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ABSTRACT

The Structural Health Monitoring (SHM) is an emergent powerful diagnostic tool, which can
be used to identify and to prevent possible failures of the various components that comprise
the infrastructure. In the particular case of a suspension bridge, the measurement of the
vertical and the transversal displacements plays an important role for its safety evaluation.
Taking into account the restrictions usually found on these structures, an enhanced solution
comprises a non-contact measurement system, specifically a vision-based measurement
system. The paper describes a methodology to perform the vision system calibration which
can be carried out in-situ, while the deck is moving, and requires little effort and a minimum
set of information. Results related to the performance evaluation, obtained by simulation, are
presented and they show that even in an environmental severely affected by noise it is

possible to obtain a standard accuracy better than 10 mm.

1- INTRODUCTION

1.1- Background

In Civil Engineering, to design an
infrastructure with a comfortable degree of
safety at minimal costs is a great
challenge. Usually, the design is
performed taking into account information
that does not represent completely the truth
state, since there exist always a certain
level of uncertainty about the materials
properties as well as the constructions
techniques. Actually, the application of
new materials in innovative designs is an
issue which implies some risk and the
differences in construction are one of the
larger influences on how the structure
deforms.  Likewise, the  materials
degradation along the time as well as a

drastic change in the operation conditions
(e.g. earthquakes, excessive load) can
drive the structure to an abnormal
behaviour.

Structural Health Monitoring (SHM)
is a powerful diagnostic tool which can be
a good help to overcome most of those
issues. Specifically, SHM can be used to
identify and to prevent failures of the
multiple components that comprise the
infrastructure, to improve codes for the
construction, to calibrate the mathematical
models and to optimize the infrastructure
design. Without an efficient monitoring
system, a component failure can cause
irreversible damages in the infrastructure
and, eventually, a possible loss of human
lives. SHM is the key to increase the
confidence of infrastructure owners and
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users, and to protect it from serious
damages.

To achieve these goals, it is
necessary to measure several quantities,
some of them related to the external
actions that act over the structure (e.g.
wind, load) and others related to the
respective  structure  response  (e.g.
deformation, displacement). In the
particular case of a long span suspension
bridge, the knowledge about the vertical
and the transversal displacements plays an
important role for the structure safety
assessment, namely at the middle span
where, usually, these are more significant
and can reach a couple of meters.
However, in this case, the traditional
displacements transducers and
measurement techniques cannot be used
since there is not a fixed point in the
neighbourhood of the part of the deck to be
monitored. Moreover, as said before, the
displacements of the deck can reach a high
amplitude (more than one meter), which
makes them impracticable for this kind of
application. A common solution is to
measure the acceleration, and sometimes
the velocity, and estimate the displacement
by mathematical integration. Though, this
solution has many drawbacks since the
degree of accuracy depends on various
factors, such as the sampling rate, the data
record length, the drift and the offset of the
electrical ~ signal, etc. All these
perturbations that are disturbing the data
are also integrated.

Considering the restrictions usually
found in this kind of structure, an
enhanced solution is to use a non-contact
measurement  system with  dynamic
response, accuracy and amplitude range
well-suited to the physical phenomenon to
measure. By now, only a few measurement
systems satisfies these requirements, albeit
partially. This set, basically, includes the
systems based on: 1) GPS (Global Position
System); 1ii) radar technology; and iii)
optical devices (vision metrology).

The measurement systems based on
GPS are established in the large structures
from long time ago (Nakamura 2000;
Celebi et al. 2002; Brown et al. 20006).
Currently, using differential positioning

techniques (Real Time Kinematic — RTK),
these systems can provide measurements
with accuracy of 10 mm in the horizontal
direction and 20 mm in the vertical
direction at a sampling rate of 20 Hz
(Brown et al. 2006). However, these
systems are not suitable to measure the
displacements of the deck bridge because
they are particularly sensitive to the signal
multipath effects and, as consequence, the
position accuracy is deteriorated. In the
particular case of a suspension bridge,
where the steel is the main material, the
signal multipath is amplified significantly
by the deck, cables and towers. Moreover,
the GPS signal, and consequently the
accuracy, 1is also affected by the
propagation delays induced by dry air,
water vapour and other particles (Solheim
and Vivekanandan 1999).

