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Summary

Structures with complex geometries, material properties, and boundary conditions
exhibit spatially local dynamic behaviors. A high-spatial-resolution model of the
structure is thus required for high-fidelity analysis, assessment, and prediction of
the dynamic phenomena of the structure. The traditional approach is to build a
highly refined finite element computer model for simulating and analyzing the
structural dynamic phenomena based on detailed knowledge and explicit modeling
of the structural physics such as geometries, materials properties, and boundary
conditions. These physics information of the structure may not be available or
accurately modeled in many cases, however. In addition, the simulation on the
high-spatial-resolution structural model, with a massive number of degrees of
freedom and system parameters, is computationally demanding. This study, on a
proof-of-principle basis, proposes a novel alternative approach for spatiotemporal
video-domain high-fidelity simulation and realistic visualization of full-field
structural dynamics by an innovative combination of the fundamentals of struc-
tural dynamic modeling and the advanced video motion manipulation techniques.
Specifically, a low-modal-dimensional yet high-spatial (pixel)-resolution (as many
spatial points as the pixel number on the structure in the video frame) modal model
is established in the spatiotemporal video domain with full-field modal parameters
first estimated from line-of-sight video measurements of the operating structure.
Then in order to simulate new dynamic response of the structure subject to a
new force, the force is projected onto each modal domain, and the modal response
is computed by solving each individual single-degree-of-freedom system in the
modal domain. The simulated modal responses are then synthesized by the
full-field mode shapes using modal superposition to obtain the simulated full-field
structural dynamic response. Finally, the simulated structural dynamic response
is embedded into the original video, replacing the original motion of the video,
thus generating a new photo-realistic, physically accurate video that enables a
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realistic, high-fidelity visualization/animation of the simulated full-field vibration
of the structure. Laboratory experiments are conducted to validate the proposed
method, and the error sources and limitations in practical implementations are
also discussed. Compared with high-fidelity finite element computer model
simulations of structural dynamics, the video-based simulation method removes
the need to explicitly model the structure's physics. In addition, the photo-realistic,
physically accurate simulated video provides a realistic visualization/animation
of the full-field structural dynamic response, which was not traditionally available.
These features of the proposed method should enable a new alternative to the
traditional computer-aided finite element model simulation for high-fidelity
simulating and realistically visualizing full-field structural dynamics in a relatively
efficient and user-friendly manner.

KEYWORDS
full-field vibration measurement, high-fidelity simulation, modal analysis, motion synthesis,

structural dynamics, video processing, visualization

1 | INTRODUCTION

Real-world operating structures are subjected to various dynamic loads. For example, civil infrastructure such as bridges
and buildings confront operational loads (traffic and wind), natural hazards (earthquakes and hurricanes), and man-
made extreme events (impacts and blasts). Aircrafts are subject to various aerodynamic and thermodynamic loads.
Due to complex geometries, material properties, and boundary conditions, structures subjected to these loads exhibit
spatially local dynamic behaviors. Therefore, a detailed knowledge of the structure (e.g., a high-spatial-resolution
model) is required for high-fidelity analysis, assessment, and prediction of the dynamic phenomena of the structure.

The most common approach to achieve this is to build a detailed, highly refined, physics-based finite element com-
puter model for simulating and analyzing the dynamic response of the structure based on detailed knowledge and
explicit modeling of the structure's material properties, geometries, boundary conditions, joints, and so on.!"! Then
the established finite element model (FEM) is usually updated by comparing the model-predicted response with the
experimentally or field measured structural response.[zl Finally, one visualizes and animates the simulated dynamic
behaviors on the computer model. While such an accurate, highly refined FEM of the structure is most desirable, it
is usually extremely difficult to obtain.*! For example, the properties of many civil structure materials such as concrete
can seldom be accurately modeled. Such a challenge also exists in modeling the boundary conditions and component
joints, especially when a detailed, refined model is required. In addition, updating and simulating the high-fidelity
FEM, potentially with millions of degrees of freedom and system parameters, are computationally demanding to imple-
ment. Therefore, it is desirable to seek alternatives that enables high-fidelity modeling and simulating the dynamic
behaviors of the structure in a more efficient and feasible manner.

A modal model, consisting of the natural frequencies, damping ratios, and mode shapes, 41 provides an effective
approach to characterize the dynamics of the structure. Because structural dynamic responses can be modeled as a lin-
ear superposition of the modal responses, using mode shapes as expansion bases, structural dynamic responses at a high
spatial resolution may be obtained if high-resolution mode shapes are available. An attractive feature of structural
dynamics using a modal model is that structural dynamic responses are usually low dimensional in the modal
domain,**! that is, they can be approximated by a linear combination of a few dominant modes.

