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Abstract

Structural Health Monitoring (SHM) has increasingly adopted vision-based techniques
for assessing the condition of civil infrastructure, with Digital Image Correlation (DIC)
standing out as a reference non-contact method for full-field displacement and strain mea-
surements. However, traditional DIC applications are often limited by the need for static,
optimally positioned cameras, a requirement that is challenging to meet for large or in-
accessible structures. The use of mobile platforms, such as Unmanned Aerial Vehicles
(UAVs), offers a flexible solution but introduces a "dynamic" measurement scenario. This
dynamism creates significant challenges, primarily the need to distinguish the structure’s
true deformation from the spurious motion of the acquisition system and to mitigate image
degradation effects like motion blur, which can compromise measurement accuracy. This
PhD thesis addresses these challenges by developing and validating novel image-based
techniques to enable accurate field measurements in dynamic conditions. The research
activity focuses on three main contributions. First, a single-camera 2D DIC approach
is proposed, which compensates for perspective distortions caused by camera movement
by using planar homographies estimated on an region of the target assumed undeformed.
Second, an alternative approach is presented that integrates a camera with a depth sen-
sor, enabling motion compensation without the need for a stable reference area on the
structure. Finally, the thesis addresses the general issue of motion blur by introducing
a novel DIC algorithm that estimates and mitigates blur effects at the subset level, iter-
atively refining displacement and blur parameters. The results of the experimental and
numerical validation campaigns confirm the feasibility of the proposed approaches for
dynamic measurements with mobile systems. The perspective distortion compensation
techniques proved particularly effective for local measurements, such as monitoring crack
evolution, achieving accuracies on the order of a few hundredths of a millimetre. While
these methods allow for a global assessment of the displacement field, their accuracy for
full-field analysis was found to be lower than that of traditional stationary DIC systems.
The developed motion blur correction algorithm consistently demonstrated its ability to
reduce measurement uncertainty in both 2D and 3D applications, even under conditions

of spatially variable blur. Collectively, this work contributes to enhancing the robustness
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and applicability of camera-based metrology for in-field dynamic monitoring, paving the

way for broader and more reliable SHM applications.
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Sommario

I1 Monitoraggio Strutturale (SHM ) ha progressivamente adottato tecniche basate sulla
visione per la valutazione delle condizioni delle infrastrutture civili, e la Digital Image
Correlation (DIC) si distingue come metodo di riferimento non a contatto per la misura
di campi di spostamento e deformazione. Tuttavia, le applicazioni tradizionali della DIC
sono spesso limitate dalla necessita di utilizzare telecamere statiche e posizionate in modo
ottimale, un requisito difficile da soddisfare per strutture di grandi dimensioni o di dif-
ficile accesso. L’uso di piattaforme mobili, come i droni, offre una soluzione flessibile
per il monitoraggio strutturale ma introduce uno scenario di misura "dinamico". Questo
scenario crea sfide significative, in primo luogo la necessita di distinguere la deformazione
reale della struttura dal moto spurio del sistema di acquisizione e di mitigare gli effetti
di degrado dell'immagine come il motion blur, che possono compromettere ’accuratezza
della misura. Questa tesi di dottorato affronta tali sfide sviluppando e validando nuove
tecniche di misura basate su immagini per consentire misure di campo accurate in con-
dizioni dinamiche. L’attivita di ricerca si concentra su tre contributi principali. In primo
luogo, viene proposto un approccio DIC 2D a telecamera singola che compensa le distor-
sioni prospettiche causate dal movimento della telecamera utilizzando omografie stimate
su una regione del target assunta come indeformata. In secondo luogo, viene presentato
un approccio alternativo che integra una telecamera con un sensore di profondita, con-
sentendo la compensazione del movimento senza la necessita di un’area di riferimento
indeformata sulla struttura. Infine, la tesi affronta il problema generale del motion blur
introducendo un nuovo algoritmo DIC che stima e mitiga gli effetti del blur a livello di
subset, affinando iterativamente i parametri di spostamento e di blur. I risultati delle
campagne di validazione sperimentale e numerica confermano la fattibilita degli approcci
proposti per le misure dinamiche con sistemi mobili. Le tecniche di compensazione della
distorsione prospettica si sono dimostrate particolarmente efficaci per le misure locali,
come il monitoraggio dell’evoluzione delle fessure, raggiungendo accuratezze nell’ordine
di alcuni centesimi di millimetro. Sebbene questi metodi consentano una valutazione
globale del campo di spostamento, la loro accuratezza per ’analisi a tutto campo ¢ risul-

