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Abstract

Understading the dynamic properties of a structural system is indispensable for a reliable
study of the structural behavior. Video-based structural dynamics identification has been effec-
tively used as a key method for modal analysis in recent years. With several different approaches,
the ones based on the blind source separation strategy have received increased attention for iden-
tifying structural characteristics. Blind source separation addresses the problem of separating or
extracting the original source waveforms from a sensor array. Although the literature addresses
several techniques to perform the source separation, only one of them (named complexity pur-
suit) is often employed for video-based solutions. This work aims to explore other blind source
separation algorithms to perform video-based modal analysis. In order to perform the modal de-
composition, a set of blind source separation methods is combined with different dimensionality
reduction techniques for full-field high-resolution structural dynamics from video. Specifically,
Principal Component Analysis (PCA) and Nonnegative Matrix Factorization (NNMF), two di-
mensionality reduction techniques, are used for video compression along with six source separa-
tion algorithms, resulting in twelve different frameworks tested over a laboratory cantilever beam
structure and a bench-scale model of a three-story building structure. The blind source separation
techniques used are: Complexity Pursuit (CP), Idependent Component Analysis (ICA), Second
Order Blind Identification (SOBI), Second Order Blind Identification with Robust Orthogo-
nalization (SOBIRO), Equivariant Robust Idependent Component Analysis (ERICA) and Al-
gorithm for Multiple Unknown Signals Extraction (AMUSE). The twelve techniques based on
dimensionality reduction and blind source separation algorithms are evaluated here using as the
criteria comparison their mode shape, modal coordinates and MAC values. The main goal is to
provide a range of alternatives for the vide-based structural dynamics evaluation. For specific algo-
rithms, the results indicate that both dimensionality reduction techniques and the blind source
separation methods play a major role in the mode estimation performance. In the experiment
utilizing the cantilever beam structure, all expected modals were successfully identified using the
algorithms based on PCA-CP, PCA-ICA, PCA-SOBIRO, PCA-ERICA, NNMF-CP, NNMF-
SOBI, NNMF-SOBIRO and NNMEF-ERICA. For the second scenario, using the model of a
three-story building structure, the methods that correctly perfomed modal analysis are based on
PCA-CP, PCA-SOBI, PCA-SOBIRO, PCA-ERICA, NNMF-CP and NNMEF-SOBIRO. It is
suggested that The effectiveness of combining NNMF and blind source separation methods for
modal analysis may be contingent upon the complexity of the system under investigation.

Keywords: Video-based Structural Dynamics, Blind Source Separation, Dimensionality Reduc-
tion, Modal Analysis.



Resumo

Compreender as propriedades dinimicas de um sistema estrutural ¢ indispensdvel para
um estudo confidvel do comportamento da estrutura. A identificagio da dindmica estrutural
baseada em video tem sido efetivamente usada como um método chave para a anélise modal nos
ultimos anos. Com vérias abordagens diferentes, aquelas baseadas na estratégia de separagio cega
de fontes tém recebido maior aten¢do para a identificagdo de caracteristicas estruturais. A sepa-
ragio cega de fontes aborda o problema de separar ou extrair as formas de onda da fonte original
de uma matriz de sensores. Embora a literatura aborde diversas técnicas para realizar a separagio
de fontes, apenas uma delas (denominada complexit pursuit) é frequentemente empregada para
soluges baseadas em video. Este trabalho visa explorar outros algoritmos de separagio cega de
fontes para realizar andlise modal baseada em video. Para realizar a decomposi¢io modal, um con-
junto de métodos de separagio cega de fontes ¢ combinado com diferentes técnicas de redugio
de dimensionalidade para dinimica estrutural de alta resolugio de campo completo a partir de
video. Especificamente, a Andlise de Componentes Principais (PCA) e a Fatoragio de Matriz
Nio Negativa (NNMF), técnicas de redugio de dimensionalidades, sio usadas para compressio
de video junto com seis algoritmos de separagio de fontes, resultando em doze estruturas difer-
entes testadas em uma estrutura de viga cantilever e um modelo em escala de uma estrutura de
edificio de trés andares. As técnicas de separagio cega de fontes utilizadas sao: Complexity Pur-
suit (CP), Idependent Component Analysis (ICA), Second Order Blind Identification (SOBI),
Second Order Blind Identification with Robust Orthogonalization (SOBIRO), Equivariant Ro-
bust Idependent Component Analysis (ERICA) e Algoritmo para Extragio de Multiplos Sinais
Desconhecidos (AMUSE). As doze técnicas baseadas em algoritmos de redugio de dimensionali-
dade e separagio cega de fontes sio aqui avaliadas usando como critério de comparagio sua forma
de modo, coordenadas modais e valores de MAC. O objetivo principal é fornecer uma gama de
alternativas para a avaliagio da dinimica estrutural baseada em video. Para algoritmos especificos,
os resultados indicam que tanto as técnicas de redugdo de dimensionalidade quanto os métodos
de separagio cega de fontes desempenham um papel importante no desempenho da estimativa
de modo. No experimento utilizando a estrutura de viga em balango, todos os modos de vibragio
esperados foram identificados com sucesso utilizando algoritmos baseados em PCA-CP, PCA-
ICA, PCA-SOBIRO, PCA-ERICA, NNMF-CP, NNMF-SOBI, NNMF-SOBIRO ¢ NNMF-
ERICA. No segundo cendrio, utilizando o modelo de uma estrutura de prédio de trés andares,
os métodos que realizaram corretamente a andlise modal sdo baseados em PCA-CP, PCA-SOBI,
PCA-SOBIRO, PCA-ERICA, NNMF-CP e NNMF-SOBIRO. Sugere-se que a eficdcia da com-
binagio de NNMF e métodos de separagio cegas de fontes para andlise modal pode depender da
complexidade do sistema em investigagio.

Palavras-chave: Anilise Dinimica Baseada em Video, Separa¢io Cega de Fontes, Redugio de
Dimensionalidade, Andlise Modal.
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1 Introduction

Civil, mechanical or electrical infrastructures, such as buildings, bridges, dams, wind turbines
and piping systems are exposed to various external stresses throughout their life cycle. Vibrations
caused by earthquakes, wind, temperature, or human excitation can cause structural damage and sub-
sequent catastrophic failure. Structural Health Monitoring (SHM) usually refers to the process of

implementing a damage detection and disaster mitigation strategy for physical structures [1]

The SHM comprises four key elements: data acquisition, system identification, condition as-
sessment and decision making/maintenance [2]. This process involves the observation of a structure
or a system over time using periodically spaced dynamic response measurements, the extraction of
damage-sensitive features from these measurements and the statistical analysis of these features to de-
termine the current state of system health. Therefore, dynamic characteristics of a structure must be

extracted to better understand structural vibrational problems.

Modal Analysis is the process whereby it is possible to describe a system in terms of its dynamic
characteristics, such as natural frequencies, damping ratios and mode shapes, which later can be used
to formulate a mathematical model of the dynamic behavior. Over the past two decades, it has become

an essential tool in the quest to resolve vibration-related problems in machines and structures [g].

The dynamic characteristics of a structure can be comprehensively defined by its the natural
frequencies and mode shapes. The mode dynamics are inherent properties of structures and are re-
lated to structural resonances (they vary with changes in geometry, material properties, and boundary
conditions, for example). Natural frequencies depend on the material, its density, and the damping of
the system. Every system has a set of natural frequencies and resonance occurs when the frequency of

an external load equals one of them. It may cause vibration at dangerously high amplitudes.

These modal parameters must be identified to fully determine the dynamic behavior of the
structure. Consequently, it is imperative that the technique and device used for performing modal

analysis are practical, not labor intensive, cost-effective and can be easily used for real applications.

Currently, there are two main modal analysis techniques: experimental modal analysis (EMA)
and operational modal analysis (OMA) [4]. EMA is the oldest modal analysis technique and it is per-
formed in controlled laboratory environment for an artificially excited structure. OMA, on the other
hand, is performed while the structure is in operation [3},/6] . The paradigm of EMA and OMA tech-
niques will be briefly discussed in the next section and then vision-based approches for modal analysis

will be presented.
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1.1 Context

A tradidional issue about EMA and OMA is the requirement for physically-attached wired
or wireless sensors for vibration measurement of structures [7]. This instrumentation can result in
mass-loading on lightweight structures, and is costly and time-consuming to install and maintain on
large civil structures, especially for long-term applications (e.g., structural health monitoring) that
require significant maintenance for cabling (wired sensors) or periodic replacement of the energy sup-
ply (wireless sensors). For these reasons, non-contact measurements, mainly the ones based on video
recordings, have received intensive research efforts in the last few years due to their extremely high spa-
tial sensing resolution (i.e., each pixel is treated as a single motion detector, and a potential diminute
sensor), relatively low-cost and agile, simultaneous, measurements. Combined with vision-based algo-
rithms (e.g., image correlation, optical flow), video-based measurements have been successfully used

for vibration measurements and subsequent modal analysis (8} 9} o} iz, 12]].

Modal analysis frameworks based on dimensionality reduction and decomposition algorithms
have been applied to perform vide-based modal identification sucessfully. They focus on acomplishing
the structural system identification [11,13,14] . In general, decomposition algorithms refer as a solution
to a problem where both the sources and the mixing mechanism are unknown, only mixture signals
are available for further separation process. Thus, they are a powerful tool for signal analysis, because
they can decompose signals into several narrow-band components, which is advantageous to quanti-
tatively evaluate signal characteristics. Blind source separation is a class of unsupervisioned methods

that has been developed and applied as decomposition algorithms (i3, 16]].

