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Abstract The movement of a pedestrian bridge retrieved by
means of image processing technique has been analysed in
this paper. An optical target has been attached to the deck
and its oscillation has been tracked with fast cameras. The
movement of the bridge has also been measured with a radar
interferometer and this result has been taken as the reference
signal. Using these data, a parametric study of the errors
introduced by the image-based methods has been performed.
The influence of some variables in the measurement error
such as the distance to the target, the image size, the type
of camera or the movement amplitude has been analysed for
four different distances, and two types of excitations. Results
show that the relative error decreases with the amplitude and
the target diameter and it increases with the target distance.
Additionally, the maximum relative error obtained in most
of the analysed cases is below 10 %.

Keywords Displacement measurement - Long distance
vibrometry - Image processing - Bridges - Radar interferom-

etry

X1 B. Ferrer
belen.ferrer@ua.es

Department of Civil Engineering, Universidad de Alicante,
P.O. BOX 99, 03080 Alicante, Spain

Institute of Physics Applied to Sciences and Technologies,
Universidad de Alicante, P.O. BOX 99, 03080 Alicante, Spain

Division of Geomatics, Centre Tecnologic de
Telecomunicacions de Catalunya (CTTC), Av. Gauss 11,
Castelldefels, 08860 Barcelona, Spain

Published online: 07 September 2016

1 Introduction

Vibration measurement is a key problem to solve in civil
structures, such as bridges, tall buildings or historical con-
structions. Movements due to vibration may damage the
structures if the amplitude of movement is high enough or
even if the vibration is maintained for long time. These mea-
surements are traditionally performed with accelerometers
but, in some occasions, the complexity or accessibility of the
specimen to be measured increases the installation cost and
may be even hazardous for the test crew safety. This issue has
been decisive to encourage the use of non-contact methods
for this kind of measurements. Methods based on the image
have been intensively developed in the last years thanks to its
easy performance and the increased capabilities of imaging
systems.

Bridges, among all civil structures, have some particular-
ities that make them very suitable to conduct experiments
using new measurement techniques. In many cases, and due
to its stiffness, the vibration amplitudes at certain points of
the bridge are larger than in other structures that suffer similar
excitation forces, which helps the detection. Also, that move-
ment can be imposed, in the case of a very slender bridge, or
predicted in time by the pass of loads above, as it happens in
bridges for trains. Additionally, it is easy to find some bridges
in which the distance from a steady point to the structure is
shorter than that found in other structure types. This allows
locating measuring devices close to the bridge to make the
measurement both with an experimental device and with a
contrast system. Hence one can find several papers where
image processing measuring techniques have been tested in
bridges but not in other civil structures.

Up to our knowledge, one of the first experiments in
bridges for assessing its mechanical properties with image
processing methods was done by Wahbeh et al. [1] using
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high-resolution low-power light emitting diodes (LEDs) as
targets. A nonlinear Gaussian regression curve was fitted to
every LED image in order to determine the centre of the light
spot. The excitation of the bridge was produced by the traf-
fic (four lanes) and the maximum movement measured was
higher than 25 mm, thus showing that a camera system could
be a good system to measure displacement time histories of
real infrastructures.

The use of LEDs requires of precise installation and
orientation of the light source so printed plastic or card-
board targets have replaced the initial luminous targets. A
non-luminous target formed by four white spots on a black
background was used by Lee and Shinozuka [2]. This target
was used to measure the movement of a bridge when some
trucks with different loadings and velocities were running on
the deck. The movement was obtained by counting the shift
in the imaged target spots. The procedure measured move-
ment amplitudes larger than 3 mm from a distance of 70 m.
The resolution obtained was of one pixel, which was good
enough for this particular case but, as we will show here,
could be further optimized.

Regarding the image analysis procedure, one of the most
used techniques is correlation; we can find in the literature
numerous examples of the use of digital image correlation
(DIC) to measure movements. Several authors [3-5] used
DIC to measure strain in concrete surfaces of bodies under
different types of loading. Cracks in concrete has been also
found using DIC [6]. In bridges, correlation, as well as edge
detection and template matching has been successfully used
to measure the movement of a bridge under the loading due
to train pass-by [7]. All these techniques give single pixel
accuracy, although sub-pixel accuracy can be implemented
without increasing the complexity of the experimental setup.