Another non-contact measurement
system is based on the radar principle
(Bernardini et al. 2007). The system sends
a microwave signal and waits for an echo
returned by the obstacles (targets) found in
the propagation path. The time propagation
is related with the straight distance
between the target and the measurement
system. Using a differential interferometric
technique, one measurement system is
enough to measure the distance to multiple
targets. Nonetheless, to identify clearly the
targets, the minimum distance between any
two targets in the direction of the signal
propagation must be higher than 0.5 m.
Otherwise, the reflected signal from the
targets will appear scrambled at the
receiver, making impossible to identify the
contribution of each target. This type of
system can operate at 500 m of distance,
with an accuracy ranging between 10 um
and 100 um at 40 Hz of sampling rate.
However, taking into account the material
type and the distance between the trusses
that comprise the deck bridge, it is easy to
conclude that this type of system is not
suitable for this application. Furthermore,
since the radar system measures the
distance between the target and the
measuring unit, in the direction of the
signal propagation (radial), from the
measurement data (1D) it is not possible to
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discriminate the contribution of each
displacement component (3D).

Despite of some limitations (e.g. free
line of view between the camera and the
target), for large structures built with steel,
like a deck bridge, the vision-based
systems are the solution that gathers more
advantageous. In this way, a vision-based
measurement system is being developed,
that aims to measure the displacements of
large amplitude, such as those observed on
long span deck suspension bridges, with a
standard accuracy of 10 mm, resolution of
l mm and a minimum sampling rate of
20 Hz.

1.2- Vision-based systems

One of the first non-contact
measurement systems, based on optical
devices, was developed at the LNEC, in
1969, and was used to monitor the deck
displacements of the bridge 25 de Abril,
over the river Tejo, in Lisbon (Marécos et
al. 1969). The system comprised a target,
fixed on the deck, and an optical system
fixed on pier’s base. Each target comprised
a set of two lamps, powered with low
voltage to radiate a near infrared
concentrated beam, and spaced by 20’ in
vertical and horizontal directions. One of
the lamps was used for tracking, while the
other was used for the system calibration
and for automatic replacement when the
first failed. The optical system comprised a
lens with 640 mm of focal length, an
optical filter and four photodiodes
mounted in a bridge configuration. The
unbalanced signal generated by the
sensor’s bridge was feed as input to a
servo-controlled  motor  system, to
providing two degrees of rotation (tilt and
azimuth) to follow the target. This system
was in service almost a decade and was a
helpful to study the dynamic bridge
behaviour. Due to the poor dynamic
response, provided by the moving parts,
this system cannot fit the high demands of
the new SHM system.

Almost 25 years later, in 1993,
comes out a true vision-based system.
Taking advantage of the emergent off-the-
shelf video cameras and parallel
processing capability offered by the

transputer technology, Stephen et al.
(1993) developed a new measurement
system for monitoring the deck’s
displacements of the Humber bridge (main
span with 1410 m). Without moving parts,
this system could offer high sampling rate
and required less maintenance. The target
comprised two concentric reflective rings
in a black board and the system calibration
was done based on the knowledge of the
diagonal target length and the respective
length in the image. Considering that the
target had no capability to produce
radiation this system couldn’t operate in
the night period or in poor visibility
conditions. To overcome this issue,
Macdonald et al. (1997), introduces some
improvements to the previous system,
namely the target illumination with lamps.

Since then, a few vision-based
systems were developed to measure the
displacements of structures, although only
for a brief test purpose and not for
continuous way structure health
monitoring. Olaszek (1999) proposed a
solution, based on a complex optical
mechanism, to focus in the same sensor’s
video camera two targets at different field
of view. One of the targets was for
reference (stationary) and the other was for
monitoring the structure. Thus, combining
the two target’s information it was possible
to eliminate the undesired vibration
produced at the camera. Wahbeh et al.
(2003) used a target built with two light
emitting diodes (LED), to radiate in the red
wavelength spectrum, and spaced by 10”’.
Similarly to the first system mentioned,
only one LED was used for tracking, being
powered permanently; the other was used
for the calibration task. Conversely to the
others solutions, the camera was mounted
at the centre of the tower structure, at the
deck level. However, as the authors
reported, this location compromised the
data since it was affected by the high
vibration produced by the on-going traffic.