By using the modal transform, the original problem—simulating and computing the structural dynamic responses
by solving the coupled multi-degree-of-freedom equations of the spatial model—can be decomposed into a much sim-
pler problem of solving a set of a few individual single-degree-of-freedom (SDOF) systems. The latter approach is more
computationally efficient. Therefore, a modal model with a few dominant modes and high-resolution mode shapes is
highly feasible for high-fidelity modeling and simulating structural dynamics.

Building a high-spatial-resolution modal model for high-fidelity simulating dynamic responses of the structure
requires knowing the natural frequencies, damping ratios, and high-resolution mode shapes, which can be identified
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from vibration measurements by experimental or operational modal analysis methods. Experimental modal analysis
methods use both measured inputs (excitation) and outputs (response) to the structure, while operational or out-
put-only modal analysis methods rely only on response measurements.'®’ Operational modal analysis is considered a
useful alternative when controllable excitation is difficult to apply on the structure or the operating excitation is chal-
lenging to measure, especially for larger scale structures.

Traditional vibration measurement techniques such as using accelerometers are inadequate for high-spatial-resolu-
tion modal analysis, because these discrete point-wise sensors only provide sparse, low-spatial sensing resolution mea-
surements, while their dense deployment to achieve high-spatial resolution is not feasible due to high costs, mass-
loading effect, and significant surface modification on the structure. Many noncontact measurement techniques, such
as those using scanning laser vibrometers,”! provide high spatial resolution displacement measurements without the
need to install sensors on the structure or inducing the mass-loading effect. However, they are relatively expensive and
make measurements sequentially, which requires intensive time and labor for measurements of larger area. As an alter-
native noncontact measurement method, digital video cameras are relatively low cost, agile, and provide simultaneous,
high-spatial resolution measurements. Combined with image processing algorithms (e.g., image correlation!® or point
tracking and optical flow'®)), video camera-based measurements have been successfully used for structural dynamic
response measurement!°'*! and experimental modal analysis'*®!! to obtain full-field mode shapes. One issue associated
with these methods is that they typically require speckle pattern or high-contrast markers to be placed on the surface of
structures, which induces the surface preparation and target installation issue and is less feasible when the measurement
area is large or inaccessible. Recently, the phase-based video motion estimation technique!?>>*! has been explored to per-
form output-only modal identification without the need to install high-contrast markers or speckle paints on the
structure's surface.!?>?%! The lately developed algorithm based on this technique enables extraction and visualization of
full-field modal parameters in a relatively efficient and automated manner,?® and is suited for establishing a full-field
modal model and further for realistic visualization of the simulated full-field structural dynamic response in this study.

Aiming for an alternative to the finite element computer model simulation, this study establishes a new video-based
method for high-fidelity simulation and realistic visualization of full-field structural dynamic response using a combi-
nation of the full-field modal model of the structure and video motion manipulation techniques. First, the full-field
modal parameters are estimated from line of sight video measurements by the previously developed video phase-based
output-only modal identification method, and the full-field modal model is established in the video domain. Then, in
order to simulate new dynamic response of the structure subject to new force, the force is projected onto each modal
domain, and the modal response is computed by solving each individual SDOF system in the modal domain. The sim-
ulated modal responses are then synthesized by the full-field mode shapes using modal superposition to obtain the sim-
ulated full-field structural responses. Finally, the simulated full-field structural responses are embedded into the original
video, replacing its original motion, to generate a new, photo-realistic, physically accurate video, which enables full-
field, high-fidelity, and realistic visualization/animation of the simulated motion in a realistic video of the structure.
The last step is relevant to the motion synthesis technique in computer graphics and animation.!?’-%"!

Compared with finite element computer model simulations that require detailed information of the structure's phys-
ics, the video-based simulations implicitly incorporates these information in the modal model. In addition, the low-
modal-dimensional and decoupled nature of the modal model allows the proposed approach to directly solve only a
few SDOF system equations in the modal domain to obtain the structural dynamic response, which is computationally
efficient. Finally, the simulated full-field structural dynamic responses can be realistically visualized and animated in a
photo-realistic, physically accurate video of the structure, as compared with those cartoon-like figures created by the
finite element computer model simulations.

The remainder of the paper is organized as follows. Section 2 introduces the theoretical background of the proposed
video-based method for high-fidelity simulation and realistic visualization of full-field structural dynamics based on a
combination of the established full-field modal model and video motion manipulation techniques. Section 3 validates
the proposed method on a proof-of-principle basis by laboratory experiments on a three-story building structure.
Section 4 presents conclusions and future work.