tata inferiore a quella dei sistemi DIC tradizionali stazionari. L’algoritmo di mitigazione



iv | Sommario

dell’effetto del motion blur sviluppato ha dimostrato la sua capacita di ridurre 'incertezza
di misura in applicazioni sia 2D che 3D, anche in condizioni di blur non uniformemente
distribuito a livello spaziale. Complessivamente, questo lavoro contribuisce a migliorare
la robustezza e 'applicabilita delle misure basate sull’utilizzo di sistemi di visione per il

monitoraggio dinamico, aprendo la strada ad applicazioni di SHM pit ampie e affidabili.
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1 | Introduction

1.1. Background

Structural Health Monitoring (SHM) has emerged as a critically important eld in recent
decades. This growing interest is directly linked to two key factors: an increased global
focus on assessing the condition of structures throughout their service life, and the signi -
cant progress and wider accessibility of advanced sensing technologies and data processing
methods. Among the many available possibilities, techniques based on image acquisition
have become particularly popular and extensively studied [1], [2]. This is primarily due to
their ability to provide full- eld information using relatively accessible and cost-e ective
equipment. In the context of SHM, vision-based approaches have been applied in two
main areas: on one hand, for the localization and classi cation of damage on structures
[3], [4], and on the other, for obtaining quantitative information about structural be-
haviour, such as identifying modal parameters [5] or mapping general displacement and
deformation elds [6].

When accurate quantitative measurements are required from image data, Digital Image
Correlation (DIC) represents a reference technique [7]. It is widely recognized as one of
the most accurate non-contact methods for obtaining full- eld displacement and strain
information from digital images. The fundamental principle of DIC involves comparing
small subsets of pixels de ned on a reference image (typically representing the undeformed
state) with their corresponding subsets in subsequent images (representing the deformed
state). This comparison allows for accurate tracking of movement across the surface.
The exibility and scalability of DIC have enabled its widespread application across nu-
merous elds, ranging from detailed microscale measurements in fracture mechanics [8],
[9] and various biomedical applications [10], to large-scale civil engineering projects like
monitoring bridges [11].

The technique can be employed for both 2D and 3D applications. In 2D DIC, images
are acquired by a single camera, and the measurement target must be a planar surface
kept perpendicular to the optical axis of the camera. Its main advantages include be-
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ing contactless, providing eld measurements over an area, and generally being more
cost-e ective and less time-consuming than traditional pointwise methods like installing
numerous displacement transducer or strain gauges. However, 2D DIC also has some
inherent disadvantages: the target surface usually needs to be prepared with a random
speckle pattern [12] to enable robust subset matching, which can be challenging, espe-
cially on large civil structures. Moreover, the requirement for the camera to be positioned
perpendicularly to the measurement surface is often a signi cant limitation, particularly
when dealing with di cult-to-access locations characteristic of civil infrastructure. For
non-planar surfaces or when out-of-plane displacements are signi cant, 3D DIC can be
used. In this case stereo pairs of images are acquired by a system of two synchronized
cameras. While 3D DIC has seen signi cant improvements in recent years, making it a
robust and accurate technique for three-dimensional displacement elds, this capability
comes at the cost of a more complex setup, requiring two cameras and precise synchro-
nization and stereo calibration data to reconstruct the 3D shape of the target surface
through triangulation.