Recently, Lee and Shinozuka (2006)
and Fukuda et al. (2009) proposed a
measurement system which includes a new
calibration method and different target
geometry. The target comprises four white
spots disposed with a known geometry
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over a black board. The spot’s positions
establish a 2D coordinates reference
system to calibrate the camera’s rotation,
albeit partially.

1.3- Someremarks

Considering the characteristics of the
actual vision-based systems, some remarks
are justified. They are basically two and
are related with the target type and with
the calibration methodology. In fact, a
passive target limits the measurement
system usefulness to the daylight period
and the image’s contrast is dependent of
the visibility conditions. As a result, the
image processing is more difficult to
execute and the recovering of the target’s
coordinates is more prone to error.

The calibration method employed by
the referred to above vision-based systems
is not suitable since, in the majority, it is
done using the knowledge of the distance
between two points in the target and the
respective distance in the image. Actually,
apart others sources of error, this method
works only if the deck bridge
displacements occurs on a plan parallel to
the sensor’s video camera; otherwise, there
is an embedded error associated with the
target displacement. It is known that the
vertical and the transversal deck
displacements have much higher amplitude
than the longitudinal, which justifies their
importance to the SHM. However, the
existence of a small displacement in the
longitudinal direction is enough to
generate an error on the vertical and/or
transversal direction with amplitude higher
than the required accuracy value. In fact,
as showed on Fig. 1, the longitudinal
displacement (z,,) of the deck induces in
the camera C an apparent displacement in
the vertical direction, as given by Eq. (1).

T Y

ylV :ZM"' = ZW‘E (1)
T,+z, T,

In the particular case of the bridge 25
de Abril, with 7y = 70 m and 77 = 500 m,

the Eq. (1) converts toy, =0.14-z . This

means that to satisfy the accuracy required,
the longitudinal displacement must be less
than 71.4 mm. Wahbeh et al. (2003) fixed
the camera at the deck level (7y = 0) but,
as they reported, this was a bad decision.
Thus, it is essential to measure the
longitudinal displacement to achieve the
high level accuracy required. Though, to
measure the 3D displacements it is
necessary a minimum of two cameras,
tracking the same target.

Fig. 1 — The longitudinal displacement of the deck
(z,) induces in the camera C an apparent
vertical displacement (y,,).

Furthermore, the calibration method
employed does not take into account the
rotation of the camera related to the deck
bridge coordinates system. The deck
bridge displacements are measured in the
coordinate system of the camera which,
certainly, has a different orientation of the
deck’s coordinate system. One of the
systems tried to calibrate the rotation, but
only partially, since the calibration is
performed on the plan and not in the space.

2- VISON SYSTEM SETUP

To fulfill the goals mentioned
before, namely the high level accuracy, it
is essential to perform a genuine vision
system calibration which is not carried out
by the referred to above vision systems.
Another issue is the target type and shape,
whereas a good design can be a helpful to
recover the image’s coordinates of the
targets with sub-pixel accuracy and, as a
result, to reduce the global error.
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Fig. 2 - Working principle of the vision-based system, applied for measuring the deck displacements of the
suspension bridge 25 de Abril over the river Tagus, in Lisbon.

Tacking into account the limitations
of the knew vision systems, we are
developing a vision-based measurement
system for monitoring the displacements of
long deck suspension bridges, with high
accuracy and to operate in continuous way.
The system setup, basically, comprises a
set of active targets and a minimum of two
industrial digital video cameras, with high
pixel resolution, coupled to long focal
length lenses (600 mm) (Santos et al.
2009). The target, built with low power
LED, radiates a cross shape with near
infrared wavelength, in a controlled mode
according to the wvisibility conditions
(Santos et al. 2007).

The targets are fixed to the deck
(monitoring points) whereas the cameras,
focused on the targets, are mounted at the
piers base (reference points), as showed in
Fig. 2. The deck displacements
measurement comprises: 1) the images
capture from a synchronised set of
cameras; ii) the images processing, by
digital techniques, to get the coordinates of
the targets on each frame with sub-pixel
accuracy; iii) the calculation of the targets
3D absolute position, embedding the
image coordinates of the targets obtained
by all cameras on a triangulation
technique; and 1v) the calculation of the
displacement of the deck bridge between
two different time samples.

