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Abstract In this paper, a framework for computer-vision-based structural health
monitoring (CVSHM) of truss structures under unknown load conditions is proposed.
This framework is designed for highly contaminated measurement data, which are
typical in CV measurements. The framework uses area-based template matching to
extract nodal displacements from video, modal identification with SSI-DATA, auto-
mated rejection of out-of-plane vibration modes, automated rejection of gross errors,
and model-updating-based damage assessment constrained to non-increasing stiffness
with iterative rejection of structure members identified as non-damaged. The robust-
ness to large measurement errors (up to 50 % RMS) is achieved. Excellent performance
of the proposed framework is demonstrated on synthetic yet realistic videos and using
available ground-truth data.
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1. Introduction

Computer-vision-based structural health monitoring (CVSHM) enables non-contact, multi-
point displacement measurement, reducing the cost and complexity of sensor installation.
However, CV-based vibration measurements often suffer from strong noise, especially at
high frequencies and low amplitudes [1, 2], motivating the development of noise-robust
measurement and damage-assessment methods.

Template matching (TM) is widely used in CVSHM. Feature-based TM approaches
match key points and are robust to lighting, scale, and rotation changes [3, 4]. Area-based
approaches match pixel-intensity regions and offer higher precision under controlled condi-
tions.

Modal data extracted from video can support damage detection. Due to highly con-
taminated measurements, this work focuses on model-based SHM. Classical model updating
requires matching numerical and experimental modes [, 6]], which is difficult with a sparse
sensor network or incomplete modal data. Minimizing the eigenvalue-equation imbalance
avoids mode-matching issues but leads to ill-conditioned optimization, addressed through
Bayesian maximum a posteriori estimation [7]. However, this method still can lead to
numerical difficulties in some stiffness identification problems [8]. Regularization based on
truncated singular value decomposition (TSVD) is also employed in classical approaches, with
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Fig. 1. CVSHM of the considered truss structure: (a) selected templates and ROIs for estimation of nodal
displacements in the synthetic video [12]], and (b) finite-element model with indicated (blue color) and
enumerated monitored elements

additional rejection of gross errors [9]. Incorporating stiffness-reduction constraints signifi-
cantly improves damage identification [10]. A recent method combines these ideas—iterative
removal of undamaged members, optimality constraints, and weighting of modal parame-
ters—achieving robust performance under heavy noise [11]].

This paper evaluates the modified framework form [[11] using synthetic yet realistic
videos of a vibrating truss, based on physics-based graphical models (PBGM) [12]]. Dis-
placements are obtained via area-based template matching, followed by modal identification,
automated gross-error rejection, and finite-element (FE) model updating using the weighted
negative least-squares inverse estimate (WNLSIE). The framework enables the detection,
localization, and quantification of damage even in the presence of 50% RMS noise.

2. Proposed Methodology for the Computer-vision-based Damage Assessment

2.1 Preparation of the data

Before estimation of nodal displacements, templates representing truss nodes and correspond-
ing regions of interest (ROIs) are manually selected and saved. They are demonstrated, along
with an example of a synthetic video frame, in Figure [Th.

As it is visible, the camera is not perpendicular to the structure plane. Hence, a
homography transform is determined from points manually selected on the frame and known
structure dimensions. Then, nodal positions can be expressed in the reference frame repre-
senting the perpendicular camera view. The pixel-to-meter scaling factor is also determined
from the known structural dimensions.

2.2 Nodal Displacement Estimation
Structural displacements are estimated using area-based template matching. The template
is matched with the actual position (x,y) of the truss node within the selected ROI by

maximization of the zero-normalized cross-correlation function (ZNCC). The maximum
of ZNCC is obtained via an exhaustive search. To achieve subpixel precision, ZNCC is
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additionally interpolated using a spline with a 16 times denser mesh of points.
2.3 Finite Element Model with Parametrized Stiffness

A parameterized FE model satisfies the equation of motion:

{Mii(t) +Cq(r) + K(8)q(2) =£(1)
y(1) = Dq(2) ’

where: M, C, K(0#) are mass, material damping, and parameterized stiffness matrices,
respectively, q(z) is the displacement vector, f(z) is vector of external forces, which is un-
known, D is Boolean matrix selecting the measured degrees of freedom (DOFs), and y(¢)
is output vector describing displacements corresponding with measured nodes shown in Fig-
ure [Th. The stiffness matrix K(0) depends on the stiffness parameters aggregated in vector