In the field of structural dynamics, in particular, blind source separation (BSS) techniques are
proeminent, allowing to blindly perform output-only modal identification [r7]. However, the applica-
tion of dimensionality reduction algorithms over the number of measurements is commonly required
when applying BSS algorithms. Amid these compression techniques, principal component analysis

(PCA) and nonnegative matrix factorization (NNMF) stand out [18, 9.

As PCA is often applied to reduce the dimensionality of the data, its principal components
are closely related to the modal components of the structure, with the advantage of preserving the
tull-field resolution vibration information [rz]. NNMEF also achieve dimensionality reduction and
motion decomposition by blindly identitying independent components. For this, the sources must
be statistically dependent under conditions that impose additional constrains as non-negativity and
sparsity [20]. Later, after chosing one particular technique for dimensionality reduction, BSS is carried

out for modal analysis.

Due to its popularity, several works have explored BSS methods for structural dynamics. Musafere
(2016) explores damage detection using BBS integrated with time varying auto-regressive modeling
[z1]. The second-order blind identification algorithm (SOBI) solves the blind source separation prob-
lem. The technique is employed first to obtain the mono-harmonic responses from the vibration data,

and then the discrete changes in the natural frequencies identify the instant and severity of damage.
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Cheng (2016) analyses two different BSS algorithms, independent component analysis (ICA)
and SOBI, for the condition monitoring of dams. The SOBI-based modal identification is suited to
determine the system orders, while ICA calculates modal features to detect structural damage and
determine the location of it [z2]. Output-only modal analysis using ICA and SOBI is also studied by
Poncelet (2007). Here, the concept of virtual source is exploited and renders the application of these

BSS techniques possible [23].

Li (2020) approaches a case of operational mode analysis under a limited number of sensors.
The work compares the results using only SOBI to the results using a proposed frequency domain
blind identification method called FSOBI. The proposed method is a combination of the joint diag-

onalization of a set of weighted covariance matrix and the second-order BSS technique. [24]

Zhou and Chelidze (2007) proposed a novel method for linear normal mode identification
based on BSS. The modal idetification were performed by two well-known BSS algorithms. First, the
algorithm for multiple unknown signals extraction (AMUSE) is examined in detail and compared
to a well-known time domain modal analysis method. Second, SOBI is used to demonstrate noise

robustness of BSS-based mode shape extraction [23].

Wang (2016) aimed at the problem of lack of comparison and evaluation of different ICA algo-
rithms for output-only modal analysis [26]. Different objective functions and optimization methods
of ICA are explored. Simulation results on simply supported beam verify the effectiveness, robustness,
and convergence rate of five different ICA algorithms for output-only modal parameters identifica-
tion. it is shown that the one based on the quasi-newton iterative method [27}, 28] is more suitable for

modal parameter identification among the ICA algorithms considered.

A study about the second-order blind source separation (SOBSS) algorithms for OMA is in-
troduced by Antoni (2013). It is conducted a theoretical analysis of SOBSS methods applied within
the OMA framework. It is also proposed a new separation method to fix the limitations AMUSE and
SOBI have shown, such as the inability to deal efficiently with additive noise at zero time-lag and to

estimate complex mode shapes [z9].

Antoni (2017) approaches an interpretation and generalization of complexity pursuit (CP)
for the blind separation of modal contributions. It states that CP is another BSS problem and it is
found to separate components which are the least dispersive (i.e. invariant under linear filtering), a
property that well characterizes the modal responses of lightly damped systems. CP is presented as a

strong analogy with AMUSE, the two time-lag version of SOBI [30].

Thereby, several decomposition algorithms are proposed on the literature for modal analysis:
ICA, SOBI, SOBIRO, AMUSE, ERICA, CP. Thus, dimensionality reduction and decomposition
algorithms have been successfully applied in video-based modal identification for structural system
identification. Blind source separation techniques, including principal component analysis and non-
negative matrix factorization, have been used for output-only modal identification in the field of struc-

tural dynamics. Several studies have explored BSS methods for structural dynamics, including damage
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detection, condition monitoring, and mode shape extraction. Novel methods for linear normal mode
identification have also been proposed based on BSS algorithms. These studies demonstrate the poten-
tial of BSS techniques for modal analysis in structural dynamics, and suggest that they can be powerful

tools for signal analysis and separation.

1.1.1 Non-contact Vision-based Approaches for Modal Analysis

State-of-the-art video-based structural dynamics identification methods are able to blindly
perform modal analysis from video measurements of vibrating structures, without any additional
surface preparation. Structural vibration can be measured into video recording containing frames
with temporally displaced image intensities. In the recently proposed analysis solutions, a digital video
camera provides very high spatial resolution measurements and every pixel effectively becomes a mea-
surement point on the structure. These techniques attain full-field high-resolution mode shapes and

modal coordinates, which in turn, are required to estimate resonant frequencies and damping ratios.

Non-contact vision-based techniques for identification of structural dynamics have the ad-
vantage that they are less expensive to deploy compared to tradional techniques, such as the use of
accelerometer or strain gauge. In order to these techniques get acknowledgment, it is expected to de-
velop modal analysis methods based on video camera measurements only without additional strucu-
tral surface. Full-field, high-resolution, unsupervised learning-based strucutral dynamics identifica-
tion frameworks based on decomposition algorithms (PCA and BSS, for example) can make use of
digital video cameras that are relatively low-cost and agile and provides very high spacial resolution

measurements [8}, 10].

For scenarios using vision-based approaches, in particular those whose techniques require no
surface preparation, BSS also plays an important role. Yang (2017) proposed an efficient novel op-
erational modal analysis method combining multi-scale pyramid decomposition and the complexity
pursuit (CP) algorithm as a BSS technique [8]. The method manipulates the spatio-temporal pixels
phases that encode the local structural vibration in the video measurement, being capable to blindly
identifying the modal frequencies, damping ratios and high-resolution mode shapes. Martinez (2020)
proposed a full-field, high-resolution, structural dynamics identification bsss-based framework cou-
pled with compressive sampling [ro]. In both works, phase-based optical flow converts each pixel in-
tensity to displacement and results in a time series for every pixel. The PCA is applied across all of
the displacement time series to reduce the dimensionality of data, while the system identification is

accomplished by solving the BSS problem.

Silva (2020) approaches the problem of video-based modal identification associating NNMF
and BSS solved by CP. The method also explores the timing information present in the pixel time-
series to infer spatial relationships and, thus, blindly estimate modal parameters. The main difference
between the aforementioned approach and the ones using phase-based optical-flow is that the later
one is directly applied over the raw pixel time-series without any pre-processing step, such as the phase-

based optical flow estimation. By using nonnegative matrix factorization, a spatio-temporal decom-
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position is achieved over the pixel time-series directly [1z].

Later, Silva (2022) proposed adapted its technique for applications involving the estimation
of travelling waves and complex mode shapes from video measurements. That generalized technique
improves the decomposition results of the previous techniques by using the Hilbert Transform for
augmenting the video data to obtain phase information. From the augmented dataset, PCA and BSS
are applied to estimate real and imaginary modes, being capable of suitably decompose individual

travelling wave sources into their fundamental components [31].

1.2 Problems and Motivations

The level of complexity of structures has increased along with the demand for better and on-
going assessment of structures over the past years. New monitoring capabilities that enable quick and
responsive assessment are needed, such as online data collecting, high-resolution measurements, and
time-efficient data processing. As an efficient solution, the modal analysis performed using only videos

can apply blind source separation and dimensionality reduction as their principal steps.

Although the literature addresses several BSS techniques, only CP algorithm has been often
employed for non-contact video-based modal analysis. The structural dynamics community, however,
applies a variety of other BSS solutions that may be useful in this scope. This issue is tested here to

provide a range of alternatives for the video-based structural dynamics evaluation.

Thus, the theoretical relevance of this work is to fulfill the lack of studies using other BSS
techniques to perform video-based EMA. In practice, the purpose of this study is to contribute to the
video-based structural dynamic field assisting the choice of the dimensionality reduction algorithms

and providing options to the blind source separation-based approaches for video.

In addition, the motivation and interpretation of the dimensionality reduction step are rel-
evant. PCA and NNMF have been successfully used in this step. It is interesting to study how they

perform combined with different BSS techniques.

Comparing BSS and also dimensionality reduction methods is experimentally feasible in the
context. To demonstrate the proposed approach, EMA is conducted on a bench-scale building struc-
ture and a cantilever beam, for which accelerometers are used to validate the extracted modal param-

eters.

1.3 Objectives

This work aims to provide a general understandment about the BSS algorithms applying to
the non-contact vision-based approaches for experimental modal analysis. The goal is to explore and
compare a set of BSS algorithms combined with dimensionality reduction methods for full-field high-

resolution structural dynamics from video. The algorithms used for modal identification from video
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of vibrating structures (without surface preparation) are based on the combination of decomposition
algorithms (PCA and NNMF) with six different BSS techniques. Thereafter, the results are shown

based on the extracted mode shapes and modal coordinates.

EMA is perfomed by an algorithm wih three main steps: Pre-processing, dimensionality re-
duction and blind source separation. The association of thechniques proposed to achieve the second
and third steps provides twelve different methods for video-based structural dynamic analysis. This
work specifically aims to apply each of them in two different structures. So, based on the dynamic
characteristics of the systems (modal coordinates and shape of the modes) and on the Modal Assur-
ance Criterion (MAC), it is possible to establish a comparative scenario between the twelve proposed

techniques.