3- CALIBRATIONMETHODOLOGY

3.1- Affinecamera model

Among the various camera models
available, the central  perspective
projection is the most frequently used by

the computer vision community. However,
according to Hartley and Zisserman
(2003), the perspective camera model can
be approximated, with slight loss, by an
affine camera model if: 1) the depth relief
is small compared to the average depth, i.e.
the points (targets) to be projected in the
image plan are almost in the same plan,
when compared to the average distance
between the camera and the set of points;
and ii) the distance of any point to the
optical axis is small. These two conditions
are usually satisfied when the distance
between the camera and the set of points is
large, as is the case. Thus, assuming no
lens distortion, a 3D point positioned on
the deck with homogeneous coordinates
P=[x.v,z.1]" - is projected into the

image plane at the coordinates
7 =[x, ».1]",  according to Eq. (2):

-~ X,
X m m m m
11 12 13 14
A e e Tl byl (2)
Ay |=|my My My My, | 7
1 0 0 0 my, !
SIS |1
5 I S
F

where A is a non zero scale factor
and M represents the camera projection

matrix. The matrix M can be decomposed
into intrinsic and extrinsic  matrix
parameters, as showed by Eq. (3):

M{K“’z O]{szs Tm} 3)

0" 1|]0" 1

where K represents the intrinsic
parameters (focal length, skew, aspect ratio
and principal point coordinates), R is the
rotation matrix and 7 the translation
vector. Making a transformation such as
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w5 (g—m,=1), Eq. (2) can be

rewritten as:

X,
|:xfi|:|:m11 m, m13:|' y +|:t|:| (4)
Vi My My My ZI U
e 2 2 Po 7| ==
P Y} I B
P

Eq. (4) is a linear mapping, in
inhomogeneous coordinates, composed
with a translation, whereas (=[;, ]" 1s
the image of the origin of the deck
reference system (in pixels). Thus, Eq. (4)
can simply be written as:

i
X, —X m, m m
0 11 12 13
{ I }:{ }. Y’ }
Yi=Yo My My My
S R N s
Ap; 1

Ap, =M -AP,

()

where p, =[x, y,J 1s the image of
the point p =[x, v, z] . Thus, one can
choose py and P; as the origin of the

coordinates system in the image and in the
deck, respectively.

3.2- Calibration methodology

The vision system calibration aims to
find the parameters for the mathematical
model (M) of each camera that matches the
projection of the 3D points coordinates
into the respective 2D image points
coordinates.

With the proposed calibration
methodology it is not necessary to know
the absolute 3D coordinates of the targets
and it is possible to use several frames per
camera viewing a reduced set of control
points'. Additionally, the calibration can
be performed automatically and in an
autonomous mode. Though, to allow
Euclidean metric measurements, the
distance between any two neighbour
targets is required. The measurement of the
distance between the targets can easily be
performed with cheap measurement tools.

! Henceforth, it is supposed that the targets coordinates are know
and consequently we will refer the target as a point.

The methodology developed is based
on the factorization method proposed by
Tomasi and Kanade (1992).

Let’s assume m control points,
describing an object shape, that are fixed
on the deck bridge and all are viewed by
the n cameras. Further, let’s assume that
each camera have captured ¢ frames
(synchronously) while the deck bridge was
moving and the region of the deck where
the set of targets were fixed behaves like a
rigid body.

Since in an affine camera the
centroid of a set of 3D points is mapped to
the centroid of their image projections
(Hartley and Zisserman 2003) and the
relative position of each 3D point in the
object does not change over time, we can
obtain an average frame per each camera,
as represented by Eq. (6), which preserves
the image of the object.

., , _
me zxilm
i=1 i=1

q

q
P P Zym Zyilm (6)
. . . i=l . . i

i=l

~ ~ q q q
X e X .

nl nm mel mem

Y% e P i=1 i=1

Y Ym P P

| ——

w Zyinl o Zyinm

L=l i=1

where (xl.jk, yijk) represents  the

coordinates of the target k in the frame i
captured by the camera j. The image
coordinates of each point, in the average
frame, matches the projection of the 3D
centroid of the points cluster, created by
the motion of that point while being

captured. The matrix W is called the
measurement matrix.