By convenient choosing the target shape, one can locate
the centroid of the target by simple least squares fit-
ting, obtaining subpixel accuracy even with a pocket low-
resolution camera, as it was demonstrated by Mas et al. [8].
Measuring the movement from a distance of 10 m and in
laboratory conditions, the error obtained was below 0.1 mm.
Using this procedure, the strain in a concrete surface was
measured with good agreement with strain gauges measure-
ment [9]. A similar method has been used by Chen et al. [10]
to measure the vibration of some stay cables.

At this point we would like to call the reader’s attention on
the consequences of using compact commercial cameras in
tracking tasks. In [9] the tracking performance of a low-cost
consumer camera is compared with that from a high resolu-
tion camera. Low cost cameras introduce JPEG compression
in the video sequence, thus degrading the final quality of the
image. There we show that, even with the compression, the
camera is able to track a moving target with high precision.
The JPEG algorithm introduces a high frequency noise and
tiling effect in the image borders. The effect on a large image
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with high contrast is not very important for our purposes,
just introducing some distortion in the detected contour that
will increase the error of the ellipse fitting, although centroid
location will be accurate although noisy.

A different image-based technique was used by Fukuda et
al. [11]. In this work an orientation code matching was used
to find both the target and any particular part of the bridge
used as a “natural” target. This method assigns an orientation
angle to each pixel, which is obtained by finding the steepest
ascent orientation evaluated from the pixel neighbourhoods.
Subpixel precision was obtained by interpolation of the resul-
tant signal, thus resulting in a suboptimal location method.
The distance from camera to the bridge was 300 m. It was
demonstrated that the orientation code matching allows the
measurement without target with a similar accuracy of that
obtained using a designed target. Nevertheless, the measure-
ment error was only checked in laboratory tests and therefore
the error due to long distance and open air measurement was
not determined.

Despite the good results presented, to the best of our
knowledge, the error analysis in the literature is very simple
and does not include the influence of the different parameters
that could affect the final error, such as the camera type, the
distance to target, the target size or the movement amplitude,
among others. A study made by Busca [7] analysed the varia-
tions in error due to the target scaling factor, that is to say, the
target size in the image. In this work the authors measured the
movement of a bridge using two different cameras and differ-
ent field of view thus having different scaling factors (mm/px)
obtained by modifying the zoom of the camera. In all tests
the same distance to the target was used, therefore, no con-
clusions regarding the distance to the object were obtained.

Distance from camera to target influences the measure-
ment not only due to the change of spatial resolution for each
distance (at maximum zoom) but also due to the atmospheric
distortion and the amplification of small camera movements.
Atmospheric distortion, also known as seeing, is a blurring
effect of the atmosphere that leads to a degradation of the
image quality. This degradation results from fluctuations in
the refractive index of air. One of the consequences is a smoky
effect in a sequence of frames. This phenomenon is of fun-
damental importance in astronomical research since it limits
very much the resolution of terrestrial telescopes. It is well
known that, even in the best atmospheric conditions (small
islands and high altitude), the atmospheric seeing limits the
image resolution to about 0.5 arcseconds [12]. For a medium-
size urban area this value can reach 2 arcseconds [13]. Those
values correspond to the seeing for astronomic view in which
the line of sight is almost perpendicular to the Earth. For our
purpose the line of sight is parallel to the Earth surface and,
in sunny and hot days (best visual conditions) the heat from
ground will affect negatively to the image quality. Therefore,
the distance to target should be taken into account.
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In this work the distance to target has been selected as
variable parameter, as well as the size of the target image,
the amplitude of movement, the type of camera and even the
type of oscillating movement. The movement measured is
an oscillation imposed by a swinging or running person on a
pedestrian bridge. The image processing technique selected
is template matching with least square fit to have subpixel
accuracy. On this procedure the target selected has a con-
tour that can be easily described by a theoretical model. To
this end, the most appropriate targets are those which pre-
serve the topology at all possible movements. The simplest
one that fulfils this characteristic is the ellipse. Notice also
that in this method the subpixel accuracy is obtained in the
target location in each particular frame, and not by inter-
polation between two consecutive locations, so the method
provides enhanced location of the target. The improvement
on the accuracy of the method using an ellipse and three-
dimensional rotations was described by Roig et al. [14].
Therefore, a circular shape has been selected as target,
because the projection of a circle seen from different points
of view is an ellipse with different orientation and axis. Also
note that the apparent size of the axis permits obtaining the
perspective correction for in-plane distance measurement.