Despite the power of traditional DIC, its application in certain scenarios can be di -
cult. For instance, monitoring structures in critical or less accessible areas might make it
hard or even impossible to position cameras in optimal, xed locations. An increasingly
viable solution for visual inspection under these challenging conditions involves using cam-
eras mounted on mobile robotic platforms. The employment of such platform allows for
approaching the target without the need for installing auxiliary structures, while simul-
taneously keeping operators in a safe position, o ering signi cant bene ts from both an
economic and safety standpoint. Applications utilizing vision systems on ground, aerial,
and underwater robots are hence increasingly present in the literature [13]. Among these,
the use of Unmanned Aerial Vehicles (UAVs), commonly known as drones, has experi-
enced a signi cant surge in interest [5], [14], [15]. Similarly, the advent of pervasive mobile
devices like smartphones, now equipped with high-resolution cameras and numerous other
sensors [16], presents another emerging approach for civil structure monitoring [17] [21].

However, the intrinsic mobility of these platforms gives rise to a new set of challenges [22],
[23]. When the measurement system itself is in motion, or the target is moving, or both are
moving simultaneously, the measurement scenario becomes "dynamic". This dynamism
introduces complexities that are not typically encountered in static setups. These chal-
lenges necessitate signi cant adaptations of measurement techniques originally developed
for static applications to ensure their reliability and accuracy in dynamic environments.
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1.2. Aim of the Thesis

Building upon the challenges outlined above, this PhD thesis is primarily aimed at study-
ing and advancing techniques to perform accurate measurements of eld quantities, such
as displacements and deformations, in "dynamic" situations. The research activity con-
centrates on image-based approaches, speci cally focusing on DIC technique. Some of
the critical problems that arise measuring with DIC in dynamic scenario are thoroughly
investigated, quantifying the uncertainty they introduce into measurement results and
proposing novel approaches to mitigate their e ects.

The case of measurement operations carried out by drones is taken as emblematic, al-
though, as already mentioned, other real-world applications (such as measurements per-
formed with handheld systems like smartphone cameras) also encounter similar issues.
The intrinsic nature of ight and control makes the drone a dynamic system, subjected
to both large translational movements and high-frequency vibrations. These movements
inevitably in uence measurement results and must be considered. More speci cally, since
the measurement system is not xed in these conditions, it's essential to separate the real
displacement eld of the target from the spurious motion introduced by the system's own
movement. Moreover, especially when image-based systems are employed, this movement
and vibration can directly lead to motion blur in the acquired images [24], signi cantly de-
grading their quality. In this context, it's also worth noting that many commercial drones
come equipped with high-resolution vision systems, making them potentially ready-to-
use measurement platforms. This presents an additional challenge: e ectively utilizing
systems not speci cally designed for metrology to perform accurate measurement tasks.

Within this overarching context, di erent strategies for measurement are considered. Lim-
iting the discussion to systems based solely on cameras, a more traditional and general
approach is the employment of a stereo camera system, consisting of two cameras syn-
chronized to obtain two simultaneous images of the same target. The xed and known
spatial relationship between these two cameras, established through a speci c calibration
procedure, allows for triangulating corresponding points on the two images. This, in turn,
enables the complete reconstruction of the target's position in 3D space. From a mea-
surement perspective, this approach, assuming a correctly con gured system, is robust
and well-established, often considered an optimal choice in many situations. However, for
on-drone applications, this con guration presents several drawbacks related to its hard-
ware complexity: the necessity of mounting two cameras far enough apart typically results
in quite large and potentially heavy systems, thereby requiring larger and more capable
drones for transport. Additionally, since these specialized stereo measurement systems are
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not widely used by common consumers, the market doesn't o er many standard, ready-
to-use drones equipped in this manner, often necessitating customized solutions which
increase costs.