The effect produced by averaging the
set of frames is a reduction of the noise
effects which is assumed to be Gaussian
with zero mean and frame independent.
Since the principal point is not defined in
an affine camera, we can select the origin
for the image coordinate system as the
centroid of its 2D projections, obtained as:
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This implies that the origin of the
deck reference system is established at the
centroid of the 3D points. On the other
hand, since the deck motion 1s not
controlled, we do not know® where is
located the origin of the reference system.
As a result of this decision, the image
point’s coordinates, in the new image
coordinate system, are related with the 3D
points coordinates by the Eq. (8), which
has a similar form as Eq. (5):

fc“—fcl )’élm_fl
j}]l_yl j\)lm_)j] M,
N R
‘inl_xn )enm_fn Mn r
.)A}nl_.)jn J’>nm_.)7n M
w
Wanm = ManB : P}xm (8)

where M; is the projection matrix of
the camera 7 and the coordinates of P_,

are referred to the centroid of the 3D
points (origin of the deck reference
system). The matrix W 1is called the
registered  measurement matrix and
contains only measurement data, whereas
the right side is the product of a 2n x 3
matrix M (called the motion matrix) and a
3 x m matrix P (called the object shape
matrix). This fact implies that the rank of
M <3 and, consequently, the same apply
to W. Thus, the matrix W can be
decomposed, using the single value
decomposition (SVD), as w=U-D-V",
where U and V are orthogonal matrices and
D is a diagonal matrix containing the
singular values of W, such as
A=A =2 >--->4 . Since the rank of

W <3, only the first three single values (A,
A and A3) may be different from zero.

2 In the end of the calibration, if desired, it is possible to move
de origin of the coordinate system to another point.

However, if the coordinates of the image
points are perturbed by noise then the rank
of W can be higher and, since we are only
interested in the three major singular
values, the others can be forced to zero to
guarantee the rank condition, as soon as
the ratio between A3 and A4 is sufficiently
large. Thus, assuming that U represents
the first three columns of U,

D =diag(,,2,,2,,0,---0) and V7 represents
the first three columns of V, an estimation

for the camera matrices (M) and for the
targets position (P), is given as:

_M]
S 02;’1,\73 \/E
M
o )
_Pl r
: = 53x3 erxs

Pixm

This estimation is only determined
up to an affine transformation, since any
arbitrary nonsingular matrix H satisfies the
condition expressed by Eq. (9). In fact,
w=(M-H)-(H"-P)=M-P satisfies as
well as, which involves to find the
transformation H3,;. The calculation of H
is supported by the fact that the rotation

matrix of each camera (R, ,) is orthogonal,

i.e. the norm of each line is unitary and the
cross product between the lines is zero.
Thus, each camera projection matrix
provides three constrains, described as:

my,-(H-H)-m, =1
myy-(H-H)-mf, =1
mll'(H'HT)'mITZZO (10)
my,(H-HT)-m!, =1
my-(H-H)-m], =1
m, ~(H-HT)-m”T2 =0

where the unknowns are the
elements of the symmetric matrix H-H'
and mj; represents the line j of the matrix
M;. The solution for H-H" can be
calculated by using SVD and the solution
for H by Cholesky factorization. However,
this last step requires that the solution of
H-H" pe positive definite which, in
general, is satisfied with three or more
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cameras. When this condition is not
satisfied, the solution of H can still be
found by non-linear optimization. Having
found the matrix H, we calculate the new
camera matrices and the new targets
position (up to a scale factor) as:

M=M-H (11)
P=H"'P

To measure the deck bridge
displacements, we need to find the scale
factor (4), such that the reconstructed
object dimensions are approximately
similar to the real dimensions. For this
purpose, a single distance between two
targets would be enough. Although, since
the coordinates of the points projected in
the image may be corrupted by noise,
using as many distances as available
allows the estimation of an average scale
factor (/T ) and the reduction of this source

of error. Assuming that the distance
between any two 3D points in the deck is
known, the scale factor is determined as
the ratio between the real distance
(measured) and the distance (calculated)
between the respective reconstructed
points (P'). Thus, likewise in the Eq. (11),
one must multiply the camera’s matrix by
the inverse of the scale factor:

M”:M,'/Til (12)
P'=2-P

By now, we have an approximated
Euclidean shape reconstruction that can be
improved by a non-linear optimization
process, just like the Levenberg-Marquardt
(LM) algorithm. The error function (g) to
be minimized by the LM algorithm is:

2

m

“=2\ 2 i 2 (13)

coordinates error

2

' m
+w Y

k=1 | g=k+1

Dkq_(f)k_ﬁ:a)
« - 7

distance error

where p;; represents the coordinates
of the point j in the image of the camera i,
p,;is the image coordinates of the

reconstructed world point 13]., projected

according to the estimated matrix model

M, both under optimization, w is a weight

of confidence, C; is the number of
combinations of any two 3D deck targets
(B, and P) and Dy, is the respective real

distance. It is advantageous to include the
maximum number of constrains in the
optimization process. Thus, using the
distances obtained from all possible
combinations of points one gets a rigid net
of connections between points, that clearly
enhance the final solution.

The error function comprises two
contributions of errors: i) the error due to
the projection of the reconstructed deck
point in the image of each camera; and
ii) the distance error between either two
reconstructed points (P"). The
observations related with the image
coordinates can be affected by noise and,
as consequence, are less feasible than the
distances which are accurately measured.
Thus, since the LM algorithm allows the
use of different weights according to the
confidence we have in the observations,
we choose a weight ratio of 1/10, i.e.
w =10. The entries to optimize by the LM

are the points (}3/.) and the cameras
matrices (M,); the initial values are those

obtained up to now, ie. M°=M" and
P=P.

The transformation H, found before,
was determined up to a rotation of the deck
reference system, since the orientation of
the reference system is arbitrary. In this
context, it is necessary to rotate the deck
reference system to a desired and known
orientation. To fulfil this goal one needs to
find a Bj3,; rotation matrix that rotates the
actual reference system such as the y-axes
is aligned in the vertical direction and the
x-axes in the transversal direction of the
deck bridge. For this purpose, a minimum
of three targets are required, disposed such
as they establish an orthogonal reference
system with the desired orientation. These
targets can be positioned having as
reference the orientation of the main truss
of the deck bridge. The Eq. (14) represents
the camera matrices and the reconstructed
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targets position obtained at the end of the
calibration task.

M’":M'B (14)
P"=B"-P

As said before, the origin of the deck
reference system is placed at the centroid
defined by all points captured under the
deck bridge motion. Considering that the
main goal is to measure the displacements
of the deck bridge, the position of the
reference system is secondary and does not
settle a particular problem to the
measurement system, as soon as it is under
the central zone of the deck motion.
However, if desired and since the cameras
matrices are known, it is possible to move
the reference system to another position
(e.g. to the object centroid position related
to the first captured frame).

4- PERFORMANCE EVALUATION

4.1- System configuration

In Fig 3 we present two camera’s
layout with two (L; — S-N) and four
cameras (L, — SW-SW-NE-NW) which,
among others, were used to evaluate the
proposed calibration methodology.

Pier's base Pier's base
i ]
! Deck bridge i

N

--%*—..----_9. ----ﬂ_---

T
! x :
1 L)
! (]
i‘— 1000 m ._..:

i Il
*‘k\ - [} 4
Sw ! '] 20 m

1 SIRQNEET [} L 4
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T
i x¥ i |20m
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Fig. 3 — Measurement system layout with two
cameras and with four cameras.

Taking into account the
characteristics of the bridge used as model
(bridge 25 de Abril over the river Tagus),
the localization of the cameras were firstly
constrained by the available physical
support to place the cameras and secondly
by the dimensions of the piers base. For

the tests it was assumed that: i) the mid
span of the deck bridge is 500 m length; ii)
the height from the deck bridge to the piers
base i1s 100 m; and iii) the piers base is
40 m wide®. The reference system for the
deck bridge is a direct orthonormal basis
with origin in O and the z-axis aligned
with the longitudinal direction of the deck.
In the same way, in each of the cameras is
established a direct orthonormal coordinate
system with the z-axis perpendicular to the
image plan and pointing in direction of the
origin of the deck’s reference system.