On the image, the target contour is isolated using an edge
detection filter, such as a Sobel operator. The result is a pix-
elated image in which a change of location smaller than one
pixel will only affect to a few pixels. That small change leads
to an uncertain target location. To improve the accuracy,
a fit of the pixelated image of the contour to the theoreti-
cal model is done. This implies that the location accuracy
for each frame is statistically increased. Once the ellipse is
located, the centre of it is selected as reference point. The
complete description of the procedure has been already done
in Mas et al. [8].

In what follows, we will describe the methods and pro-
cedures to analyse the vibration of a pedestrian bridge.
Measurements will be taken with video cameras and results
from the image processing methods will be compared with
those obtained from radar interferometry. The materials and
methods are described in the next section. Signal and image
processing algorithms are described in Sect. 3. In Sect. 4 we
will analyse our results and the influence of the target size,
distance and camera type on them. Finally, the main conclu-
sions are outlined.

2 Material and Methods
2.1 Experimental Setup
The experiment was carried out on a pedestrian bridge located

in Elche, a town in the south east of Spain. The bridge has
a precast concrete deck and a metallic railing with a trian-
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Fig. 1 Footbridge selected for the experiments. A white arrow is show-
ing the target location

Fig. 2 Detail of the circular white target located in the middle span. A
white arrow is pointing the target

gular design that could be part of the structural part of the
bridge. Also, itis simply supported in one single span of 60 m.
This bridge is used to cross over a channel containing a small
riverbed. The channel has been designed to prevent floods due
to seasonal torrential rains that occur in the Mediterranean
coast. Since these events only occur rarely, the riverbed and
the channel have been adapted to allow different recreation
activities. Therefore, the bridge offers a clean platform on the
river bed with easy access for attaching a reference and for
setting measuring devices underneath (reference measure-
ments) at a distance of 9.5 m. Figure 1 shows a general view
of the bridge.

In order to impose an oscillating load over the deck, two
different types of actions were tested on the bridge: a swing-
ing movement imposed by one person located in the middle
span and in the centre of the deck, and an oscillatory move-
ment caused by a person running along the bridge. In the
case of the swinging movement the tester tried to adapt the
excitation to the resonance frequency of the bridge, in order
to make a bigger and clearer movement than those obtained
with other swinging frequencies.

A circular target of 12 cm of diameter was attached to a
bridge side in the middle span (see Figs. 1, 2). The vertical
movement of the deck can be measured by tracking the dis-
placement of this target with the image processing technique
discussed in the introduction. Video sequences were acquired
with two different systems. One of them was a Casio Exilim
HS EX-ZR1000 camera working at 120 frames per second;
for that temporal resolution, the frame size obtained is 640 x
480 px. The other camera was a Basler acA640-120gc with
a frame size of 658 x 492 px and a temporal resolution of
100 frames per second.
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Fig. 3 General view of the set up recording at 200 m (upper side); detail
of the connection between Casio camera and telescope (lower and left
side); detail of the connection between Basler camera and telescope
(lower and right side)

For both cameras the spatial resolution is relatively small
so maximizing the px/mm rate is needed in order to have a
larger target size on the camera sensor. As we have a good
natural illumination, we choose to use a telescope instead
as a telephoto lens. The advantage of a telescope is that, for
the same magnification, its price is much lower than a tele-
photo lens. Additionally, the telescope tripod adds stability
to the system and the possibilities of assembling between
any camera and a telescope are higher than between a video
camera and a telephoto. Usually the telephoto is specifically
designed for a particular still camera and the link with video
cameras is difficult and does not give the best image.

Therefore, to increase the spatial resolution a Sky Watcher
refractor telescope was used. The telescope has a diameter
of 102 mm and a focal length of 500 mm. It was mounted
in a stainless tripod with a leg diameter of 1.75”. On the one
hand, adaptation of the Casio camera to the telescope requires
of a digiscoping adapter, which is common in ornithology
and astrophotography. The maximum optical zoom allowed
for this camera (12.5x) was used. On the other hand, the
Basler camera was directly assembled to the telescope using
ametallic tube and without any lens, so the image was formed
directly in the naked CCD. Figure 3 shows the setup for Casio
and Basler cameras with the telescope.