2 | APPROACH

The new approach for high-fidelity simulation and realistic visualization of structural dynamics is based on a novel
combination of the full-field modal model of the structure and video motion manipulation techniques. Figure 1 shows
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FIGURE 1 The flowchart of the proposed video-based approach for high-fidelity simulation and realistic visualization of full-field
structural dynamic response. Step 1 “inverse identification” with pink arrows: establishing a full-field modal model estimated from
original video measurements (top right). It first estimates the full-field vibration (Equation (1)-(2)) and then the full-field modal parameters
(Equation (3)-(13)). Step 2 “forward simulation” with red arrows: synthesizing and embedding the simulated full-field structural responses
into the original video to generate a new video, enabling realistic visualization of full-field dynamic response. It first projects the equation of
motion with the virtual force onto the modal domain (Equation (14)-(20)) and computes the simulated modal responses by solving
Equation (21). Then the simulated modal responses are synthesized by the full-field mode shapes using Equation (25) to produce the
simulated full-field structural responses, which are finally embedded into the original video to generate a new video (Equation (26))

a flowchart of the new approach, which mainly consists of two steps. The first step “inverse identification” is to first
establish a full-field modal model of the structure in the video domain from the original video measurements of the
structure, which is introduced in the following Section 2.1. The second step “forward simulation” detailed in Section 2.2
introduces the procedures of simulating and visualizing the new full-field dynamic response in a newly-generated
photo-realistic, physically accurate video of the structure.

2.1 | Establishment of the full-field modal model in video domain

A full-field modal model is first established consisting of modal frequencies, damping ratios, and full-field mode shapes,
which are estimated from line of sight video measurements of the operating structure. Note that this part of the pro-
posed method has been detailed in the authors' recent work!2°!; it is reviewed here from Section 2.1.1 to Section 2.1.3.

2.1.1 | High-spatial-resolution vibration motion in video measurement

Structural vibration can be measured into video records containing frames with temporally displaced or translated
image intensity I(x + &(x,t)) (assuming N pixels and T frames), where x is the spatial variable (pixel coordinate), ¢ is
the temporal variable, and d (x, £) is the spatially local, temporally varying motion. Just as oscillating motion can be char-
acterized by its magnitude and phase using Fourier representation, structural vibration motion is encoded in the local
amplitudes p(x,t) and local phases ¥ (x,t) of I(x + &(x,t)), which can be extracted from I(x + &(x,t)) by the spatially
multiscale, localized, and complex steerable pyramid filters®>*°! (complex Gabor filers, which are sinusoids windowed
by a Gaussian envelop leading to finite spatial support):

I +8(06,0) = % Ra(ot)= 3 p,(x,r)e o), )

W=—00 W=—00

in which R, (x, f) is the subband representation (filter response) at the spatial scale w
R, (X, t) =, (X, t)e Jj27mw (x+5(x$t))’ (2)

then local phases ¥,,(x, t) = 27wwx + 27w d(x, 1)) and local amplitude p,(x, t) are obtained from R, (x, t). Therefore, the
normalized ,,(x, t) directly correspond to the vibration motion §(x, t) and have been shown to be relatively insensitive
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to changes in illumination, perspective, and surface conditions,m]

tion in many real-world applications.
The obtained local phase ¥(x, f) corresponding to the vibration motion 8(x, f) can be expressed by the modal expan-
sion as linear combinations of the modal responses

making it preferable over image intensity informa-

5 (x,t) = ® (x)q(t) = z #,0)q,(0), 3)

where ® € RV * " and ¢ € R" * T with ¢;(x) as the ith mode shape and g;(f) as the ith modal coordinate, both of which
need to be identified from the only knowledge of the vibration & (x, f). Because the pixel dimension of 8 (x, ), N, is much
higher than the mode dimension (number), n, that is, N > n, the output-only modal identification problem above is
overcomplete. Therefore, spatial dimension reduction of the overcomplete system described by Equation (3) is first con-
ducted by performing principal component analysis (PCA) on § € RN * 7, as detailed in the following section.

2.1.2 | Low-modal-dimensional structural dynamics

PCA is closely related to the singular value decomposition of the motion matrix § € RY * * (assuming N > T)

n
§=UZV =Y o, 4)

i=1
where = € RV * 7 is a diagonal matrix containing T nondecreasing diagonal elements, o; as the ith singular value
(01> 20>-->0r>0),and U = [uy,...,uy] € RN *Nand V = [vy,...,vr] € RT * T (“*” denotes “transpose”) are

the matrices of the left-singular and right-singular vectors obtained by the eigenvalue decomposition of the covariance
matrices of §

88" = US*U", (5)
§6=vzv". (6)
The rank of § is r if the number of nonzero singular values is r (o, > --- > 0, > 0, 4 1 = --- = o7 = 0).