1.3.1  Specific Objectives

* Implementsixalgorithms based on PCA and BSS techniques to perform full-field high-resolution

structural dynamics analysis from video;

* Implement six algorithms based on NNMF and BSS techniques to perform full-field high-

resolution structural dynamics analys from video;

¢ Determine de mode shapes and modal coordinates from a video of a cantilever beam subjected

to excitations;

* Determine de mode shapes and modal coordinates from a video of a bench-scale model of a

three-story building structure subjected to excitations;

¢ Compare and analyse the modal identification to each structure based on the mode shapes,

modal coordinates and the modal assurance criterion.

1.4 Organization of this work

This work is organized in five chapters to present the theoretical framework of the problem,

the methodology and the results.

Chapter p]defines dimensionality reduction and explain two famous techniques used to per-
form that. It also presented the blind source separation problem along with six different algorithms

that are used in the SHM field as a solution.

Chapter f3| presents the methodology applied to perform modal analysis for full-field high-
resolution structural dynamics from video. An outline of the method conducted for modal identifi-
cation from video of vibrating structures is presented. It includes the pre-processing steps, the dimen-
sionality resduction and the blind source separation process applied to find the dynamic properties of

structures.
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Chapter [4]shows the results of full-field vision-based techniques for output-only modal anal-
ysis with application on laboratory structures to decomposing vibration modes in lab-scale physical

structures.

Chapter [s|draws the conclusions and points out some future work.



2 Dimensionality Reduction and Blind
Source Separation

Chapter [ introduced previous works on the structural dynamics field, specially the video-
based frameworks that utilize the video measuraments only, without additional structural surface
preparation. They have shown proeminet techniques to visualize and process high-dimensional data
and to indentify the mode shapes, modal coordinates and damping ratios. As mentioned in the last
chapter, dimensionality reduction and blind source separation are compelling tools to perform full-

field high-resolution structural dynamics analysis from videos.

With the proper context of the structural dynamics analysis presented in the previous chapter,
it is imperative to proceed to the dimensionality reduction (DR) problem. This chapter is intended
to intoduce key concepts and an overview of two distinct approaches to DR of the data. It is often
useful to reduce the dimensionality by identifying sets of uncorrelated variables that explain most of

the variability of the data.

This chapter also discusses about another major step to perform vide-base modal analysis:
blind source separation. This work summarizes six different techniques used in the structural dynamic

field, although there are many other methods to resolve the BSS problem.

2.1 Dimensionality Reduction

Real-world data for engineering applications usually have high dimensionality and variables
that depend on the value assigned to each other. Observations are described by several dependent
variables which are, in general, intercorrelated and include noise. To adequately process such data, its
dimensionality must be reduced. Dimensionality reduction is the transformation of high-dimensional
data into a small subset of independent variables. Ideally, the dimensionality of the reduced represen-
tation should match the inherent dimensionality of the data. The intrinsic dimensionality of the data
is the minimum number of parameters required to account for the observed properties of the data.
Dimensionality reduction is important, not only for SHM, but also in many fields because it allevi-
ates the curse of dimensionality and other undesirable properties of high-dimensional spaces as well
as reduces the computational load in processing. Therefore, dimensionality reduction facilitates the

classification, visualization, and compression of high-dimensional data [32;,33].

In general, the goal of DR is to find lower dimensional representations of data that preserve
their key properties for a given problem. Mostly, the classical technique to DR was principal com-

ponent analysis, referred to as PCA. In general, choosing the DR technique depends mostly on the
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problem being solved [33].

2.1.1 Principal Component Analysis (PCA)

PCA was originally introduced by Pearson [34] and developed independently by Hotelling
[35] who also introduced the term principal component. Principal component analysis is a linear di-
mension reduction technique, which is effective for visualizing high dimensional data and for data
pre-processing. PCA is an unsupervised linear mapping based on an eigenvector search and suitable
for Gaussian data. It provides different strategies for reducing the dimensionality of feature space and
preserves the maximum amount of variance of the original data [36]. That is to say the central idea
of the PCA is to reduce the redundancy of data under the assumption that, in terms of information,

some dimensions are more important than others.

Fundamentally, PCA reduces the dimensionality (i.e., the number of variables) of a data set
by maintaining as much variance as possible. The technique reduces the number of input variables
in a dataset into a small number of meaningful variables. It is an amenable dimensionality reduction
technique for orthogonal sources, especially when the most interesting sources have the largest vari-

ances.

PCA computes a set of new orthogonal variables, so called principal components (PCs). Data
are reduced by geometrically projecting them onto lower dimension PCs. The goal is to find the best
summary of the data using a limited number of them. They are obtained as linear combinations of
the original variables. The first one is chosen to minimize the total distance between the data and their
projection onto the PC. By minimizing this distance, the variance of the projected points is maxi-
mized, o2. The subsequent PCs are selected similarly, with the additional requirement that they have
to be uncorrelated with all previous PCs. That requirement of no correlation means that the maxi-
mum number of PCs possible is either the number of samples or the number of features, whichever

is smaller[37, 38]).

Follow the steps of the PCA to reduce the dimension of a m-dimensional dataset given by

:B(t) = [xl(t)a ,%m(t)] [39] [0l

* Step 1: Calculate the mean (o) of the data. For PCA to work properly, it is necessary to subtract
the mean from each of the data dimensions. The mean subtracted is the average across each

dimension.

1 m
a=_ ; X (2.1)

* Step 2: Use the generated mean to calculate the covariance matrix ) of the sample set, such as:

> = ii(mz —a)(z; —a)T, (2.2)
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The diagonal values of the covariance matrix represent the variance of the variable x;, i =

1, ..., m, while the off-diagonal entries represent the covariance between two different variables.

Var(zy,z1) Cov(zy,xa) -+ Cov(wy, @)
Cov(zg,x1) Var(xe,zy) -+ Cov(xe, xp)

Z - : : . : ' (23)
Cov(zpm, 1) Cov(xpm,x2) -+ Var(ty,Tm)

A positive value in covariance matrix means a positive correlation between the two variables,
while the negative value indicates a negative correlation and zero value indicate that the two variables

are uncorrelated or statistically independent.

* Step 3: Calculate the eigenvectors V' and eigenvalues A of the covariance matrix.
VY =V (2-4)

Eigenvectors are non-zero vectors and eigenvalues are scalar. Each eigenvector represents one
principal component and each corresponding eigenvalue represents the scaling factor, length, mag-
nitude, or the robustness of the eigenvectors. Therefore, the eigenvector with the highest eigenvalue

represents the first principal component and it has the maximum varjance.

* Step 5: Select the eigenvectors that have the largest eigenvalues W = (v1, ..., vy). The selected
eigenvectors (W) represent the projection space of PCA. To construct the PCA space, a linear
combination of k selected PCs that have the most significant k eigenvalues are used to preserve
the maximum amount of variance, i.e. preserve the original data, while the other eigenvectors
can be neglected. The positions of each observation in this new coordinate system of principal

components are called scores, the data projected onto the PCA space. See Figure

Sorted Eigenvalues
Ay Az s Agy ey ey A

Largest k

. [ I [ ——— Eigenvalue
Covariance
Matrix k Selected
—_—
¥ Eigenvector
!
(mxm) PCA
SPACE
Vi, Vo, ey Viey s vy Vim. mxk

Eigenvectors

Figure 1 — Construction of the PCA space. The eigenvectors and eigenvalues are found from the covariance matrix. The
eigenvectors are sorted by the largest k eigenvalue to map each row of the dataset to a new vector of principal component
scores. Source: own elaboration.
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In general, once eigenvectors are found from the covariance matrix, the next step is to order
them by them eigenvalues, from highest to lowest. This provides the components in order of signifi-
cance. Now, it is possible to decide to ignore the components with lower importance. Of course the
system loses some information, but as the eigenvalues are small, in most cases, that is negligible. If
some components are omitted, the dimensionality of the final dataset will be smaller than the original

dataset.

* Step 6: Deriving the new dataset y. The dimension of the original data is reduced by projecting

it after subtracting the mean onto the PCA space as follows:

y(®) = W (e~ a), (25)

The original data are projected on the PCA space, and then the PCA reduces the dimension

from m to k.

2.1.2 Nonnegative Matrix Factorization (NNMF)

As an alternative for DR, the nonnegative matrix factorization can be employed in the con-
text of video applications. It is a spatio-temporal method to reduce data dimension. This method has
become a widely used tool for the analysis of high-dimensional data as it automatically extracts sparse
and meaningful features from a set of nonnegative data vectors [41]. Due to its nonnegative constraint
NNMEF is extremely suitable for video processing (i.e., the pixel values are RGB intensities), among
other applicaitons. The reason why NNMF has become so popular is because of its ability to auto-

matically extract sparse and easily interpretable factors [42, 43, 44} 455 46]-

NNMF decomposes V- € R™*", a matrix contained the high-dimensional data wich all en-
tries are nonnegative values only, into two nonnegative matrices W € R™** and H € R¥*" whose
product provides a good approximation to the original matrix. W acts as a dictionary of recurring pat-
terns, regarded as the basis vectors. The dimensionality reduction is performed by projecting H onto

the lower dimensional space that is formed by basis vectors.

NNMEF is, in fact, a multivariate data analysis. Let matrix V,,,, be the data matrix with n
samples in m-dimensional space and all elements of the matrix be nonnegative (V > 0). The matrix

can be linearly decomposed into

Vn><m ~ \7 = HnXkaXm- (2'6)

H,,, 1, is called basis matrix and Wy, is called coefficient matrix. . It leads to dimensionality
reduction when using k& smaller than m and considering the coefficients as new features, and to lower

storage and computational resources [1z].