To assess the variations in the error as a function of the
distance of measurement, four different tests were performed
at distances from 50 to 200 m with a stepped increase of 50 m.
For each distance both devices were used (Casio and Basler
cameras), and both oscillating loads were used, thus having
a total of sixteen recorded videos.

In order to determine the error in each measurement, a
radar sensor was used simultaneously with the video capture.
This radar sensor is an industrially engineered microwave
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Table 1 Radar characteristics

Ibis-S system characteristics

Operating frequency 17.2 GHz (Ku band)
Minimum range resolution 0.5 m

Antenna field of view (FOV) 0.314 x 0.66 rad
Maximum sampling frequency 200 Hz

Maximum operating range >500 m

interferometer used in the last decade in several vibration
testing studies. An exhaustive description of the functioning
principle was done by Gentile and Cabboi [15]; for examples
of applications to different structures testing, see: [16], [17],
[18].

For the readers’ convenience we recall that a microwave
interferometer, as the one used for validating the results
obtained in this experimental test, is able to provide the rela-
tive displacement of a target with respect to the radar, along
the radar line of sight (LOS). This radar sensor has been used
for the testing of several structures contributing to the modal
analysis and providing estimates of the displacement with
submillimeter accuracy. The accuracy is strongly related to
the experimental conditions, especially to the signal to noise
ratio [19]. The used radar is an Ibis-S system, marketed by Ids
spa (Italy); its main characteristics are resumed in Table 1.
To allow a comparison between the radar measurement and
the investigated technique it is important to understand the
geometry of the radar measurement. With respect to optical
system, the field of view is given by the characteristics of the
antenna and the other radar parameters. In this case, as shown
in Fig. 4, the area illuminated by the radar corresponds to the
intersection between the solid angle given by the antenna
field of view and the deck, resulting in an elliptically shaped
area.

The radar was located on the riverbed under the bridge, at
the middle point of the transversal width of the deck (Figs.
4, 5). Using this geometry the part of the deck illuminated is
practically at the same distance from the radar sensor line of
sight and hence results as a single target. That gives a very
clear radar response and the certainty that the radar is measur-
ing the vertical movement of the deck and not a projection. It
is worth noting that the radar sensor samples a portion of the
deck providing a single value of its displacement. Therefore,
the radar was used as a single point interferometer.

Bearing in mind that the excitation is done by one person
and not mechanically (e.g using a vibrodyne), the amplitude
given in different excitations is not strictly under control.
Therefore, variations in error due to different amplitudes will
be mixed with variations due to different distances or devices.
In order to have information about the influence of amplitude
in the error, an additional Casio camera was located on the
riverbed, at 12 m from the deck. Due to its proximity to the
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Fig. 4 Scheme of the radar acquisition geometry. The white circle rep-
resents the cameras target

Fig. 5 Picture of the radar interferometer located in the bed of the river
and pointing to the bottom part of the deck. A schematic representation
of the antenna field of view and the 3-D axis reference are also included

deck the built-in camera objective was used and the use of
a telescope was not necessary. Therefore, all measurements
were registered in triplicate: with the radar, a close camera
and one of the distant cameras with the telescope. Table 2
resumes the setup used during all the measurements.

2.2 Image and Signal Processing

The vertical movement of the deck was obtained by detecting
and tracking the movement of the circular target located in the

deck. Since the optical axis of the camera is not perpendicular
to the target, the perspective will deform its shape. Therefore,
its appearance will not be a circle but an ellipse with changing
axes depending on the camera locations. The measurement
done is then a projection of the real vertical movement, but
change from px to mm will assign the correct distance and the
projection is compensated. Target tracking is accomplished
by an automatic algorithm that searches and fits one ellipse
shape in every image. This algorithm was already used in
previous works, in which its accuracy was checked [8]. Also,
in that work it is demonstrated that this procedure is able
to detect movements with subpixel accuracy thus increasing
the final resolution of the method. The center of the ellipse
is selected as reference point to determine the movement of
the deck.

