuracy of results and, even-
tually, make changes in the critical parameters. Therefore, this tech-
nique could be considered as a valid support to the expert judgement,
allowing a better and faster assessment and comprehension of the al-
terations, compared to the traditional survey techniques. Further stud-
ies will be intended to avoid the interaction with the user, in order to
get a semi-automatic or fully automatic approach.

This work is a first result for further investigation. In fact, the re-
search is going on in order to verify the possibility of extending the
protocol to the detection of other alterations and to implement the
level of automation in the process.
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