Chapter 2. Dimensionality Reduction and Blind Source Separation 2

Figure @ exemplify the result of NNMF applied to a video of a bench-scale building. Note
that in the case of the videos of vibrating strucutres, the NNMF is applied over the pixel time-series
contained in V. Therefore, the extracted components in W accounts for a temporal decomposition
with each column W;, indicating the time pattern of a specific vibration mode. On the other hand,
H incorporates a spatial decomposition with each row h; , when properly reshaped, resembling the
corresponding vibration mode shape. Thus, considering both W and H there is a spatio-temporal

decomposition.

Some algorithms have been proposed for the NNMF problem. The first algorithm proposed
for solving the nonnegative matrix factorization was the alternating least squares method [47]. Later,
Lee and Seung suggested the multiplicative rules, one of the most popular algorithm for NNMF [7z].
Also, considering the non-negative matrix factorization as a nonlinear optimization problem on a

convex set, Lin (2007) proposed an class of algorithms based on gradient descendent [48].

For the purpose of the structural dynamic analysis in this work, the basic alternating least
squares (ALS) method are explored. The ALS combines a least squares step followed by another least
squares step in an alternating fashion. The algorithm exploits the fact that the optimization of both W
and H is not convex, and thus ill-posed, i.e. problems whose solutions are not unique and depends on
the initial values. However, solving for either W or H, separately, leads to a convex optimization. Thus,

given one matrix at a time, the other matrix can be estimated with trivial least squares computations

[, 42, 49]

V(t,:) W(t,:)
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Figure 2 — Example of a NNMF algorithm applied to a pixel time-series matrix for DR using a video of a bench-scale
building structure. NNMF decomposes V into two nonnegative matrices W and H and the product provides a good
approximation of the original matrix. Source: own elaboration.
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2.2 Blind Source Separation

The earliest substantive study about blind source separation dates back 1986 by Herault and
Jutten at a Neural Network Conference. The authors presented the H-J algorithm, a feedback neural
network model with a hebb-based learning algorithm, to separate two mixed statistically independent

source signals [50]]. This work opened a new chapter in the field of signal processing, and, since then,
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the BSS problem has attracted extensive attention from scholar [51]. Over the last decade, the BSS

problem still a hotspot in signal processing with a applicaton in many fields, such as neuroscience

[525 53], audio processing [543 53], data analysis in geophysical exploration [56}[57] and speacially in the

structural dynamics field [12, 22, 24} [58].

The BSS problem consists in separating a set of original signals s(t) , called sources, from

a multivariate set of () mixed signals, called mixtures, without the aid of information about the

sources or the mixing process. To accomplish such a separation, one can use several implicit features

on the sources. The term “blind” is intended to imply that such methods can separate data into source

signals only from the mixed signals, knowing nothing about the nature of the source signals [18,59].

A general BSS problem can be formulated as follows [60]:

z(t) = As(t) = zj; a;5(t). (2.7)

The function @(¢)( is the records of sensor signals, (t) = [21(t), ..., Z,,(t)]", from a

multiple-input/multiple-output system. The objective is to find an a unmixing system, if it exists

and is stable, in order to estimate the j source signals s(t) = [s1(¢), ..., s;(t)]" or only some of

them with specific properties. This estimation is performed on the basis of only the output signals

y(t) = [v1(t), ..., y;(t)]" and the sensor signals; A € R™*7 is an unknown matrix consisting of j

columns with its i*" column @; € R™ associated with s;(¢). Figure 3 shows the general signal pro-

cessing model for the BSS problem where multiple unknown sources are combined together by some

unknown mixing system to produce a set of observations, where each observation is a mixture of the

sources [61].

= i a;s;(t)

o Unlwown o Observed - __ Estimated

1 11 1! |
| I xq(t 1! I
S0 - 10 2 Blind [———»(@®)
: S-:(t) Mixing % . :(t) | Source | .:(t) :
L Matrix — = L Separation y o
P " I x(t) =As(t) 1! "
15;(t) — ] : : Model —y;(t) |
: 11 1|

11 |

Figure 3 — Blind source separation problem. A group of unknown sources are mixed together to produce a set of observed

mixture signals. A source separation algorithm (and its associated demixing operation) estimates the sources.Source: own

elaboration.

The problems of separating or extracting the original source waveforms from the sensor array,

without knowing the transmission channel characteristics and the sources can be expressed briefly as

a number of related BSS problems such:

1. Complexity Pursuit (CP)
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2. Independent Component Analysis (ICA)
3. Second Order Blind Identification (SOBI)
4. SOBI Robust Ortogonalization (SOBIRO)
5. Equivariant Robust ICA (ERICA)

6. Algorithm for Multiple Unknown Signals Extraction (AMUSE)

2.2.1  Complexity Pursuit

The complexity pursuit idea is based on finding the projections w” (), assuming the ob-
served data as multivariate time series (), such that the Kolmogoroff complexity [62]of the projec-
tion is minimized. This is a general-purpose measure and is probably connected information-processing

principles used in the brain [11, 63,64} [65].

It is an approximation of the Kolmogoroff complexity of a zero mean scalar signal (¢) along
similar lines as Tang (2005) and Hyvarinen (2001). The value y(t) is predicted from the preceding

values by some function f given by:

Fy(®) = X arfly(t = 1) + y(0), (9)

where 7 is a specific time delay, L is the degree of the predicting model, o, is a predicting parameter
and fis a differentiable function which defines the linear or nonlinear predictor structure of the signal.

Generally, the choice of the function f is based on statistical properties of primary sources.

2.2.2 Independent Component Analysis

Independent component analysis is a statistical technique for signal separation. ICA is used to
decompose a multivariate signal into decomposing a multivariate signal into additive subcomponents.
Each component is a representation of one of the underlying sources of information in the signal.
ICA is based on the simple, generic and physically realistic assumption that if different signals are
from different physical processes (e.g., different people speaking) then those signals are statistically

independent [66}/67].

There are two key assumptions made in ICA. The hidden independent components must be
one, statistically independent, and two, non-Gaussian. Semantically, by independent, it means infor-

mation about x does not give any information about x5 and vice versa.

ICA is particularly useful for separating mixed signals that have been contaminated by other
signals. For example, ICA can be used to remove background noise from an audio signal [68] or to

isolate the different types of activity in an magnetic ressonance imaging data set [69].
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The goal of ICA is to find a linear transformation of the data that maximizes the independence
of the resulting components. This is done by finding a matrix W’ that minimizes the overall correlation

between the columns of W' - x, given () as the data matrix.

The result of ICA is a set of independent components, which can be thought of as the un-
derlying sources of variability in the data. These components can be further analyzed to identify their

structure and function.

ICA isa powerful tool for separating signals, but it does have some limitations. One limitation
is that ICA cannot handle non-linear relationships between sources. Another limitation is that ICA

assumes that the number of sources is known ahead of time.

2.2.3 Second Order Blind Identification

The SOBI algorithm is based on the approximated joint diagonalization of two correlation
matrices with different delays. Given a whitened vector z[n] a set of 7 delayed correlation matrices of
z[n], R, (7;),7 = 1,..., 7 is considered. The SOBI aims at finding a unitary transformation V such

that:

VI'R.(1)V = D;, (2.9)
here, D) is a set of covariance matrices of the estimated signal y(%).

Since the SOBI works with several correlation matrices, it reduces the probability that an in-
correct choice of the delay will prevent the implementation of blind separation. Experiments have
shown that the use of several correlation matrices in environments where there is a low SNR and/or

sources with a small spectral difference is more efficient and robust [70, 71, /72, 23]

2.2.4 SOBI Robust Orthogonalization

SOBIRO is a variant of SOBI using a robust orthogonalization method. . Belorachrin and
Cichocki (2000) [73] presented a robust technique applied in the pre-step whitening called Robust

Orthogonalization that can give us a better estimation of the coefficients of the whitening matrix W
(70, [74]-

Given the a dataset () from unkown sourcers and A the unknowing mixing matrix that
make the data (%) a linear combination of the unknown sources s(t), then pre-step of robust or-
thogonalization ensures that the resulting estimate is not sensitive to small perturbations in the data.
In the Robust Whitening, a set of covariance matrices of @ (t) at different lags is used to estimate the

whitening matrix:

R,(7) = E[x(t) -x*(t — 7)) = ARg(7) A", (2.10)
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whereT =1, ., k

The method uses an optimization algorithm that estimate a linear combination of evaluated

covariance’s matrices R,

C=> aR,7). (2.11)

The eigenvalue decomposition of C is performed:

C = Ucdiag[\.®, ..., \,*]U" ¢. (2.12)

And, finally, the whitening matrix is:

Z = diag[\.®, ..., \,*] U . (2.13)
Then, the whitened data z is espressed as:

Z=W.Azx (2.14)

2.2.5 Equivariant Robust ICA

Equivariant Robust Independent Component Analysis is an algorithm based on cumulants.
The technique (which is asymptotically equivariant in the presence of Gaussian noise) has been devel-
oped by Sergio Cruces, Luis Castedo and Andrzej Cichocki [73]. This algorithm separates the signals
from m mixture of n sources (with non-zero kurtosis) in the presence of Gaussian noise. This al-
gorithm is a quasi-Newton [28] iteration that will converge to a saddle point with locally isotropic
convergence, regardless of the distributions of the sources. The use of prewhitening is not necessary

for this algorithm to converge [76].

ERICA is an extension of the well-knownIndependent Component Analysis (ICA) algo-
rithm, which is a type of blind source separation algorithm. Equivariant ICA can be used in cases
where the data is not linearly separable, or when there are non-Gaussian distributions present. In ad-
dition, equivariant ICA is robust to outliers and noise, making it a good choice for applications where

the data may be corrupted.