With the signal obtained from the radar and the cameras,
the vibration frequency of the bridge has also been analyzed.
Sampling frequency was 98.04, 100 and 120 Hz for radar,
Basler camera and Casio camera, respectively. As the main
frequency of the deck is around 3 Hz, the sampling frequen-
cies for the three devices used are able to record the real
frequency of the bridge without aliasing effects. Since signals
are obtained from different devices and procedures, some
signal pre-processing is needed in order to allow their com-
parison. Therefore, all signals where resampled to 100 Hz.
A linear detrend was applied to all signals in order to remove
the zero order in the Fourier transform. Finally, signals were
normalized to the same energy value in order to allow direct
comparison.

In Fig. 6 we represent the Fourier spectrum from both sig-
nals. The representation has been limited up to 5 Hz since no
relevant information was found beyond this value. From the
Fourier spectrum of both signals it is clear that the frequency
content of the response is narrow-banded.A low frequency
component can be observed both in the signal from the cam-
era and the radar, although in this last device appears very
much attenuated. In any case, this vibration may add a small
modulation that will not affect very much to the result.

The signal to noise ratio of the radar measurements is
very high (>80 dB) due to the short distance between the
radar and the target, and the optimum observation geometry,
i.e. the radar LOS is perpendicular to the reflecting surface
(the deck). In this case the sensor is able to provide the best
accuracy, of the order of tens of microns. The signal from the
camera is expected to be noisier than that from the radar since
its derivation is indirect and requires more steps, thus com-

Table 2 Excitations, distances
and devices used in the

Combination of excitations, devices and distances

experiment

Excitation type Swinging/running
Device Casio + Telescope/Basler + Telescope Casio Interferometer
Distances 50/100/150/200 m 12 m 8.6 m

@ Springer
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Fig. 6 Fourier transform of signal from interferometer and from Casio
camera for the case of swinging recorded with Casio and telescope from
200 m, before filtering (upper part) and after filtering (bottom part)

bining and increasing the propagated errors. Therefore, to
reduce the signal noise, a bandpass Butterworth filter, order
3, was used with a passband of 0.25 Hz each side to the main
frequency, transition band of 1.5 Hz each side and attenuation
of 3 and 40 dB in passband and eliminated band, respectively
(Fig. 6). This filter was applied to both pre-processed signals,
from cameras and from the interferometer, to allow the com-
parison of amplitudes in the same conditions.

3 Results

Before the application of the bandpass filter, all signals from
cameras and interferometer show a main frequency of 3.0
Hz, as the main frequency of the signal (Fig. 6 upper part).
The spectra obtained from the cameras is noisier, with a sec-
ondary wide lobe in the range 0-0.5 Hz. Since the energies
are normalized, the main peak in the camera is less energetic
than the equivalent one obtained from the radar. The noise
and low frequency peak may be due to the camera support.
The optical system is lighter than the radar, so it is more sen-
sitive to the wind, mechanical drifts and uneven dilation of
the tripod legs due to the sun. Also, derivation of the signal
is done through indirect calculations thus adding calculation
noise that is not present in direct measurements.

In any case, coincidence of the main lobe obtained from
both methods is very good both in position and in shape.
Although Fig. 6 only shows one particular case, the analysis
and results are extensible to all the measurements done.

In Fig. 7 we show the time domain of the signal in Fig.
6 (bottom part; after filtering). We can see the good coinci-
dence between them, although signal from camera shows a
smaller amplitude than signal from radar. That difference in
amplitude is due to the different total energy between signals.
As normalization was done before filtering, some energy in
signal from camera is wasted in low frequency and that leads

@ Springer

4 T

— Interferometer’
3+ ——Casio camera -
ol il

10 |

Vertical movement (mm)
o

time (s)
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Fig. 8 Vertical movement obtained from interferometer and Basler
camera for the case of running recorded with Basler and telescope from
200 m after filtering

to a smaller main peak than the main peak in signal from
radar, after normalization. After filtering, low frequencies are
eliminated and, since no renormalization was applied, total
energy of signals is different in the considered interval thus
leading to a smaller amplitude in the time domain. Neverthe-
less the difference in amplitude between signals is analyzed
in the following sections and it is found that it is smaller than
10 % in average. This discussion is also extensible to all the
cases analyzed.