It is known that the ith singular value oj; is related to the energy projected onto the ith principal direction (vector) u;
of &. In structural dynamics, for an undamped or very lightly damped structure, it was shown that if its mass matrix is
proportional to the identity matrix, the principal directions u; (i = 1, ..., N) will converge to the mode shape directions!!)
with the corresponding singular values o; (i = 1, ..., N) indicating their participating energy in the structural vibration
responses 6. In other words, the structure's active modes in §, under broadband excitation, are projected onto the r ~ n
principal components. An empirical but usually true observation is that typically there are only few dominant active
modes present in the structural vibration responses. This means that the rank of d, r, which is approximately the num-
ber of active singular values (o, > -+ > 0, > 0, , | ® -+ ® 07 % 0), is very small compared with the spatial dimension of
d, N; that is, r < N. Therefore, PCA is able to conduct significant spatial dimension reduction on § by linearly projecting
most energy (modal components) of § onto a very small number of principal components

n="U,8, (7)

where U, = [uy, ..., u,] € R * " is the first r (<N) columns (orthonormal) of U, and the ith row of the resultant 7N =9,
1] € R"*T p, is the ith principal component of &. Since the low-rank § € RY * 7 can be recovered by linearly
projecting 7 € R” * ” back to

S~ Um. ®)

2.1.3 | Blind mode separation of principal components

Performing PCA on § € R" * T projects the active mode components within § € RN * T onto r ~ n principal components
n € R"* T, which can also be expressed as linear mixtures of the modal coordinates
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D, t) = Y(x)g(t) = z y0a (1), ©)

where Y(x) is the mixing matrix in the “principal component” domain. Substituting Equation (3) and Equation (9) into
Equation (8) yields

r

r
Piq; = o~ Un=UYq=U, _Z:IJ/i q; = E (Uryi) q;- (10)
i=

i=1

n
i=

1
Comparing the two ends of Equation (10) with r =~ n, it yields
;= Uy, i=1,..,r. (11)

It has been recently established®>*! that there is a one-to-one mapping between the modal superposition model
and the linear mixture model of the blind source separation (BSS), which can perform output-only modal identification
efficiently. Among a family of BSS techniques that are suited for output-only modal identification, the complexity pur-
suit (CP) algorithm!®®! was shown to be efficient and able to identify closely-spaced and highly-damped modes with little
expert supervision and parameter adjustments; it is therefore adopted in this study. Therefore, using CP to directly
decouple or separate 7(x, t) into individual modal coordinates

q(t) = Wx)n(x,1), (12)

simultaneously yielding the demixing or decoupled matrix W € R” * " and the modal coordinates q (). Comparing
Equation (9) with Equation (12), Y € R" * " is the inverse of W.

Y =w! 13)

Therefore, the high-resolution mode shapes ¢;(x) (i = 1, ..., r) are estimated as per Equation (11) to Equation (13).
Modal frequencies w; and damping ratios ¢; can be estimated from the obtained modal coordinates ¢;(t) (i = 1, ..., r) by
Fourier transform and logarithm decrement techniques, respectively, or using Hilbert transform (HT)-based SDOF anal-
ysis methods.[**! With the modal frequencies w;, damping ratios ¢, and full-field mode shapes ¢;(x) (i = 1, ..., r) esti-
mated from the line of sight video measurements, the full-field modal model is established in the video domain
where the full-field mode shapes (as many spatial points as the pixel number on the structure in the video frame) are
in the pixel coordinate.

2.2 | High-fidelity simulation and realistic visualization of full-field dynamic response

The next step is to simulate new structural dynamic response subject to new force with the established full-field modal
model. Using the low-modal-dimensional and decoupled nature of the modal model, the modal response is first com-
puted in each of the few dominant modal domain by solving an SDOF system (detailed in Section 2.2.1) and then syn-
thesized by the full-field mode shapes using modal superposition to produce the full-field structural dynamic response
(Section 3). Because the mode shapes are estimated from output only, they are nonscaled; this issue will be addressed in
the Section 2.2.2, assuming a partial knowledge of the mass distribution of the structure is available.