2.2.6 Algorithm for Multiple Unknown Signals Extraction

AMUSE was introduced by Tongetal. in1990 [77] and can handle Gaussian sources. AMUSE
exploits the second-order statistics of the mixed signals and performs an eigenvalue decomposition to
the time-lagged covariance matrix. That is, AMUSE algorithm is a type of second-order decorrelation
based BSS algorithm [78]. The main advantage of AMUSE is that it sorts the components automati-

cally due to application of PCA [79].
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AMUSE employs PCA two times in cascade way for pre-whitening and separation respec-

tively following two stages:

* First, as soon as the samples of s(t) are obtained, the covariance matrix is computed R =
[s(t)s” (t)].Then, an eigenvalue decomposition is performed on R to a whitening matrix H.

Then the whitened signal $(t) is calculated by:

s5(t) = Hs(t). (2.15)

* Second, compute the time lapse covariance matrix of the signal §(¢). Then, perform the singu-

lar value decomposition of the covariance matrix to estimate the source signals.

The tablesummarizes the main advantages and disadvantages regarding the mentioned BSS

methods.
Algorithm | Advantage Disadvantage
CP Well-known algorithm for non- | Prone to local minima and sensitive to
contact vision-based modal | initialization parameters.
analysis.
ICA Can separate sources with non- | Requires statistical independence be-
Gaussian distributions. tween sources, which may not always
hold in real-world scenarios.
SOBI Robust to noise and can separate | Assumes that the sources are linearly
sources with any distribution. mixed, which may not always hold in
real-world scenarios.
SOBIRO | Can handle a large number of | Computationally expensive and requires
sources and is robust to noise. estimation of high-dimensional covari-
ance matrices.
ERICA Can handle non-linear mixing and | Requires a priori knowledge of the
is robust to outliers. group action on the sources, which may
not always be available.
AMUSE Can handle non-stationary sources, | Requires knowledge of the number of
it is robust to noise and sorts the | sources and is sensitive to the choice of
components automatically the sparsity-promoting penalty.

Table 1 — Main advantages and disadvantages of the BSS algorithms

The next chapter presents an output-only modal analysis framework based on the dimen-
sionality reduction and BSS techniques and the use of these techniques specifically for full-field high-

resolution modal identification from videos of vibrating structures.
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3 Modal Identification from videos of Vi-
brating Structures

This chapter addresses an overview of the methods applied for video-based structural dy-
namics identification. Figure[4]summarizes the output-only modal analysis framework for extracting
tull-field high-resolution modes from video of vibrating structures. The major three steps are pre-
processing, on the basis of the Hilbert Transform for phase extraction, dimensionality reduction and

blind source separation.

The video-reshaping and pre-processing step aims to extract the relevant phase-series from the
video of the structure. Later, the dimensionality reduction and blind source separation steps perform

the structural system identification.

3.1 Video Reshaping and Pre-Processing

The temporal aspect linked to the pixel time-series of video recordings holds crucial data on
spatial differences. Yang et al. [8] showed that when each pixel is treated as sensor for the prospective
motion detector, the spatial resolution of video-based modal analysis can be significantly enhanced.
Then, the first step of the framework is reshape the input video to form pixel-wise time-series for futher
process. It is important to emphasize and resume that the video is not processed frame by frame. In
fact, each pixel is related to a time-series that maps the temporal displacement across the time-span
of the video. In this way, an amount of time series equivalent to the video resolution is the data that
contains the structural dynamics information. Thereby, each pixel effectively becomes a measurement

point and the number of time series is equals the spatial resolution of the video.

The pre-processing component is the application of the The Hilbert Transform (HT) before
the DR perfomed by PCA. HT is a technique that can be used to turn a signal into an analytic signal.
The analytic signal contains both the original and the Hilbert Transform of the signal. The HT of a
signal is the signal that would result after it is shifted by 9o degrees in the complex plane. This is a very
powerful tool as the result contains all the information of the original signal plus the information of
the Hilbert Transform phase. The main advantage is to perform many operations that would not be

possible with the original signal [80}[81].
The Hilbert transform, often denoted H (f), of a function f(t) is defined as:

1 o f(t
H(7) (o) = Sy [~ IO

Tes0) oot — 1t

dt’. (3.1)
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Figure 4 — Overview of the main steps involved in the framework for video-based structural dynamics estimation. Source:

own elaboration.

Here, following the ideas proposed by [31] and [82], the role of the Hilbert transform for the

task of estimating modal parameters from videos of vibrating structures is to extrapolate the phase-

information, provided by the analytical signal, to augment the real-valued RGB data from the video

to include phase as an additional information in the process of decomposition. Accessing the phase is

crucial to detect spatial changes in the video. Common approaches make use of the phase-based op-

tical flow [8]] and Laplacian pyramids [83}[84] to take into account the spatial changes along with the

temporal ones (raw-pixel values). However, as stated by Silva (2022) [31], the main advantage of the

Hilbert-based approach over the aforementioned ones relies on the simplicity in terms of implemen-

tation and processing, allowing to simplify and speed-up the computational burden.
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3.2 Dimensionality Reduction for Modal Analysis

Dimensionality Reduction is a mandatory step for full field, high-resolution modal identifi-
cation from video. After the pre-processing step, each pixel effectively becomes a measurement point
and the number of time series is the resolution of the video and, often, only very few active pixels exists.
For this reason, dimensionality reduction is suitable. The compressed pixel time-series representation
still a mixture of structural modes, and then BSS is required for decoupling. Figureilustrates the DR

step.

Two techniques are applied interchangeably: PCA and NNMEF. Both are applied over all of
the pixel time-series to perform a transformation from a high-dimensional space into alow-dimensional

space. The low-dimensional space should retain the meaningful properties of the original data.

In order to perform DR of the data from video of vibrating structures, PCA is applied across
all of the time series at each pixel (not frames). It is expected the principal components to be closely
related to the modal components, although not exactly matching them . Ideally, the number of non-
trivial eigenvalues calculated from the displacement time series is of the same order as the number
of observable mode shapes. Therefore, the number of eigenvectors that correspond roughly to the
number of nontrivial singular values is enough to retain the significant properties. Additionally, in
this work, the PCA entry data was augmented by using Hilbert Transform to obtain both real and

imaginary principal components.

For the dimensionality reduction of the data from video of vibrating structures problem, the
entries of the NNMF algorithm are all the raw time-series from each pixel. It is assumed that the
non-negative factors in W, provided by the temporal decomposition process, are related to the modal
components by indicating the time pattern of a specific vibration mode. The matrix H incorporates
a spatial decomposition and, when properly reshaped, resembles (but not exactly) the corresponding

vibrational mode shapes.
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3.2.1 Blind Source Separation for Modal Analysis

Using the dimension reduced components from PCA or NNMF, the BSS step assumes, in
the case of video-based structural dynamics applications, the structural vibration measured into the
recorded video frames as a local time-varying motion from a temporally translated image intensity
I(y + 6(y,t)), where y is the pixel coordinate. The vibration motion is expressed in terms of a mix-
ing mechanism, where S’ is a set of individual source signals (individual motions), s; over time (%),

weighted by some mixing component A = [q;] as

6(y,t) =D si(t)a; = SA, (3.2)
i=1
where, £ is the number of vibration modes [1z]. This is also expressed as a modal superposition, that

is a liner combination of modal responses of an arbitrary structural system.

k
oy, t) = a(t)P(y) = Z; q:(t) i (y), (33)
where q is the modal response matrix with ¢;(¢) being the i-th modal coordinate, and ¢ the mode
shape matrix with each ¢;(y) as the i-th mode shape. In the end, it should be noted that the resulting
BSS decomposition yields, directly, both the mode shapes and modal coordinates, with the later being
the same as the sources estimated from the BSS. Other modal parameters, such as natural frequencies
and damping ratios can be further estimated using conventional Fourier transform and logarithmic

decrement techniques.

Several algorithms have been proposed in the literature to solve the BSS problem. Surrounded
by a great number of BSS solutions, this work investigates six methods for video-based structural dy-
namics, namely: Complexity Pursuit (CP), Independent Component Analysis (ICA), Second Order
Blind Identification (SOBI), SOBI Robust Ortogonalization (SOBIRO), Equivariant Robust ICA
(ERICA), Algorithm for Multiple Unknown Signals Extraction (AMUSE). CP is already a well-know
algorithm for non-contact vision-based modal analysis [1z, 13, 31]. The other BSS algorithms are dis-
cussed in the literature of traditional modal identificantion [z} 25} 26, 29}, 30]], nevertheless they have

not been addressed to the non-contact applications.

In order to extract mode shapes and coordinates using only the videos of vibrating structures,
twelve full-field high-resolution modal identification algorithms were used by integrating PCA or
NNMEF to one of the six BSS techniques. The methods using principal component analysis are: PCA-
CP, PCA-ICA, PCA-SOBI, PCA-SOBIRO, PCA-ERICA and PCA-AMUSE. The methods whose
dimensionality reduction is based on the nonnegative matrix factorization are NNMF-CP, NNMF-
ICA, NNMEF-SOBI, NNMF-SOBIRO, NNMF-ERICA and NNMF-AMUSE. Figure |6] ilustrates

the techniques used for each step of the proposed framework.
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3.3 Comparison of modal properties

In order to compare modal properties, it is useful to consider natural frequencies, real mode
shape vectors, modal masses, modal kinetic and strain energies. Also modal damping ratios and com-
plex mode shapes cab be examined for evaluation of th system with complex modes of vibration [8s].
Here, in this work, the natural frequencies and the mode shapes are the parameters used to compare

the proposed methods.