6=1[61 -- ONZ]T as follows:

)

N:
K(6) =Ko+ Y 0K, 2)

=1

where Kq represents the stiffness of the part of the structure, which is not monitored, whereas
K; describes the stiffness of a particular monitored element ¢. Initially, all 6; = 1. The
damaged element has a stiffness parameter identified as smaller than 1. Then, the damage
index is defined as:

DI, =1-6,. 3)

The FE model of the considered truss structure is shown in Figure [Ib along with
boundary conditions and monitored structural members (corresponding with matrices K;).

Beam-type FEs based on Euler-Bernoulli beam theory with cubic shape functions are
used. The structure has a length of 5.5118 m, a height of 0.4 m, and a width of 0.3937
m. Structural members are pipes of outer and inner diameters 0.01554 m and 0.01087 m,
respectively. Young modulus is 18.5 GPa, and material density is 8000 kg/m?>.

2.4 Identification of Structural Vibration Modes

Structure is excited by unknown forces. Only the displacements extracted from the video
frames are available. Thus, the data-driven stochastic subspace identification method (SSI-
DATA) is employed to identify structural vibration modes [13]. Stabilization diagrams are
used to remove spurious modes. The procedure employing stabilization diagrams for data
obtained with CV is described in detail in [[11} [14]].

As out-of-plane vibration modes are not well observed by the camera, they are rejected.
To assess if the identified vibration mode is out-of-plane, the following criterion employing
the FE model of the structure is used:

D6 0],
— — < Kygz, 4)
D@, ~

where: ||||; denotes the the £1-norm, D, and D, are output Boolean matrices selecting
the horizontal (perpendicular to the truss plane) and vertical DOFs from the FE model,
respectively, and ¢ () is numerical mode shape matched with the experimentally identified
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one a(m) according to the following criterion:

(ﬂm) _ /1(1))(9))2

n = arg max |MAC (3(’"),D¢(P>(0)) _2 )
p

Am2

~ ~ 2
where: MAC(-, -) is modal assurance criterion, 1" = (27r f (m)) is mth eigenvalue identi-
fied experimentally, ]?(’”) is corresponding natural frequency, and 1(”) (@) is pth numerical
eigenvalue calculated analogously.

2.5 Proposed Robust Damage Assessment Method

The proposed robust damage assessment method is based on a weighted negative least-squares
inverse estimate, in which the optimization problem linearized with respect to Aé is solved in
each algorithm iteration:

find A6
to minimize  [|S(8)A0 — e(8) |3y (6)
subject to A, <0, t=1,2,...N,,

where: A#@ is the change of parameter vector, || - ||w is £2-norm with respect to a weighting

matrix W, S(0) is modal sensitivity matrix collecting derivatives of the system eigenvalues
(n) . . . () .
ag—gt and mode shapes at monitored locations (Fig. ) cmDZag;@t, t =1...N,, which are

calculated according to [[15]], and [16], respectively,

~(m)T
_¢ D"
m (7)
g ]|
is the modal scale factor, R
A A(0)
ed) =|=| - 8
0 =[]~ o) ®
is error between modal parameters obtained experimentally and numerical ones, where:
-~ - - PO R T
1=[10 ... ,1<N>]T,A(a) = [am)@g) - A ()], b = [¢<1>T o g™ Land
$(0) = [[c1D.6™ ()T - [cNDZq)(”N)(O)]T]T. In the optimization problem above,

only transversal DOFs are considered (corresponding to the output matrix D) are taken into
account, as they have greater motion amplitudes in relation to the measurement noise in the
considered videos. Aiming at proper weighting of the error norm in the objective function,
the weighting matrix reciprocal to the covariance matrix can be employed. As the covariance
matrix is not known in this study, W is selected as reciprocal to the typical relative errors of
modal parameters:

V2N, V2N, T
W = diag ([ﬁ T ;1‘(1\},,1)2 H;El) 21; T Ha(j)vm)HZ 1;] ) , 9)

where: N, is the number of measured transversal DOFs, 14 is vector of ones of appropriate
dimension, and v is selected coeflicient, usually vy < 1. Such a weighting matrix not only
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Fig. 2. Flow chart of the proposed SHM algorithm

quantifies errors but also improves the problem’s numerical conditioning. After some equation
modifications, nonnegative-linear-least-squares solvers can be used to solve the problem in
Eq. (6).