This difference between the amplitudes seems to be higher
for Casio camera than for Basler camera (Fig. 8). This fact
is checked for the rest of signals and, as it will be shown
below, the Basler camera give better results than Casio cam-
era. Additionally, between cameras and interferometer there
may be differences due to the different used techniques. The
image processing method reconstructs the signal by track-
ing a target in the lateral side of the bridge. As previously
anticipated, the radar interferometer, takes a single value for
the portion of the area illuminated underneath the deck and
the acquired data consists of a temporal 1D displacement his-
tory. Since the measurement point and the signal construction
process are completely different, small discrepancies in the
signal are expected.

To analyze these discrepancies, signals from radar have
been taken as the references and the differences with respect
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Table 3 Results for Casio camera located at 12 m

Device Casio

Distance to target 12m

Type of bridge excitation Swinging
Target diameter (px) 37.76 37.76 37.5 37.48 37.55 37.51 37.45
Max. amplitude interferometer (mm) 0.98 0.38 6.55 6.26 2.60 343 0.69
Max. amplitude interferometer (px) 0.31 0.12 2.05 1.96 0.81 1.07 0.22
Maix. absolute error (mm) 0.12 0.05 0.77 0.47 0.49 0.39 0.14
Maéx. absolute error (px) 0.04 0.02 0.24 0.15 0.15 0.12 0.04
Standard deviation of signal difference (mm)* 0.06 0.02 0.31 0.26 0.18 0.15 0.06
Standard deviation of signal difference (px)* 0.02 0.01 0.10 0.08 0.06 0.05 0.02
Relative error (std/max amp.) 0.06 0.05 0.05 0.04 0.07 0.04 0.09

Type of bridge excitation Running
Target diameter (px) 37.60 37.51 37.53 37.49 37.62 37.56 37.46 37.51
Max. amplitude interferometer (mm) 3.40 4.65 3.51 0.45 2.77 3.60 5.38 4.19
Max. amplitude interferometer (px) 1.07 1.45 1.10 0.14 0.87 1.13 1.68 1.31
Mix. absolute error (mm) 0.42 0.36 0.33 0.06 0.34 0.58 0.55 0.35
Mix. absolute error (px) 0.13 0.11 0.10 0.02 0.11 0.18 0.17 0.11
Standard deviation of signal difference (mm)* 0.14 0.14 0.19 0.03 0.15 0.24 0.27 0.21
Standard deviation of signal difference (px)* 0.04 0.04 0.06 0.01 0.05 0.07 0.08 0.07
Relative error (std/max amp.) 0.04 0.03 0.05 0.06 0.05 0.06 0.05 0.05

* Mean value of signal difference is 0

Table 4 Results for Casio and Basler cameras located at different distances

Device Casio + telescope Basler + telescope

Distance to target 50 m 100 m 150 m 200 m 50 m 100 m 150 m 200 m

Type of bridge excitation Swinging
Target diameter (px) 132.89 58.93 45.48 31.25 266.81 115.83 84.02 58.95
Max. amplitude interferometer (mm) 0.98 6.46 6.26 3.43 3.40 3.51 2.77 5.38
Max. amplitude interferometer (px) 1.09 3.17 2.37 0.89 7.56 3.39 1.94 2.64
Maéx. absolute error (mm) 0.07 0.76 0.87 0.48 0.13 0.16 0.32 0.39
Maéx. absolute error (px) 0.08 0.37 0.33 0.12 0.30 0.16 0.22 0.19
Standard deviation of signal difference (mm)* 0.03 0.32 0.45 0.20 0.06 0.07 0.12 0.14
Standard deviation of signal difference (px)* 0.03 0.16 0.17 0.05 0.14 0.07 0.08 0.07
Relative error (std/max amp.) 0.03 0.05 0.07 0.06 0.02 0.02 0.04 0.03