It is plain to see that a analysis comparison only has meaning for matched modes. These are
estimates of the same physical mode shape and their entries correspond one-for-one with their coun-

terparts. This study consider four scenarios for modal comparison:

* The matched modes identified by the approches based of PCA-BSS performing EMA on a

video of a cantilever beam;

* The matched modes identified by the approches based of NNMEF-BSS performing EMA on a

video of a cantilever beam;

* The matched modes identified by the approches based of PCA-BSS performing EMA on a

video of a bench-scale model of a three-story building strucutre;

* The matched modes identified by the approches based of NNMEF-BSS performing EMA on a

video of a bench-scale model of a three-story building strucutre;

3.3.1 Modal Assurance Criterion

Modal Assurance Criterion (MAC) is one of the most popular tools for the quantitative com-
parison of modal comparison. Itis a statistical indicator, just like ordinary coherence. This least squares
based form of linear regression analysis yields an indicator that is most sensitive to the largest differ-
ence between comparative values and results in modal assurance criterion that is insensitive to small

changes or small magnitudes [8s}86}87].

In general, the MAC is calculated as the normalized scalar product of the two sets of vectors

® 4 and @ x. The resulting scalars are arranged into the MAC matrix as the follow equation:

[(@a)," (Dx),"
(@) (x))((Pa)g” (D))
where the form of coherence function can be recognized, indicating the casual relationship between

®4and Py.

MAC(r,q) = (34)

A equivalent formulation, after the vector multiplication, is:

| 32721 (Pa);(Px);l

ACax) = 2 )
MAC(x) (T (@4);7) (0 (@x),7)

(3:5)
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The MAC takes value between 0 (representing no consistent correspondence) and 1 (repre-
senting a consistent correspondence). Acording to Pastor (2012) [8s], values larger than 0.9 indicate
consistent correspondence whereas small values indicate poor resemblance of the two shapes. More-

over, the following motives are reasonable to the MAC takes values near zero:

* The system is non-stationary resulting from changes in the mass, stiffness and damping prop-

erties during testing;
¢ The system is non-linear;
* There is noise on the reference mode shape;
* The parameter extraction technique is invalid for the measured data set;

* The mode shapes are linearly independent. While the MAC is not a true orthogonality check
since the mass or stiffness matrices have not been included in the calculation, it can be used as an
approximation of an orthogonality check Obviously, if the first four reasons can be eliminated,

the MAC can be interpreted in a similar way as an orthogonality calculation.
On the other hand, the MAC has a value near unity for the following reasons:

* The number of response degrees of freedom is insufficient to distinguish between independent

mode shapes;
* The mode shapes are a result of unmeasured forces to the system;
* The mode shapes are primarily coherent noise;

* The mode shapes represent the same motion different only by a scalar;

Therefore, if the first three reasons can be eliminated, the MAC can be used to indicate con-
sistence shapes thereby indicating the validity of the modal scale factor. The ideal MAC matrix is not
a unit matrix because the modal vectors are not directly orthogonal but mass orthogonal. However,
the MAC matrix indicates which individual modes from the two sets relate to the each other. If two
vectors are switched in one set, then the largest entries of the MAC matrix are no more on the leading

diagonal and it resembles a permutation matrix.

The MAC can only indicate consistency, not validity, so it is mainly used in pre-test mode
pairing. The MAC is incapable of distinguishing between systematic errors and local discrepancies. It

cannot identify whether the vectors are orthogonal or incomplete.
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4 Results

The methods are validated from tests on a cantilever beam and a bench-scale building. Those
are the same experimental setups studied by Silva(2020) [1z] and they were chosen for the purpose
of comparison. For the tests, a stationary camera (Sony NXCAM with a pixel resolution of 1920 x
1080) mounted by a Zeiss lens with a fixed focal length of 24 mm was used for video recording. The
illumination environment was the ordinary indoor lighting condition without any external illumina-
tion enhancement. For comparisons, uniaxial accelerometers attached on the structures were used to
measure the accelerations, from which the modal parameters were also extracted and compared with

those estimated from the video measurement using the proposed methods.

4.1 Cantilever Beam

The modal identification algorithms were applied to an experimentally captured video of an
aluminium cantilever beam. The structure was subjected to horizontal excitations close to the fixed
end of the structure with an impact hammer (Figure . The stationary stationary camera previously
described was used for video recording at a frame rate of 480 frames per second. The video is 216x384
pixels (a total of 82944 pixels) with 6oo frames captured at 480 frames per second (a few frames are
shown as grayscale images in Figurdg). It is known from prior studies [8,rz] that the cantilever beam
exhibits 3 modes. The measured natural frequencies of these modes are 7.2 Hz, 47.2 Hz and 133.6

Hz, which are consistent with those identified from accelerations of the beam.

4.1.1 Experimental Results

The twelve BSS-based methods attempt to identify the three vibration modes from the can-
tilever beam, along with their corresponding natural frequencies 7.2 Hz, 47.2 Hz and 133.6 Hz. Fig-
ures[oto[t4]give an outline of the PCA-based and NNMF-based approaches results. The figures show
the modes shapes, the modal coordinates and their power spectral density (PSD). Figure and
present the MAC comparing the six techniques for PCA and NNMF-based approach, respectively.

From the evaluation of the mode shapes and modal coordinates, as well the natural frequen-
cies showed by the PSDs (Figures and , it is noticeable that for the PCA-based approaches,
PCA-CP, PCA-ICA, PCA-SOBIRO and PCA-ERICA identified all three modal frequencies. On
the other hand, PCA-SOBI was not able to identify the third mode shape, with the natural frequency

equivalent to 133Hz.

PCA-AMUSE was not able to properly identify any of the three modes. In general, the first
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Figure 7 — The experimental cantilever beam setup. From Silva(2020) [12].

Figure 8 — A few temporal frames from the video measurement of the cantilever beam structure subjected to horizontal
excitations.

five methods seem to agree well on the natural frequency estimates of the three modes. The MAC’s

for each mode between the six techniques are shown graphically in F igure and supports the results.

PCA-CP, PCA-ICA, PCA-SOBI, PCA-SOBIRO and PCA-ERICA presented monotone
modal coordinates using the first eight principal components. PCA-AMUSE, on the other hand, used
22 principal components to present modal coordinates with monotone behavior (often, a properly es-
timated mode is presented as a monotone signal). Since the number of modes to be estimated from the
video is three, and ideally, when using PCA along with the Hilbert transform for data augmentation,
the minimum number of principal components is twice the number of modes possible to verify into

the measurements. However, here, we observe that none of the techniques worked properly when
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Figure 15 — Modal Assurance Criterion (MAC): Measurement of the correlation of the vibration shapes obtained from
PCA-based methods on the video of the cantilever beam.
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Figure 16 — Modal Assurance Criterion (MAC): Measurement of the correlation of the vibration shapes obtained from
NNMF-based methods on the video of the cantilever beam.

using six principal components, instead, eight components were required for most techniques.

In summary, among the PCA-based methods, the most consistent for identifying the three
modes are PCA-CP, PCA-ICA, PCA-SOBIRO and PCA-ERICA, although the third mode for the
last method does not totally agree with the modes estimated using the other methods. PCA-SOBI
and PCA-AMUSE are not indicated for the task of performing dynamics identification from video
measurements, as they were not capable to estimate the three modes. More specifically, PCA-AMUSE
could not estimate any of the modes, at any level; on the other hand, PCA-SOBI performed well on

identifying the first two modes, but was not able to find the third mode.

Also from the evaluation of the mode shapes and modal coordinates and PSDs, for the NNMF-
based methods, the NNMF-CP was the most successful in identifying the three mode frequencies
properly. The first and second modes were identified by NNMF-CP, NNMF-SOBI and NNMF-
SOBIRO. NNMF-ICA, NNMF-ERICA and NNMF-AMUSE were not able to properly identify

the vibration modes.

NNMF-AMUSE was not successful in estimating any of the three modes, confirming its poor
performance in performing modal analysis in the context of a video-based framework. For the remain-
ing methods, NNMF-ICA and NNMF-ERICA also performed poorly when attempting to estimate
any of the modes. Although PCA-SOBIRO was able to reasonably estimate the first two modes, it
found problems for estimating the third one, mainly when considering the mode shapes. In general,

when using NNMF as the dimensionality reduction technique, only CP and SOBI demonstrated to
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derive reasonable and consistent results in terms of mode shape estimation.

NNME-CP, NNMF-SOBI and NNME-SOBIRO presented monotone modal coordinates
using the first ten nonnegative factors from NNMF. On the other hand, PCA-ERICA used 15 factors.
PCA-ICA and PCA-AMUSE used 20 components to present modal coordinates with monotone

behavior.

Figure ts} which shows the measurement of the correlation of the vibration shapes obtained
from PCA- based methods on the video of the cantilever beam, indicates which individual modes from
the two sets relate to the each other. For the first and second modes, characterized by the natural fre-
quency 7.2 Hzand 47.2 Hz respectively, the only method taking on values near zero is PCA-AMUSE,
which only agrees with its own result. PCA-CP, PCA-ICA, PCA-SOBI, PCA-SOBIRO and PCA-
ERICA quantify values larger than 0.9 (compared to each other), indicating consistent correspon-

dence among them for the video of the cantilever beam.

The MAC of the third mode (133.6 Hz) shows that the values comparing PCA-CP, PCA-
ICA and PCA-SOBIRO are larger than 0.9. PCA-ERICA quantifies the same value, 0.86. These
results indicates the mentioned four methods present a consistent correspondence. In this manner,
the modal vectors under consideration truly exhibit a expected linear relationship. PCA-SOBI, com-
pared to the other five methods, takes on values near 0.3 and PCA-AMUSE is evaluated between zero
(compared to PCA-SOBI) and 0.7 (compared to PCA-ICA). This is an indication that the modal
vectors are not consistent for both methods. These results are, in fact, validated by the analysis of the

mode shapes and modal coordinates.