The alternative approach, which o ers signi cant practical advantages, is the employment

of a single camera for recording the scene. This clearly minimizes the hardware complexity
of the system and opens the possibility of utilizing a vast array of readily available devices
on the market. Most single-camera devices are relatively small and already integrate
high-resolution camera systems, even if they aren't primarily designed for measurement
purposes. This translates into benets in terms of cost and, to some extent, ease of
control. However, in contrast to stereo camera systems, using a single camera makes
the measurement process more challenging. It becomes truly feasible only under specic
conditions and with certain limitations. For instance, while many techniques can be
adopted for reconstructing target geometry and position from single-camera data, a typical
limitation is that complete 3D reconstruction is often possible only "up to scale". This
means a scalar metric constant must be determined through alternative means (e.g.,
knowing a priori the length of a target feature in the scene or using another measurement
device). Furthermore, if the target changes its con guration during the measurement
(which is usually precisely what we aim to measure), reconstructing the 3D position of
target points is only possible if certain assumptions can be made; for instance, the presence
of at least one "reference" region of the target that is xed and undeformed is generally
required.

In addition to cameras, other kind of sensors of sensors can be used to obtain shape
and position of object in the scene. For instance, depth sensors, which can be based on
di erent working principles, allow to have 3D information about point in space. Beyond
camera-only approaches, various other solutions can be hence adopted by integrating
cameras with additional sensors, such as depth sensors

Within the research activity, di erent of the mentioned techniques are considered and
investigated. Speci cally, an approach based on single-camera measure and an approach
based on camera and depth sensor are studied.

Regardless of the speci ¢ technigue employed, some fundamental issues universally arise
during dynamic acquisition. A common and signi cant e ect is the generation of motion
blur in the nal image. This occurs because the target or camera changes position relative
to each other during the camera's exposure time. In controlled laboratory applications,
this problem can often be overcome by increasing ambient light (e.g., installing arti cial
lights) and consequently reducing the exposure time. The amount of image blur is directly
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proportional to exposure time and target speed, so reducing the exposure time minimizes
the e ect. However, in real-world applications like the dynamic acquisition of large civil
structures by drones, or generally in applications involving large regions, the use of arti -
cial lighting may be impractical or impossible, thereby limiting the ability to su ciently
reduce exposure time. In such cases, a certain, often unavoidable, amount of motion
blur is present. If this blur is signi cant, it inevitably leads to degraded quality in image
processing. For instance, in the context of our interest, it is well-known that the presence
of motion blur in images signi cantly increases the uncertainty of DIC results [25] [27].
This can have a negative impact on the direct quality of DIC measurements, such as in
3D DIC, or on other techniques that rely on DIC analysis. This consideration directly
motivated the decision to develop a dedicated approach to mitigate the detrimental e ects
of motion blur in DIC.

1.3. Thesis structure and overview of contributions

The research activity presented in this thesis investigates di erent techniques, building
upon the foundational principles of camera-based systems, and speci cally addresses the
complex challenges posed by dynamic measurements. The core of this thesis is comprised
of three peer-reviewed scienti ¢ articles (hereinafter referred to as PAPER A, PAPER B,
and PAPER C), which represent the major contributions of this doctoral work.

In summary, PAPER A directly tackles the issue of perspective distortions in 2D DIC mea-
surements caused by camera movement when using a single camera. The paper proposes
a technique that compensates for these distortions by employing planar homographies
estimated on a limited, assumed undeformed region of the measurement target. Building
on the same concept of compensating for camera movement, PAPER B introduces a novel
approach that combines a camera with a depth sensor to address perspective distortions
in 2D DIC for planar surface measurements. The depth sensor provides the information
about the distance and orientation of the recorded scene points, enabling the reconstruc-
tion of the relative pose between the camera and the target surface, thereby allowing for
perspective distortion compensation without the requirement of an undeformed region on
the target. Finally, PAPER C deals with the general issue of motion blur, proposing a
novel approach to mitigate its e ects directly within the DIC algorithm. This method
estimates blur at the subset level, allowing for the handling of variable blur across the
analysed surface. The blur estimation leverages the physical relationship between blur
and displacement, creating an iterative process where blur and displacement are re ned
simultaneously. Collectively, these works make a contribution to advancing the accuracy,
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robustness, and practical applicability of eld measurements in dynamic environments,
thereby paving the way for broader and more reliable applications in structural health
monitoring and beyond.

