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Abstract — In this paper, a new methodology for mea-
suring the cracking for the Structural Health Moni-
toring (SHM) of cultural heritage, is presented. This
methodology is characterized by being minimally inva-
sive on the artifact to preserve, which is one of the main
qualities required in this field. The approach used is
to determine the relative distance between two optical
tags, using advanced fitting algorithms for the objec-
tive function. In this work, we have taken into account
different objective-function Kinds, in order to find the
best configuration to determine the fitting parameters,
useful to the SHM. In order to validate the fitting al-
gorithms, some measurements evaluated on simulated
tags are presented. Moreover, to validate the method-
ology, some real measurements are shown.

I. INTRODUCTION

The traditional approach used in SHM involves perform-
ing static and dynamic tests and measures, occasionally or
periodically, but with typically long periods of time. Static
monitoring techniques aim at detecting the structural char-
acteristics (slow deformation and displacement) of a struc-
ture and subjecting to test loads of intensity such as to in-
duce, by simulating variable operating actions, the max-
imum stresses projected at the design stage. This tech-
nique is then coupled with a measuring instrument com-
posed of strain gauges (linear potentiometric extensime-
ters, resistive extensometers, capacitive extensometers, lin-
ear variable displacement transducer, fiber optic exten-
someters, FBG) and thermometers to take into account
the possible thermal expansion of the materials to which
the other sensors are fixed. Dynamic tracking techniques
aim at determining the dynamic response of the structure
through accelerometers, inclinometers, piezometric exten-
someters (or, alternatively, speed or displacement gauges,
from which) [1, 2, 3, 4, 5]. Despite that with these tech-
niques, it is possible to carry out thorough investigations
into the state of an infrastructure, they have a large amount
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Fig. 1. Optical tag profiles: circular tag, gaussian tag,
laplacian tag.

of invasiveness, both in terms of mass, in terms of anchor-
age on artifact and in visual impact. For this purpose, the
so-called Optical Tags are introduced. The tags are noth-
ing but adhesive labels with appropriate images, through
which, by using advanced fitting methods and algorithms,
it is possible to determine the absolute and relative position
and three-dimensional rotations of the image itself.

II. TAG SELECTION

A couple of years ago a paper was published where a
similar approach was used in astrophysics in order to de-
termine the position of the stars from high definition tele-
scope images [6]. Their method was based on the recon-
struction by the fitting of the point spread function (PSF).
Their hypothesis is based on the fact that the image of the
stars could be considered with a good approximation as a
two-dimensional Gaussian distribution. In our case, hav-
ing no constraints on the shape of the objective function,
the first step was to determine the best distribution to be
used as a target. Given the circular symmetry of the same,
the following functions have been chosen:
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having indicated with f(x,y) the circular function, Gaus-
sian function and a linear combination of the Laplacian of
Gaussian and Gaussian ones (which we will simply call
Laplacian for simplicity), respectively. The three tag pro-
files are shown in Fig. 1. For the determination of the
best typology of tags, constant-speed translational tests are
performed, considering a simulated tag starting from the
formulas previously described. To simulate a real tag, we
have started from an ideal tag f(x,y) and we have added
a vertical translation zo and a random noise r(z, y) equal
to 10% of the maximum value: F(z,y) = f(x,y) + 20 +

r(z,y).

III. METHODS AND MEASURES

The method used to determine the displacement, i.e.
the parameters zo and yo and the standard deviations (o
e oy), from which it is possible to determine rotations
around the = and y-axes (see Fig. 1) is the method of
data fitting of the minimum squares applied to non-linear
curves. In particular, two methodologies were adopted in
this context; the first one is the nonlinear solving least-
squares method based on the algorithm of the “trust-
region-reflective” [7] and the second one is based on the
algorithm of “Levenberg-Marquardt” [8, 9, 10]. Thanks to
these methods it is possible to determine the parameters A,
Zo, Yo, 0> and 0. Comparisons were performed between
images with different resolution, in particular: 100 x 100,
200 x 200 and 400 x 400 px of resolution, a vertical trans-
lation zg equal to the 20% of the maximum value and a
random noise r(x, y) equal to 10% of the maximum value.
The tag position variation was performed along the bisec-
tor with tens of pixel variations. The results obtained are
shown in the tables 1, 2 and 3 for 100 x 100, 200 x 200
and 400 x 400 px of resolution, respectively.

How we can see from the results in tables (1, 3 ,and 3),
the percentage of the absolute error compared to the dis-
placement of 0.1 px improves proportionally with increas-
ing image resolution. Moreover, there aren’t appreciable
differences between the two methodologies in order to de-
termine the tag position.