4.2- Vision system calibration

The calibration was carried out
according to the proposed methodology,
considering the synchronous capture of
1000 images while the deck bridge was
moving. For that, it was created a 3D
simulated deck trajectory, whereas each
displacement’s direction is a three part’s
combination: i) large amplitude with low
frequency; i) low amplitude with high
frequency; and iil) a random component
with low amplitude (Fig. 4). The goal was
to get a simulated trajectory which gathers
the long period motion and the
instantaneous vibratory movements. The
vision system calibration was performed
assuming a set of sixteen targets fixed to
the deck bridge and visible by all the
cameras involved on the test.

Simulated 313 Trajectory

Displacement (mm)
T g
1 hJ
bex™
oy E

3 - Middle amplitude W - Highest o it — miplitude

Fig. 4 — Simulated 3D deck trajectory created for
calibration purposes.

The targets were distributed taking
into account the bridge geometry and
avoiding a possible target overlap in the
images, as shown in Fig. 5. They form the
shape (contour) of a parallelepiped with
the sides parallel to the axes of the

3 These parameters values are approximated of the real values of
the bridge 25 de Abril over the river Tagus.
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reference system (O) and the centre of
mass matching the origin. For each image
captured, independent Gaussian noise (in
pixels) was added to the image coordinates
with zero mean and different levels of
standard deviation (SD)* according to the
test performed.

#--2000 mm -+« 1500 mme#--2000 mm--+

p e e S o
1000 mm /! e | o ! zl
Ao @b O g — ¢ |
800 mm i i '""'I‘
IR -@----l----o ----------- —

X

Fig. 5 — Targets distribution and distance between
the adjacent targets, for calibration purposes.

4.3-  Deck bridge monitoring

To measure the 3D displacements of
the deck bridge, a minimum of two
cameras is required. Regarding the number
of targets, a single tracking target is
enough to measure the deck displacements.
However, using as much targets as
available allows to reduce the noise effect.
Assuming that we have m targets and n
cameras, recalling Eq. (8), the 3D world
coordinates of the m targets are given as:

N X=X X, X
X o X, M, =N = Y=
o e
Zy - Z,| | M, X=X, v X, X,
S R L - -
Xsm Maa o [ Y =Va 0 Yom =V ]
o (15)

where A, | is the camera matrix’

,,,,,

T

of the camera 7, [xl./. yl./.] are the

i=l,..,n; j=1,...m

coordinates of the target j in the image of
the camera i and [x, 7],  are the origin
of the system coordinates at the camera i,

obtained by Eq. (7), at the calibration
stage.

4 . .
Henceforth, the reference to a number of pixels of noise means
a Gaussian distribution with zero mean and a standard
deviation with that number of pixels.

> [M ] " means pseudo-inverse of M.

Considering that the calibration of
the vision system was carried out as
previously described, the monitoring test
was performed tracking 20000 positions of
the deck bridge, obtained randomly and
assuming a Gaussian distribution with zero
mean and a standard deviation of 1000 mm
in the transversal direction, 2000 mm in
the vertical direction and 500 mm in the
longitudinal ~ direction. = The  tested
conditions are more demanding than in a
real scenario because in this case, the
displacements between two successive
instants are much smooth and of smaller
amplitude. The noise, added to the image
coordinates (in pixels), was assumed to be
Gaussian with zero mean and standard
deviation variable according to the test.

Fig. 6 shows the absolute mean
deviation obtained with different number
of targets and under different noise levels
at the calibration and at the monitoring
stages. As expected, the absolute mean
deviation in XY plan and in XYZ decreases
as the number of targets and/or of cameras
increase, being more significant in the case
of XYZ. The absolute mean deviation in
XYZ is much higher than in XY because the
measurement  of  the  longitudinal
displacement is more difficult to measure
and, as result, more prone to error. In fact,
the displacement error in the longitudinal
direction represents the most important
portion on the XYZ deviation.

As showed, even under severe noise
conditions and large amplitude deck
displacements, the required accuracy in XY
plan is satisfied in a layout with two
cameras and two monitoring targets or
with four cameras and one monitoring
target. Using sixteen targets with four
camera’s layout, one gets an absolute mean
deviation in XYZ lower than 10 mm.
However, tests performed with a typical
stereo camera configuration (two cameras
placed on a single piers base, SE-SW or
NE-NW) allowed to verify that this layout
iIs not suitable to measure the
displacements at long distance, as is the
case. This evidence shows that the absolute
mean deviation value depends not only on
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the number of targets and cameras but also
on the camera’s layout.