The overall structure of the thesis is as follows: Chapter 1 serves as this general intro-
duction, providing context and outlining the thesis's aim and structure. PAPER A and
PAPER B are then presented in Chapter 2, while PAPER C constitutes the Chapter 3.
Finally, Chapter 4 discusses the general conclusions drawn from this research, along with
potential avenues for future developments.



2 | Dynamic DIC from moving
viewpoint

2.1. 2D DIC with single moving camera

In this section, the contents and main results of PAPER A are presented. The aim of this
work was to develop a technique for measuring planar displacement elds using images
acquired from a single moving camera. During camera motion, the viewpoint changes
while the planar target undergoes displacement or deformation. Under these conditions,
the displacement eld directly computed from images does not correspond to the actual
surface displacement due to two main e ects. First, the camera movement introduces an
apparent displacement superimposed on the real one of the surface. Second, computing
displacement with a single camera typically requires the optical axis to be perpendicular
to the target surface. When this condition is not met, perspective distortions arise and
must be compensated to reconstruct the correct displacement.

The developed technique addresses these issues, introducing some assumptions. First, the
target is assumed to be planar, and displacements must occur within the plane. This is
actually a common limitation in displacement measurement with a single camera, since
the loss of depth information due to image formation process makes not possible the
correct identi cation of an out of plane motion (it would be indistinguishable from in-
plane movement). The second assumption, on the contrary, is speci cally introduced for
this work and is the key one for the technique working: the target to be measured must
always include at least one region that remains undeformed. This region is the reference
from which the movement of the camera and the perspective distortion are compensated.
Moreover, the nal displacement eld is then expressed relative to this xed region.

Although the developed approach is suitable for general displacement eld measurements,
a relevant and practical application is the measurement of crack aperture on planar sur-
faces, which is particularly useful for structural health monitoring. The presence of a
crack makes available an unloaded, and thus undeformed, region close to the crack side,
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making possible the application of the developed technique. More speci cally, taking as
reference a region on one side of the crack allows to compute the static or dynamic dis-
placement of the region on the other side of the crack. In the context of SHM, drones
have become a valuable solution for the inspection of regions of structures that are di -
cult to observe from xed-ground viewpoints. However, since drones operate from moving
viewpoints, the developed approach is particularly useful for processing images acquired
in this dynamic context. The work therefore takes its cue and focuses on a case study in
which images were acquired using a drone to inspect civil infrastructures, such as concrete
bridges. These structures often feature planar surfaces and may develop cracks or similar
defects, which are the object of the measure.

The developed methodology was designed considering DIC as the base measurement tech-
nique. Although, in principle, the approach could be adapted to other image-matching
techniques, DIC was chosen due to its well-established reliability and widespread use in
displacement eld measurements. Unlike other approaches that require external reference
markers or xed targets outside the measurement area, the proposed method determines
the projective transformation directly from DIC point correspondences within the unde-
formed region of interest. This enables accurate displacement measurement while keeping
the camera'’s eld of view focused on the monitored area, which is particularly bene cial
for UAV-based inspections of civil infrastructures

In the following subsections, the developed technique is rst brie y presented, then the
performed tests and the main results are discussed.

2.1.1. Description of the developed approach

In this section, the developed technique for the compensation of the e ect of camera
movement on displacement eld measure is brie y described. The complete description of
the technigue, with the references to the theoretical framework that support the proposed
method, can be found in Chapter 2 and 3 of the original paper (PAPER A).

The algorithm involves capturing N images of a planar target from di erent positions
(Figure 2.1). It is assumed that the intrinsic parameters of the camera, including op-
tical aberrations, are known from a priori camera calibration and they remain constant
throughout the acquisition process. The rst image is arbitrarily chosen as the reference
and DIC analysis is then applied to the other images, resulting iNN 1 displacement
elds. These elds give the displacement in the image coordinate frame of the centres
subsets used for the analysis. The displacements are summed to the positions of the sub-
set centres in the reference to obtain the corresponding positions in the moving images.
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Figure 2.1: Geometric framework of 2D DIC measurement from a moving camera

In this way, each DIC analysis provides correspondences between points in the reference
image (m ¢) and points in the moving images 11 §), where m 4 represents the projection

of a target point on the reference camera image plane, antf represents the projection

of the same point in thek-th moving image. Since camera parameters are known, these
projections are corrected for optical aberrations, allowing the retrieval of the ideal pinhole
projectionsm and mX, respectively.