The measurements of the correlations of the vibration shapes obtained from NNMF-based
methods on the video of the cantilever beam are described by the Figure[16] For the first mode (7.2 Hz);
NNMEF-CP, NNMF-SOBI and NNMEF-SOBIRO have a consistent correspondence relating to each
other, represented by values near the unity. NNMF-ICA has no correspondece to NNMF-CP and
NNMEF-SOBI, with values near to zero compared to them. However, NNMF-ICA has some corre-
spondence to NNMF-ICA (near 0.8) and NNMF-ERICA (0.6). NNMEF-ERICA also was evaluated
near 0.6 compared to the other methods. The qualitative analysis shows that, although NNMEF-ICA,
NNMEF-ERICA and NNMEF-AMUSE have correspondece to each other, their modal coordinates do

not present a monotone behavior

The MAC of the second mode (47.2 Hz) shows that NNMF-CP agrees to NNMF-SOBIRO
(0.9) and NNMF-SOBI (0.88), althoug the MAC values is not greater than 0.9, they are near to each
other. NNMF-SOBIRO’s second mode correspond to NNMF-SOBI(0.86). NNMF-ICA, NNMF-
ERICA and NNMF-AMUSE have no consistent correspondence copared to any other method. In
fact, although the MAC values between NNMF-ICA and NNMF-AMUSE, NNMF-SOBI and NNMF-
AMUSE and NNMF-ERICA and NNMF-AMUSE are not near to zero, they are small and can be

considerated consistent.

Comparing the NNMF-based methods to identify mode 3, with the natural frequency equiv-
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alent to 133.6 Hz, the MAC shows which pairs of methods are correlated. The pairs NNME-CP with
NNMF-ICA and NNMF-CP with NNMF-AMUSE have MAC values near to zero, i.c., they are not
related. NNMF-CP correspont to NNMF-SOBI with the MAC value 0.8. NNMF-CP also has shown
some correspondece to NNMF-SOBIRO (0.65) and a really small correspondece to NNMF-ERICA
(less than 0.5). NNMF-ICA and NNMF-AMUSE correspond to each other with a MAC value 0.7.
NNMEF-ERICA results also has a small correspondence to the ones accomplished by NNMF-ICA
and NNMF-AMUSE.

In general, for the present case, the BSS algorithms integrated into PCA presented better
modal identification performance than the NNMF-based methods. It is found that CP properly per-
formed modal analysis combined with both dimensionality reduction methods. ICA and ERICA
only identified the modal shapes and mode coordinates combined with PCA. Coupled with PCA,
SOBI adequately identified the first two modes only, demonstrating a better performance when used
along with the NNMF as it identified all modes. Regarding the SOBIR O-based method, it identi-
fied the three modes with PCA and only the first two modes combined with NNMF. AMUSE was
not successful in accomplishing full-field high-resolution modal identification from the video of the

cantilever beam structure in any case.

4.2 Bench-scale building

As showed in Figurelr7, a bench-scale model of a three-story building structure was also used
to validate the proposed approaches. The structure consists of aluminum columns and lumped mass
plates on each floor, with its base fixed to a heavy solid aluminum plate on the ground. In this scenario,
an impact hammer was used to excite the structure horizontally on the top floor. The stationary cam-
era was used to perform video measurements of the structure at a frame rate of 240 frames per second.
a few frames are shown in Figure It is known from prior analysis that the cantilever beam exhibits

3 modes. The measured natural frequencies of these modes are 6.3 Hz, 18 Hz, and 25 Hz.

4.2.1 Experimental Results

The twelve BSS-based methods attempt to identify the three vibration modes from model of
a three-story building structure, along with their corresponding natural frequencies 6.3 Hz, 18 Hz,
and 25 Hz. Figures 20| to 1/ give an outline of the PCA-based results and Figures [22{ to 24| show the
NNMF-based approaches results. The figures show the modes shapes, the modal coordinates and their
PSD. Figure |25| and [26| present the MAC comparing the six techniques for PCA and NNMF-based

approach, respectively.

From the qualitative analysis from the mode shapes and modal coordinates, the methods seem
to agree well on the natural frequency estimates of the three modes. PCA-CP (Figure , PCA-SOBI,
PCA-SOBIRO (0] and PCA-ERICA (Figure[o1) identified all three modal frequencies. On the other
hand, PCA-ICA was not able to identify any mode properly. Using ICA, it is possible to observe
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Figure 17 — Three-story frame aluminum structure setup. From Silva(2020) [12].

Figure 18 — A few temporal frames from the video measurement of the three-story building structure subjected to hori-
zontal excitations.

interference from other frequencies in all modes, albeit small. PCA-AMUSE only identified correctly

the first mode.

Regarding to the number of principal components used to perform PCA, the method PCA-
SOBIRO presented monotone modal coordinates using the first 14 principal components; while PCA-
SOBIand PCA-ERICA used principal 16 principal components; PCA-CP, PCA-AMUSE and PCA-
ICA used 22, 26 and 28 components to present modal coordinates with monotone behavior, respec-
tively. It is interesting to point out that, in general, to perform the dynamic analysis of the bench-scale
model of a three-story building structure, all the methods required more principal components com-

paring to the cantilever beam problem.

PCA-based methods, the most consistent for identifying the three modes are PCA-CP, PCA-
SOBI, PCA-SOBIRO and PCA-ERICA. PCA-ICA and PCA-AMUSE are not indicated for the task

of performing dynamics identification from video measurements in this problem specifically, as they
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Figure 19 — Mode shapes, mode coordinates and PSD obtained applying PCA-CP and PCA-ICA on the video measure-
ment of the three-story building structure.
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Figure 20 — Mode shapes, mode coordinates and PSD obtained applying PCA-SOBI and PCA-SOBIRO on the video
measurement of the three-story building structure.
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Figure 21 — Mode shapes, mode coordinates and PSD obtained applying PCA-ERICA and PCA-AMUSE on the video
measurement of the three-story building structure.
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Figure 23 — Mode shapes, mode coordinates and PSD obtained applying NNMF-SOBI and NNMF-SOBIRO on the

video measurement of the three-story building structure.
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Figure 24 — Mode shapes, mode coordinates and PSD obtained applying NNMF-ERICA and NNMF-AMUSE on the
video measurement of the three-story building structure.
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Figure 25 — Modal Assurance Criterion (MAC): Measure of the correlation of the vibration shapes obtained from PCA-
based methods on the video of the three-story building structure.
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Figure 26 — Modal Assurance Criterion (MAC): Measure of the correlation of the vibration shapes obtained from NNMF-
based methods on the video of the three-story building structure.

were not capable to estimate the three modes. PCA-ICA did not estimate any of the modes clearly;
PCA-AMUSE performed well on identifying the first mode, but was not able to find the second and
the third ones.

With reference to NNMF-based methods, NNMF-CP, NNMF-SOBI and NNMF-SOBIRO
(Figuresp2]and]23)) were successful in identifying the three modal frequencies properly. NNMF-ERICA
and NNMF-AMUSE (Figure seems to discern the natural frequencies of the system, however, all
three modes show the presence of other frequencies (perceptible on the PSD). NNMF-ICA, in turn,

could not identfy any of the modes, at any level.

To perform the modal analysis of the three-story building structure NNMF-CP and NNMF-
SOBIRO used 22 components. NNMF-ICA, NNMF-ERICA, NMMF-AMUSE used 28 compo-
nents each. NNMF-SOBI used 32.

Measurements of the correlation between the vibration shapes obtained from PCA-based
methods on the video of the bench-scale building, showed in the Figure indicates which individual
modes from the two sets relate to the each other. For the first mode, characterized by the natural fre-
quency 6.3 Hz, all the methods presetend a consistent corresponce to each other, all MAC values are

greater than 0.9.

The MAC values of the second mode (with the natural frequency of 18 Hz) shows that the
values PCA-CP only has correspondece greater than 0.9 to PCA-AMUSE. Even though, PCA-ICA
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does not correspond to PCA-CP, it corresponds to PCA-SOBI (0.85) and PCA-SOBIRO (near the
unity). PCA-SOBI also has some correspondece, with MAC value 0.72 and 0.85 respectivaly, with
PCA-ERICA and PCA-SOBIRO. These results indicates that, regardless of the non generalized cor-

respond (as in the first mode), the modes identified by the methods can be considered correlated.

With the natural frequency 25 Hz, the third mode indentified by PCA-CP has a MAC value
near 0.9 paired to PCA-SOBI and PCA-ERICA. The last one also has a consistent correspondence
with the mode indentified by NNMF-SOBI. NNMF-ICA only correlates consistently (0.9) with
NNMEF-SOBIRO. The mode identified by NNMF-AMUSE is not correlated to any other method,
all the MAC values are less than o.4.

Correlations of the vibration shapes obtained from NNMF-based methods on the video of
the three-story bulding structure are described by the Figure 26l Concerning to the identification of
the first mode; NNMF-CP, NNMF-SOBI and NNMF-SOBIRO have a consistent correspondence
relating to each other, represented by values near the unity. NNMF-CP also is correlated by a factor
near 0.7 with NNMF-ERICA and NNMF-AMUSE. NNMF-ICA result does not correspond to any
othe result. NNMF-SOBI also agrees (near 0.7 of MAC values) to NNMF-AMUSE and NNMF-
ERICA; it also has a consistent correspondece, near 0.9, with NNMF-SOBIR O. The mode identified
by NNME-SOBIRO is also related to NNME-ERICA (0.85). NNMF-AMUSE has a MAC value
greater than 0.6 compared to NNMF-CP, NNMF-SOBI and NNMF-SOBIRO, i.c., they are have a

correlation.