Aiming at the robust estimate of structural stiffness in the presence of large measure-
ment errors, WNLSIE is implemented in the algorithm shown in Figure |2} The updating loop
is run only if the root-mean-square (RMS) value of the relative frequency error is greater than
the preselected threshold « 7:

£m) _ £(n) (g
e, =RMs |0 (10)

7o

Identified mode shapes highly contaminated by measurement noise in CV measurement are
detected and removed from vector e(#) and matrix S(#). The criterion is that the MAC
between the identified mode shape and the matched mode shape of the undamaged FE model
is less than 0.8, with only vertical displacements considered. It is assumed that elements of 6
whose changes are smaller than ay in relation to the biggest change correspond to undamaged
elements and are removed from the model-updating procedure. Ititeratively reduces the search
space and significantly improves computational accuracy. The stop condition is max, |A6;| <

ol 6

3. Results

Synthetic Full HD-resolution videos, 4 min long and sampled at 120 frames per second, are
considered. Figure [3] compares vertical displacements extracted from the video using the
adopted template-matching method with the ground-truth data for measurement nodes no. 8
and 9 (see Fig.[Th) for a healthy structure. As the node no. 8 has a relatively big amplitude
of motion, the measurement error is relatively small. On the contrary, node no. 9, which is
located close to the support and at the top of the structure, has a small motion amplitude.
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Fig. 3. Comparison of the extracted vertical displacement with ground-truth data for (a) node no. 8 (in the
structure middle) and (b) node no. 9 (close to the support)
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Fig. 4. Standard deviation of measurement error of vertical displacement in relation to the standard deviation
of ground truth for measurement nodes 1-16

Fig. 5. SSI-DATA-based identification of in-plane vibration modes of the undamaged structure: stabilization
diagram and vibration modes 1-7 (green squares) with matched numerical ones (FE model)

This motion contains components related to out-of-plane modes, which are visible due to
location of the node near to the corner of the video-frame. It results in greater measurement
error values: both absolute and in relation to the signal level. This dependence is visible for
all measurement nodes. Figure 4] shows that the standard deviation of measurement error is
15-50 % of the ground-truth standard deviation for the nodes located on the top and close to
the structural support.

An example of the stabilization diagram and the identified mode shapes selected
according to the criteria described in Subsection [2.4] for the undamaged structure is shown in
Figure@ Parameter kxy = 0.8 was selected.

10 basic damage scenarios are available in the set of synthetic videos. Results of
damage assessments of monitored elements (see: Fig. [Ib) compared with the ground-truth
data for selected “Damage 4” and "Damage 6” scenarios are shown in Figure[] The algorithm
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Fig. 6. Comparison of estimated damage indices and the ground truth data for selected damage cases

was run with the following parameters, selected via trial and error: vy = 0.025, kr = 0.5 %,

kg = 0.25, @y = 0.4, and @019 = 1073, In both cases, the damage is correctly indicated and
its level assessed with satisfactory accuracy. Given the large CV measurement errors and the
relatively large number of monitored structural members (29 unknown stiffness parameters),
the sparsity of the damage index is also satisfactory, with false-positive damage indices
occurring rarely. Among the 10 basic damage scenarios, only in the video “Damage 8” is the
damaged element incorrectly localized.

4. Conclusions

The proposed framework for CVSHM is robust to large measurement noise. Attention
is paid to removing out-of-plane vibration modes, removing gross errors from identified
modal parameters, imposing constraints on the optimization problem, and iteratively reducing
the parameter search space. All of these elements improve the robustness and accuracy
of the damage assessment. The tests on synthetic videos demonstrate that the proposed
framework can monitor a relatively large number of structural members in the presence of
large measurement error, even up to 50 % of the signal RMS.

In one damage scenario, the damage is mislocated. Hence, despite its high robustness,
the proposed framework still requires improvement. Additionally, many algorithm parameters
are selected with trial and error. Thus, their elimination from the framework, or the methods
of their selection, should be proposed. These are problems to be undertaken in future research.
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