For points associated with the undeformed region of the target, the displacement eld ob-
tained with DIC is completely apparent and it is caused only by the change in viewpoint
due to camera motion. These points can hence be considered to estimate a projective
transformation (homography) Hy, that describes this apparent displacement. This ho-
mography is the same for all points that lay on the same plane, so it describes the appar-
ent displacement associated to all the target surface. The homography, can hence be
applied in reverse to compensate for the e ect of the camera motion on all points®. The
result is that all points in the moving image are projected into the reference camera's co-
ordinate frame, where the camera appears to have remained stationary. Mathematically,
this is expressed as:

[ S 1,4k
mref_Hkm

wherem¥, represents the projections of the target points in the moving con guration,
expressed in the reference camera coordinate frame. While the points from the unde-
formed region will coincide with their corresponding projections in the reference camera,
the points that are not xed during the acquisition will show a di erence between the

compensated projectionsn X, and the original projectionsm, which corresponds to the
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real displacement eld.

Although the inverse compensation oHy eliminates the displacement due to camera
motion, it does not account for perspective distortion, as the reference camera's optical
axis is not necessarily perpendicular to the measurement surface. To address this issue, a
new virtual camera with an optical axis orthogonal to the target plane is introduced. To
de ne the homography necessary to map the points to this new camera image coordinate
frame, the relative pose between reference camera and target plane must be obtained (this
is de ned by the vector n normal to the target plane). This can be done considering the
fact that homographiesHy, depend on the geometric parameters that de ne the problem,
that is, the relative pose of the cameras with respect to the plane. Hy is known,

the geometric parameters can be obtained with an appropriate decomposition of the
homography matrix. This decomposition is not actually unique, but in general cases
there are two sets of physically possible parameters. This ambiguity can be resolved if
multiple homographies are available, as in our case. When two homographies with respect
to the same reference camera are available, two decompositions can be performed, each
giving two solutions. Since the target plane is the same, the normalis expected to be
the same in all cases. The two correct solutions (one for each camera pair) are hence the
two that have the most similar estimation of the normaln. Since fromN 1 available
homographiesN 1 estimates of the normal to the measurement surface are available,
they can be averaged to obtain a unique and more accurate estimationraf Once the
normal is known, it is possible to de ne the coordinate frame of the new virtual camera
with the Z-axis aligned with n. If a specic coordinate system exists on measurement
plane, the X and Y axes can be aligned as well. Once de ned the new virtual camera, the
homographyH, necessary to map the points from reference camera to this new camera
can be calculated, and it can be used to compute the compensated projectiomg and

m & in the reference and moving images, respectively:

Mg = Hom

m§ = HoH, m*

wherem , and m§ represent the nal compensated positions of the DIC subset centres in
the reference and moving images, respectively. These projections can now be interpreted
as if all acquisitions had been taken from a single xed camera perpendicular to the surface.
To obtain the true target displacement eld, the di erence between the inhomogeneous
forms ofm§ and m is computed.
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2.1.2. Numerical validation tests

Numerical tests were conducted to validate the proposed algorithm. A camera simulator
developed in the Matlab environment was employed, enabling the placement of textured
models in a virtual space and simulating scene acquisition from di erent viewpoints with
full control over camera parameters.

These tests used a virtual planar target consisting of two adjacent rectangular surfaces
lled with a speckle texture. One surface remained xed, while the other was movable to

simulate crack apertures. Additionally, two black blobs at known distance were placed on
the target surface to have a reference for the metric scale computation.