Type of bridge excitation Running
Target diameter (px) 132.97 59.27 45.40 31.25 268.54 115.83 84.17 58.93
Max. amplitude interferometer (mm) 0.38 2.54 2.60 0.69 4.66 0.45 3.60 4.19
Max. amplitude interferometer (px) 0.42 1.25 0.98 0.18 10.43 0.44 2.53 2.06
Maikx. absolute error (mm) 0.04 0.24 0.50 0.29 0.18 0.23 0.32 0.29
Max. absolute error (px) 0.05 0.12 0.19 0.08 0.41 0.23 0.22 0.14
Standard deviation of signal difference (mm)* 0.02 0.12 0.21 0.12 0.09 0.11 0.12 0.12
Standard deviation of signal difference (px)* 0.02 0.06 0.08 0.03 0.19 0.10 0.08 0.06
Relative error (std/max amp.) 0.04 0.05 0.08 0.18 0.02 0.23 0.03 0.03

* Mean value of signal difference is 0

to the signal obtained through the camera have been ana-
lyzed. Maximum value and standard deviation of the results
have been calculated. Relative error was obtained by divid-

ing the standard deviation by the maximum amplitude of the
reference signal (from the radar). These values for all exper-
iments are shown in Tables 3 and 4 for results obtained from

@ Springer



53 Page 8 of 10

J Nondestruct Eval (2016) 35:53

Error at 12 m vs Amplitude
0.12

y =0.0419x+0.0078
R?=0.8603

o
S
o
.

=
8 008 .
= .
4‘;; .
< 006 5 .
2
& o2 .

0.04

0.02 >

o
0.00
0.00 0.50 1.00 1.50 2.00 250

Amplitude (px)

Fig. 9 Error (std) at 12 m versus signal amplitude (px)
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Fig. 10 Relative error (std/max. amplitude) at 12 m versus signal
amplitude (px)

camera Casio located at 12 m and for cameras Casio and
Basler located at different distances, respectively.

Graphical representation of these values gives a clearer
view about the variations of the errors with respect to the rest
of variables (signal amplitude, distance to target and target
size). In principle, all variables could influence the error in
measurement. Therefore, to isolate the influence of move-
ment amplitude from other factors, the results obtained from
camera at 12 m are analyzed, since in this case the distance
to the target and the target size are constant for all measure-
ments. As it was already discussed above, the distance to the
target, besides to decrease the image resolution, increases the
error due to the atmospheric distortion. Therefore, distance to
target and image target diameter should be considered inde-
pendents for an accurate analysis.

For Casio camera located at 12 m, the representation of
standard deviation versus the amplitude of signal is shown in
Fig. 9. It is very easy to see that the error linearly increases
with the amplitude. However, if we divide the standard devi-
ation by its maximum amplitude, the representation (Fig. 10)
shows that relative error slightly decrease with amplitude. In
general, and with the exception of a single outlier, all relative
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(m) for different excitations and cameras. The maximum movement
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errors are between 0.03 and 0.07 and the decrement is really
soft for the same camera and the same distance to target.

For sequences obtained from cameras located at different
distances to the target, relative error quickly decreases with
the apparent target diameter in the frame (Fig. 11). This result
was already observed in numerical simulations done by Mas
et al. [8] and in experimental results obtained Busca et al.
[7].

The variation of relative error with distance to target is
shown in Fig. 12. In this plot we can also find one outlier,
which corresponds to that described in Fig. 11; in both cases
it represents the same measurement (Basler camera at 100
m for a running excitation). This anomalous result may be
due to a camera displacement or some uncontrolled external
factor. In any case, since this is the only anomalous result in
the series, we can ignore this result without losing the validity
of our results. There is also a point corresponding to the Casio
camera (200 m and running excitation) that could also be an
outlier. However, in this case the difference between this error
and the following highest error is of 0.1, while in the case of
the Basler outlier that difference is 0.19 so we decided not
excluding it from our analysis.
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Errors from both cameras increase with distance to the
target but this tendency is stronger for Casio camera than for
Basler camera (Fig. 12). These results are consistent with
those obtained from Fig. 11, because at closer distances the
target diameter in the frame is larger and that leads to lower
relative errors. However, at higher distances, errors coming
from atmospheric dispersion, camera movements due to wind
or even to ground vibrations become more important and may
increase the relative error of the measurement.

To analyze the relative error variations due to movement
amplitude variations, Fig. 13 is presented. It can be found
again the outlier corresponding to Basler camera at 100 m for
arunning excitation. The trend is clearly decreasing with the
movement amplitude. In fact, a potential law can be adjusted
to these data, in a similar way it was done in Fig. 11.