" haobute Mean Deviation: XY (mm) « Lavoot * | g5 . AMsolut Mean Deviation: XYZ {mmj - Layesst ol

12 4Tl aTg -] ] o eTgl ATE & @

10 mTg @ TEle - w | @TEd @ Tgin

[ I L "
¢ @ 20 @
15
] ] ® ® |10 n L e ]
L] L] L] L

1
L L & &
"
[ ) ° ] n
[] [ ] ® ! " L ® L]
[ ] o ] -

[ ™ CL/To Co/TI CH/TE CO/T2 C2/T2 [§ W CHTO Co/TI CHITE CO/T2 C2IT2
Moise Moise

Fig. 6 — Deviation on XY plan and XYZ obtained
with the two layouts, as function of the noise
level, at the calibration (C) and at the
monitoring (7) stages, and of number of
targets (7, )

Fig. 7 presents a 3D simulated deck
translation trajectory, representative of
10000 positions of the deck bridge, created
following an identical principle as referred
to the vision system calibration trajectory
(Fig. 4).

Simukated 310 Trajec Simulsted 300 Trajectory

A AAA
WWWM

inpla

Fig. 7 — Simulated 3D deck bridge traj ectory
created for monitoring purposes.

Fig. 8 shows the absolute deviation
in XY and in XYZ, obtained with sixteen
monitoring targets under 1 pixel of noise,
in calibration and in monitoring stages, for
the two layouts. The results obtained
confirm that the absolute peak value of
deviation in XY is less than 10 mm and the
absolute mean value is less than 2 mm.
Likewise, the absolute mean deviation in
XYZ is also lower than 10 mm, although
some points show high deviation. As one
can see, the absolute mean value deviation
obtained in this test is slightly smaller than
those presented on figure 5 (for the same
noise conditions) because, in this case, the
displacements are of less amplitude.

6 C,/T, means standard deviation noise of m pixels in calibration
and n pixels in tracking (monitoring). Tex means x targets used
on the monitoring stage.

The main conclusions are: 1) the
noise effect in the calibration stage has a
negligible contribution in the deviation
value of the displacement, confirming the
robustness of the proposed -calibration
methodology; i) wusing an adequate
number of targets and/or of cameras is
possible to get an absolute mean deviation
lower than 10 mm in the XY plan; iii) for
the same test conditions the deviation in
XYZ is almost three times higher than in
XY. Regardless of this evidence, the
displacements in the transversal (X) and
vertical (Y) directions, usually, are much
higher than in the longitudinal direction
(Z2) and, as a consequence, they play the
most important role in the bridge
monitoring.

Abssbate Deviation m XY Absobate Deviation in XYZ

Time (uec)

Absobate Devistion is XY (mm)

Fig. 8 — Absolute deviation in XY and in XYZ
obtained with 1 pixel of noise in the
calibration and in the monitoring stages.

5- CONCLUSONS

The paper describes a measurement
vision-based system suitable for structure
health monitoring application of large
structures, in particular long deck
suspension bridges, where the vertical and
the transversal displacements of the deck
can reach a couple of meters and the
access to some parts of the structure is
difficult. It is proposed a methodology to
calibrate the vision system in-situ while
the deck bridge is in motion. To fulfil this
task, a minimum of two cameras, viewing
a set of targets fixed to the deck and the
3D distance between any two targets are
the only source of data that is required.

The results obtained from simulated
tests, carried out with different cameras
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layout and with different noise levels,
showed the good feasibility and the
robustness of the proposed methodology.
This conclusion is supported by the high
accuracy value in the measurement of the
deck bridge displacements, even under
severe noise conditions. Actually, using
two cameras tracking a minimum of two
targets or four cameras tracking one target,
under abnormal noise conditions (standard
deviation of 2 pixels), the measurement
system can satisfy an accuracy in XY
(vertical and transversal directions) better
than 10 mm. Further, the accuracy value
can be improved increasing the number of
cameras and/or of targets.

Taking into account the achieved
results, we may conclude that the vision
system is more adequate for the deck
bridge monitoring than GPS and radar
based systems.
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