Seven levels of crack aperture were considered, ranging from a closed con guration (0
mm) to a maximum aperture of 2 mm. For each aperture level, 96 images from di erent
viewpoints were generated, considering a movement compatible with a drone: the covered
regions was about 9007000150 mm (with the third dimension perpendicular to the
target plane) and the virtual camera was randomly tilted up to+ 23 relative to the
normal of the target plane. To work in a more realistic scenario, the generated images
also simulated the presence of a reasonable optical aberration using a radial distortion
model and the camera parameters were chosen consistently with those of real cameras
available for experimental validation.

DIC analysis was performed on the generated images, focusing on two regions of interest
corresponding to the xed and moving parts of the target. The compensation algorithm
was applied to remove perspective e ects due to viewpoint changes, initially using nominal
camera calibration parameters known from the image generation process.

De ning U and V as the displacements along the x and y directions, respectively, root
mean squared error (RMSE) maps were generated for two aperture levels: 0 mm and 2 mm.
The error, calculated relative to the true imposed displacement eld, was computed for
each centre of the DIC subset across the 96 displacement values available for each aperture
level. Results (Figure 2.2) indicated that regions with nominal zero displacements (i.e., the
xed region and the moving region when the aperture was 0 mm) exhibited very low error
levels, well belowl m , with errors appearing qualitatively random. Conversely, regions
with non-zero displacements (i.e., the moving region when the crack aperture was not zero)
showed higher error levels, approximately 0.1% of the actual displacement value, directly
proportional to the nominal displacement. To further investigate the nature of this error,
the standard deviation of the obtained displacement eld was analysed, considering the
96 displacement maps available for each crack aperture. Observed standard deviations
reached up to0:2 m , without any evident dependence on the crack aperture value. This
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Figure 2.2: RMSE map of U and V displacement elds for numerical tests.

characteristic suggests that the linear trend in RMSE comes from an error in the de nition

of the metric scale factor, computed using the two-blob target. In fact, a scale factor
error introduces a relative error in displacement, resulting in an absolute error linearly
dependent on the displacement value and zero when the displacement is zero. Moreover,
such an error a ects the mean value of the displacement eld without in uencing standard
deviations.

The compensation algorithm was also tested using camera parameters obtained from a
calibration procedure. Fifty images of a calibration checkerboard were generated with
the camera simulator, maintaining the same camera calibration parameters used for the
measurement target images. These calibration images were processed using a camera
calibration toolbox, yielding estimates of the camera parameters. Being these images
very ideal, to better simulate realistic conditions, another calibration was performed by
adding random noise to the extracted checkerboard corners. Comparing the STD of
the displacement eld resulting from compensation under these conditions with the STD
observed using nominal camera parameters revealed that employing calibration-derived
parameters increased the STD. The increase was relatively limited in the case of noise-
free calibration, as these estimated camera parameters closely matched the true parame-
ters. However, when noise was introduced during calibration, the STD further increased,
indicating that calibration inaccuracies can degrade the performances of the proposed
compensation algorithm.

In summary, the numerical tests demonstrated that the proposed technique performs well
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under ideal conditions. When displacement measurements are expressed in metric units,
the results show a clear dependence on the accurate estimation of the pixel-to-millimetre
conversion factor. Additionally, as with all techniques relying on calibration procedures,
the accuracy of the calibration directly a ects the quality of the nal measurement results.

2.1.3. E ect of target non-planarity

While the technique was designed for measurements on perfectly planar surfaces, real-
world surfaces are rarely perfectly at. The e ect of the presence of out-of-plane points
on the target surface has hence been investigated, performing some numerical tests with a
non-planar target. The goal was to quantify the e ect of surface deviations from planarity
and assess how these deviations, along with camera movement, contribute to the overall
error in the displacement eld compensation. The test used a virtual setup similar to the
one used for previous numerical tests. The xed part of the target remained unchanged,
de ning the reference plane, while the moving part was slightly tilted to introduce out-of-
plane points within a range oft 0.5 mm. By tilting the moving part, varying out-of-plane
values were introduced, allowing for the study of their e ect using a single set of images.

The results of the test (Figure 2.3) show that, as expected, the presence of out-of-plane
points leads to an error in the displacement elds evaluation, both in x and y directions.