The MAC of the second mode (f = 18 Hz) shows that NNMF-CP agrees to NNMF-SOBI
and NNMF-SOBIRO by a MAC factor near 0.8. The other relevant correspondence for this mode is
between the pairs NNMF-SOBI/NNMF-SOBIRO and NNMF-SOBI/NNMF-AMUSE, near 0.8.
For the identification of the mode number three, with f = 25 Hz, the only relevant correlations due
to MAC values greater than 0.6 are NNMF-CP with NNMF-SOBI and NNME-SOBI with NNMF-
SOBIRO.

Itis important to state that MAC measures the degree of linearity (consistency) between two
modal vectors. However, to the authors’ knowledge, the modal assurance criterion can only indicate
consistency, not validity or orthogonality. If the same errors, random or bias, exist in all modal vector

estimates, this is not delineated by the criterion.

In general, for that case, both dimensionality reduction methods, PCA and NNMF, per-
formed modal identification satisfactorily. Combined to the BSS tecniques, it is found that CP, SOBI
and SOBIRO properly performed modal analysis combined with both dimensionality reduction meth-
ods. ICA and AMUSE did not identified the modal shapes and mode coordinates combined with any
of them. Coupled with PCA, ERICA adequately identified the three modes, while when used along
with the NNMF it was not suitble at all.
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4.3 Summary and Discussion

Table |2 shows a brief summary of the applied methods for modal analysis on the cantilever

beam problem. In general, the ones based on PCA to perform the dimensionality reduction presented

a slightly better response in terms of the number of components and number of identified modes.

Among the twelve proposed methods, eight were capable to fully indentify the three modes. That is

possible to notice that ICA works well when combined to PCA, butit was nota good technique when
combined to NNMF. NNMF and SOBI were a better combination than PCA and SOBI.

Dimensionality Reduction  Blind Source Separation | #Components  Number of Modes
CP 8 3
1CA 8 3
SOBI 8 2
PCA SOBIRO 8 3
ERICA 8 3
AMUSE 22, o
CP 10 3
ICA 20 o}
SOBI 10 3
NNMF SOBIRO 10 3
ERICA 8 3
AMUSE 22, o

Table 2 — Summary of the results of the vibration response from the cantilever beam structure.

Table j3f shows a brief summary of the applied methods for modal analysis on bench-scale

building structure problem. Four of the six PCA-based methods were able to fully identify the three

modes. ICA, as in the first problem, showed to be not appropriate to perform modal analysis. ERICA
did not work combined to NNMF. AMUSE did not work at any level.

Dimensionality Reduction  Blind Source Separation | #Components  Number of Modes
CP 22 3
ICA 28 o
SOBI 16 3
PCA SOBIRO 14 3
ERICA 16 3
AMUSE 26 2
Ccr 26 3
ICA 28 o
SOBI 32 2
NNMF SOBIRO 22 3
ERICA 28 o
AMUSE 28 o

Table 3 — Summary of the results of the vibration response from the bench-scale building structure.
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There could be several reasons why combining NNMF and ICA did not work for modal

analysis:

* Incompatibility of assumptions: NNMF assumes that the data matrix is non-negative and can
be factorized into a product of non-negative basis and coefficient matrices. ICA, on the other
hand, assumes that the data is generated by statistically independent sources. The different as-
sumptions made by the two techniques may not be compatible with each other, and the com-

bined method may not be able to accurately capture the underlying structure of the data [88].

* Redundancy of information: NNMF and ICA are both techniques used for dimensionality
reduction and feature extraction. Combining the two techniques may lead to redundancy of

information and loss of important features.

* Choice of parameters: The performance of NNMF and ICA is highly dependent on the choice
of parameters such as the number of components, regularization parameters, and initialization
methods. The combined method may not have been properly optimized for the specific dataset

and modal analysis problem.

AMUSE did not perfomed modal analysis in any level of this work. A possible explanation
is that the method uses second-order statistics by constructing auto and cross-covariance matrices
and simultaneously diagonalize these matrices to estimate the underlying mixing matrix. If the cross-
covariance matrix is not symmetric, not only the extracted mixing matrices are sometimes complex

but also the desired simultaneous diagonalization of matrix pair by a single matrix is not possible.

There is also a possibility of overfitting, i.e, the combination of PCA or NNMF and BSS
algorithm may have overfitted the data, resulting in the identification of spurious modes that do not

represent the underlying physics of the system.

SOBI and ERICA combined to NNMF, while worked for modal analysis applied to the can-
tilever beam structure video, did not work for the second scenario. In the first case NNMF algorithm
can extract the underlying components that contribute to the overall motion of the system. The com-
plexity of the system may cause the NNMF algorithm to be less effective. Also, the ERICA method is
based on cumulants, which can be more challenging to accurately extract the dynamics characteristics

from videos with complex motion.

In summary, the effectiveness of combining NNMF and a BSS method for modal analysis
depends on the complexity of the system being analyzed. While this approach may work well for videos
few degrees of freedom and monoarticulated structures, it may not be as effective for more complex

systems.
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5 Conclusions and Future Work

5.1 Conclusions

Several vision-based methods have successfully demonstrated reliability in performing struc-
tural dynamics identification, with the advantage of performing non-contact measurements. This
work experimentally compared the performance of twelve different methods to extract three differ-

ent modes from videos of an aluminum cantilever beam and a three-story building structure.

As these methods require BSS techniques, six different BSS solutions were investigated to ana-
lyze their applicability to perform modal estimation. From the results, the choice of the dimensionality
reduction techniques plays an important role in the BSS algorithms performance. Overall, both PCA
and NNMTF are able to perform DR for full-field high-resolution structural dynamics analys from

video.

For the cantilever beam structure, PCA-SOBI, PCA-AMUSE, NNMF-ICA and NNMF-
AMUSE are suboptimal to idenfy all the three modes properly. The other eight methods proposed
performed modal analysis accurately. It means that besisdes PCA-CP and NNMF-CP (already ad-
dressed in the literature to solve this specific problem), PCA-ICA, PCA-SOBIRO, PCA-ERICA,
NNMEF-SOBIRO, NNMF-SOBI and NNMEF-ERICA are also good alternatives to structural dynam-

ics analysis.

To find the modal coordinates and mode shapes of the three-story building structure, PCA-
CP,PCA-SOBI, PCA-SOBIRO, PCA-ERICA, NNMF-CP and NNMF-SOBIR O are indicated. All
of them were able to correctly identify the three natural frequencies concerning this structure. PCA-

CP, PCA-SOBIRO, PCA-ERICA, NNMF-CP and NNMF-SOBIRO are the methods that strongly

performed the modal analysis for both structures.

The combination of nonnegative matrix factorization and independent component analysis
for modal analysis may fail due to different reasons.. Firstly, NNMF and ICA make different assump-
tions about the data, which may not be compatible with each other. Secondly, combining both tech-
niques can lead to redundancy of information and loss of important features related to the modal
analysis. Lastly, the performance of both techniques is dependent on various parameters, which may

not have been optimized for the specific dataset and modal analysis problem.

It is relevant to analyse the NNMF-ERICA case. Here it is important to point out the sucess
of this technique for the scenario using the cantilever beam structure and the failure of this technique
for the test using the bench-scale building. The result indicates that the complexity of the system is

a sensitive variable for this technique. In fact, the proposed methods which are based on PCA, are



Chapter 5. Conclusions and Future Work 42

found to be more robust from the point of view of increasing degrees of freedom.

Overall, the complexity of the system being analyzed plays a significant role, where NNMF
may be less effective for systems with small displacements. Combining NNMF and a BSS method for
modal analysis depends on the complexity of the system being analyzed. While it may work well for

videos with limited movement, it may not be as effective for more complex systems.

In summary, methods based on dimensionality reduction and blind source separation algo-
rithms are suitable and efective for modal identification. However, it is interesting to consider that
their effectiveness depends on the complexity of the system being analyzed, as well as factors such as

incompatible assumptions and the choice of parameters.

The results contribute to the video-based structural dynamics field assisting the choice of
the dimensionality reduction algorithms and providing a range of alternatives to the blind source
separation-based approaches. This work also encourage the study about the BSS problems for full-
field high-resolution structural dynamics analys from video which are not currently explored in the

literature of this specifc field.

5.2 Future Work

The modal identification here is limited to EM A in two different structures. As a future work,
itis possible to investigate the proiminent methods for other structures or for specific cases of acquired
videos. Other limitation is the manual choice of the output components for PCA and NNMF. The
ideal number of components to perform DR can be studied as an optimization problem. A heuristic

would be a solution to determine a near-optimal number of components for each method.

The techniques proposed here are only capable of performing in-plane motion analyses, re-
quiring alternatives for identifying modes that manifest themselves as out-of-plane motions. Further
tests are required to deal with out-of-plane motion and real-world conditions, such as operational and

environmental variability caused by regular operation in structures.

Besides conventional consumer-grade video cameras, the described framework for video-based
modal analysis can also be extended to work on other modalities of imagers. For example, neuromor-
phic event-based cameras [89], single-photon cameras [90], and time-of-flight imagers. They can also

be adapted to work in applications requiring stereo-vision [91].

Recently studies suggest to explore video-based modal analysis techniques for physics-accurate
digital twins of civil and mechanical infrastructures on the basis of neural radiance fields [9z, 93].
Another applicability is to perform the data-fusion of conventional frame-based cameras along with
high-speed event-based neuromorphic imagers to create high-fidelity and high extremely high frame-

rate videos.
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