Finally, we simulate in a controlled environment a crack
enlargement (see Fig. 2). The system is constituted by a
video capture system GigE Vision Mako G (some tests are
performed using IPcam of Netsurveillance codec h264), a
power supply channel and data exchange via Ethernet ca-
ble (PoE, Power over Ethernet), a PC for running the fitting
algorithm (but a single-board computer is usable as well),
and in order to simulate the controlled displacement of the
tags we have positioned an HD video at a distance of 1 m,
where were reproduce two Gaussian tags. We have con-
sidered only a displacement along the x-direction of two
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Table 1. Percentage of the absolute error compared to
the displacement of 0.1 px of the fitting parameters in the
case of 100 x 100 px of resolution, using a) Trust-region-
reflective, 2) Levenberg-Marquardt algorithm

Trust-region-reflective method

Circular | Gaussian | Laplacian
|z — o) 65.02% | 42.74% 24.56%
lyi — Yol 60.45% | 48.42% 29.88%
loz, — 0, | X 52.35% 15.71%
0y — 0y, | X 51.97% | 16.65%
Levenberg-Marquardt method

Circular | Gaussian | Laplacian
|z; — x| 67.40% | 45.63% 26.15%
lY: — Yol 68.45% | 44.68% 25.74%
|0, — 0s,] X 48.31% 15.06%
loy, — 0oy, ] X 56.70% 14.98%

Table 2. Percentage of the absolute error compared to
the displacement of 0.1 px of the fitting parameters in the
case of 200 x 200 px of resolution, using a) Trust-region-
reflective, 2) Levenberg-Marquardt algorithm

Trust-region-reflective method

Circular | Gaussian | Laplacian
|z — o) 33.27% | 19.30% 12.30%
lyi — Yol 79.95% | 21.05% 10.90%
loz, — 0, | X 33.71% 8.74%
loy, — 0y, ] X 31.87% 9.40%
Levenberg-Marquardt method

Circular | Gaussian | Laplacian
|z; — x| 15.63% | 20.26% 12.17%
ly: — Yol 35.88% | 22.38% 11.96%
|02, — 0z, | X 33.10% 8.44%
loy, — oy, ] X 36.94% 8.90%

Gaussian tags. The resolution of the ROI (Region Of In-
terest) acquired is 400 x 400 px. It was considered a dis-
placement step by a pixel (with respect to the monitor tags
resolution), for a complex 10 pixel shift (see Figs. 3,4). In
the figures 3 and 4 we can see the initial and final position
of the tags in an ROI of 400 x 400 px size, the right tag
does not undergo movement. The double Gaussian curves
represent the acquired image and the reconstructed image
with Levenberg-Marquardt fitting algorithm, both passing
through the maximum values.

In fig. 5 we can see the relative error between the ef-
fective displacement and the displacement computed with
respect to the two directions. In particular, the upper plot
with respect to the y-direction and the middle plot respect
the x-direction. In the lower plot, we can see the graph of
measured displacement in the pixel as a function of the ef-
fective displacement in a tenth of a pixel. The dependence
between the two values is perfectly linear in the range of



Table 3. Percentage of the absolute error compared to
the displacement of 0.1 px of the fitting parameters in the
case of 400 x 400 px of resolution, using a) Trust-region-
reflective, 2) Levenberg-Marquardt algorithm.

Trust-region-reflective method

Circular | Gaussian | Laplacian
|z — x| 16.01% 9.16% 5.21%
lyi — Yol 36.77% 8.32% 4.23%
|0, — 0| X 16.18% 4.55%
loy, — oy, X 16.26% 4.29%
Levenberg-Marquardt method

Circular | Gaussian | Laplacian
|z — x| 15.63% 9.41% 5.76%
lyi — Yol 35.88% | 10.17% 6.00%
|00, — 0z, | X 16.71% 4.88%
loy, — 0y, | X 17.86% 4.94%
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Fig. 2. In vivo test system.

shift taken into account. Moreover, the mean value of the
relative error with respect to the two directions is present.

IV. CONCLUSIONS

In conclusion, we can assert that the best tag is the
Laplacian one and that the best algorithm is the “trust-
region-reflective”, even if the differences are minimal, but
with a double processing speed. We also found that when
the image resolution increases, the relative error is re-
duced for both translation and variation of standard de-
viation. Thus we can say that this relative distance mea-
surement methodology can be satisfactorily used for SHM,
in particular, to monitor the cracks of Cultural Heritage,
i.e. in order to monitor the micro-displacement, for ex-
ample, due to bradisismic phenomena. It is effectively
integrated among other established structural monitoring
methods having different economic and metrological char-
acteristics compared to all other measurement techniques.
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Fig. 5. Relative error between the effective displacement

and the displacement computed with respect to the two di-

rections. In the lower plot: the graph of measured dis-

placement in the pixel as a function of the effective dis-

placement in tenth of a pixel.