It may be surprising that higher amplitudes are only
recorded with the Basler camera, but this fact is due to the
casual absence of larger movements when the experiment
was registered with the Casio camera. Additionally, there is
no evidence that lead to think that a large movement ampli-
tude recorded by a Casio camera will give a higher relative
error than a Basler camera.

Notice that, except for the outlier case (Basler running 100
m) the relative error for Casio camera is always higher than
that obtained from Basler camera, which is always below
0.05. It is difficult to determine the reason for this error dif-
ference. Both cameras are small and were subjected by the
digiscoping adaptor. There are some differences regarding
the hardware and the operation modes. On the one hand,
the Basler camera is a gray scale low-cost scientific device,
so we can control all parameters (gain, exposition, etc.) and
the sequences are saved without any compression or inter-
polation. On the other hand, the Casio camera is a consumer
camera with predefined automatic capturing modes. The sen-
sor is RGB, which implies that color images are not real but
interpolated [20]. Additionally, the sequences are saved in
AVI-JPEG format, which introduces a lossy compression in
each frame. All these factors limit the image quality finally

obtained, so the data calculated from the sequence have
poorer quality and thus, may introduce larger errors in the
signal.

Finally, we would like to remark that we could not find any
trend regarding the type of excitation in the obtained relative
error.

4 Conclusions

In this work a series of experiments have been carried out in
which the oscillating movement of a bridge was monitored
and the deck’s deflection estimated using image process-
ing methods based on template matching and least square
fitting. To obtain a reliable reference of the displacement
amplitude and oscillating frequency, the results have been
compared with those obtained with a radar interferometer,
whose accuracy was checked in previous works. Different
cameras, distances and excitation types were checked and the
relative error was determined by dividing the standard devi-
ation of the signal subtraction (radar interferometer minus
camera) by the maximum movement amplitude.

From the results we can conclude that, for all distances,
target sizes and movement amplitudes, the relative error for
Basler camera and telescope is smaller than 5 %, except for
one outlier. That is to say, in the worst case, the standard
deviation of absolute error was 0.12 mm for a movement
amplitude of 2.77 mm. For the Casio camera and telescope
the relative error is, in all but one case, smaller than 10 %.

Results obtained from the same distance and with the
same target diameter in the image show that the relative error
slightly decreases with movement amplitude (Fig. 10). For
different distances, in which the atmospheric distortion and
the cameras movement have more importance, the relative
error decreases (approximately following a potential law)
with the movement amplitude (Fig. 13).

The variation of relative error due to the excitation type
is not significant, for any of the analysis done in this study.
Therefore, the trends obtained here for different amplitudes,
target distances and target diameter in pixels include all
points and make no difference between points related with
different excitation types. That implies also that the way in
which the excitation is done in the bridge is not relevant for
the results and the results obtained will be true even with
other excitation types.

Regarding the target diameter in the frame, the relative
error exponentially decrease as the diameter increases (Fig.
11), as it was already observed in numerical analysis done by
Mas et al. [8] and in the experiments done Busca et al. [7].
The rise in distance to target give an increase in relative error
for both cameras, but for Casio camera that trend is stronger
(Fig. 10). In this case the trend seems to be linear.
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In all cases we can observe that the Basler camera gives
better results than Casio camera. That may be due to the
compression algorithms that Casio introduces in every frame.
The automatic modes of the Casio camera could also be not
optimal thus producing imprecise results.

From this work, it is clear that the camera selection, even in
the low end segment, is of fundamental importance to obtain
accurate results. Although its cost is similar, the technical
specifications may show that the Casio camera is a better
acquiring device. Nevertheless the Basler camera permits
optimization of the parameters as well as avoiding compres-
sion algorithms in the acquired sequence. Although these
cameras are harder to use, since they require some technical
knowledge, the quality of results are worth the effort.

This being said, if one is only interested in a preliminary
test and obtain rough measurement, results here also show
that pocket cameras can be a reliable alternative to more
sophisticated systems, even for high distances. It is true that
the errors can be relatively high for some applications, but
for the main interests that errors are reasonable taking into
account the distance from the measurement point. Also, the
frequency measurement is accurate and the device is cheap,
small, manageable and widely available.
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