In addition, the error strongly depends also on camera movement: for the same out-of-
plane quantity, larger camera movements from the reference position results in higher
error levels. Notably, the error in U primarily depends on the amount of movement
along the x-axis, while the error in V depends on the amount of movement along the y-
axis. The observed error depends hence on both the out-of-plane amount and the camera
position relative to the reference viewpoint. When the target is perfectly planar, no
error is introduced after compensation, regardless of camera movement. Conversely, the
presence of out-of-plane points generated signi cant errors, with the magnitude of error
being in uenced by both the out-of-plane displacement and camera movement.

Based on the numerical tests conducted, a simple geometric model was developed to
predict the error induced by the presence of out-of-plane points. The model is based on
the assumption that the xed region of the target is perfectly planar, and the out-of-
plane displacement is measured relative to this reference plane. According to the model,
the error is linearly dependent on both the amount of out-of-plane displacement and
the movement of the camera. When the numerical test results were compared with the
predictions made by the model, a strong agreement was observed.

The results of the test and the developed model clearly indicate that the combination
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Figure 2.3: Error maps for U and V displacement for tilted target. Each map comes from
a di erent camera position while the target remains xed.

of out-of-plane points and camera movement is a signi cant source of error in the com-
pensation process. This conclusion highlights the importance of controlling these two
parameters in order to minimize the overall error. Since the target geometry is often not
controllable, limiting the camera movement is crucial when it is not possible to eliminate
the out-of-plane e ects entirely. Moreover, if multiple images of the undeformed con gu-
ration are available, it is possible to further reduce the error by selecting the reference view
carefully. As demonstrated in the analysis, the error is in uenced by the camera position
relative to the reference point of view. Thus, selecting a reference view with the minimum
average distance from all other camera positions is ideal. In practice, this requires prior
knowledge of the camera positions, which may not always be available. Therefore, the
compensation algorithm can be run in two stages: rst, with an arbitrary selection of the
reference view to estimate the camera positions, and then with the optimal reference view
to achieve the nal compensated displacement elds. This approach helps mitigate the
error caused by out-of-plane points and camera movements.

2.1.4. Experimental validation tests

This section presents the experimental validation of the proposed technique under con-
trolled conditions. The test presented here was designed to replicate an ideal operating
scenario, focusing on assessing the feasibility of the method rather than its performance
in real world conditions.

A nominally planar surface was created using two adjacent glass plates placed on a rigidly
supported base. One plate was xed to the support, while the other was mounted on a
movable carriage, allowing for controlled relative displacement via screw rotation. This
setup enabled the simulation of a crack opening while maintaining coplanarity. The glass
surfaces were prepared with a speckle pattern, and reference markers of known dimen-
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Figure 2.4: RMSE map of U and V displacement elds for experimental test with glass
surface.

sions were positioned along the boundaries for scale estimation. The imposed relative
displacement of the two plates was measured using high-precision eddy current sensors,
ensuring negligible uncertainty compared to the proposed measurement technique. The
acquisition of images was performed manually by capturing multiple views at di erent
crack apertures, covering a range of seven con gurations, including the reference state
with no crack.

The error in displacement estimation was evaluated by comparing the results of the pro-
posed technique with reference measurements obtained from the eddy current sensor. The
analysis shows that the displacement error increases with the crack aperture, reaching val-
ues up to approximately 35um. A quantitative evaluation of the RMSE (Figure 2.4) and
standard deviation con rms the general behaviour seen for numerical tests, even if exper-
imental results show higher errors and standard deviations. In the static region, error is
independent from the crack aperture, whereas a linear trend is observed for the U dis-
placement in the moving region, attributed to scale factor estimation errors. The standard
deviation, however, remains una ected by the aperture variation.

The error tends to increase as the distance from the xed region increases. This suggested
that the surface used in the experiments might not be perfectly planar, probably due
to a slight misalignment between the two glass pieces in their support arrangement. To
investigate this hypothesis, a 3D reconstruction of the measurement surface was performed
using a set of images of the reference con guration (closed crack) and processing them with
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