2.2.1 | Simulating modal response to the modally projected force

Modal projection

The spatial model of the equation of motion of a linear time-invariant system subject to a new simulated force f(t) (the
upper bar “—” denotes “simulated”) is

MS(t) + K8(t) + C8(t) = f (1), 14)

where M, K, and C are the diagonal mass, symmetric stiffness, and symmetric damping matrices (assuming proportional
damping), respectively. Using the modal expansion of the motion Equation (3) and projecting Equation (14) onto the
modal domain
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O MDG(t) + OKPq(t) + D CPG(t) = D f(t), (15)

the motion is decoupled into n SDOF systems

-k

miq () + kG0 + g =f (1), i=1..n, (16)

9 Gk

where “x” denotes “modal” (not to confuse with the “transpose ), and the modal mass, modal stiffness, modal

damping matrices, and modal force are, respectively,

M* =dM®d, m'=¢Mg, i=1,..n, 17)
K* =®K®, k'=¢Kep, i=1,..,n, (18)
C* =0CO, c=¢Cyp, i=1,..n, (19)
Fro =27, Ji(0)=ef @), i=1,..n. (20)

Because k' = m}w? and ¢ = 2{;m*w; (the modal frequency w;, damping ratio ¢, and mode shape ¢; have been esti-
mated from the video measurements), one only needs to estimate the modal mass m}* (to be addressed in Section 2.2.2)
in Equation (16) to compute the modal response g;(t) to the projected modal force f :(t).

mi*ai (t) + mfwiq,(t) + Zgimi*wiai(t) =, f(1), i=1,..,n (21)

Note that the modal dimension n is far smaller than the spatial dimension N; therefore, based on the principle of
modal transform (using the estimated modal parameters), one only needs to solve n << N decoupled SDOF system equa-
tions (Equation (21)), instead of the coupled N-degree of freedom ( DOF) system of equations (Equation (14)).

Estimation of the modal mass
Solving Equation (21) requires estimating the modal mass m} (i = 1, ..., n). In theory, because the spatial dimension N is
very high, the spatial model Equation (14) is highly refined; a large-scale mass matrix M (N diagonal mass elements) is
therefore needed to estimate the modal mass m; according to Equation (17) . In the following, however, it will be
derived that the highly refined spatial model with a massive amount of mass elements can be dramatically reduced
for estimating m}.

Expanding Equation (17),

N N
mf = oMo, = Zl¢’ji m;@;; = Qmj¢ﬁa (22)
= =

where m; is the jth diagonal element (mass DOF) of M, and gj; is the jth element of ¢; € R". For building structures, the
motion of the floors, which take up most mass of the building, are rigid; for example, the mode shape component of all
the mass elements at the kth floor (k = 1, ...K) would approximately be the same as (¢;),. Therefore, Equation (20)
becomes

N
> mgr, (23)
(1 K]

where (m),. is the cumulative mass of all elements at the kth floor with a mode shape component (¢;);. Because (m);

C
(k =1, ..K) are dominant and the rest of the mass elements, mj <j #[1 K]) are very small, so Equation (23) can be
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C

approximated by ignoring those associated with the small m; j (] #[1 K]>

K

N
m = mgix ¥ (m) (@)} (4

which substantially reduces the highly refined N-dimensional spatial model to a small K-dimensional model (K <« N) for
estimation of the modal mass m}. Note that the above approximation is true only when the structure can be approxi-
mately modeled as lumped-mass type with rigid motion; if not, then the knowledge of the full mass matrix is needed
to estimate the modal masses.

2.2.2 | Synthesizing simulated modal responses to full-field dynamic response

After obtaining the simulated modal response g;(¢t) (i = 1, .., n) to the projected modal force fl*(t) by solving
Equation (21), the simulated structural responses &(x, t) to the force f(t) can be obtained by synthesizing g,(¢) (i = 1,
..., n) by the full-field mode shapes ¢;(x) (i = 1, ..., r) using modal superposition

S(x, 1) = @(0)q(t) = X ¢i(x)q; (1), (25)

which projects the simulated modal response g;(¢) in the modal domain back to the full-field simulated structural
response (x, t) in spatio (pixel)-temporal domain.

2.2.3 | Realistic visualization of simulated full-field dynamic response in video

Finally, the simulated full-field structural dynamic response 5(x, t) is embedded into the original video I'(x + & (x, £)) but
replacing the original motion & (x, t) with the new simulated motion §(x, t), finally generating a new video consisting of
images I(x + 8(x,t)):

I +80e0) = > Rulct)= 3 p,lx el mlcie), (26)

w=—00 w=—00

which is implemented by an inverse complex steerable filtering (mentioned in Section 2.1.1 and detailed in
Yang et al.”®!) with replacement of 6 (x, ) by 8(x, t). Therefore, this new simulated video I(x + &(x, t)) enables photo-
realistic, physically accurate visualization and animation of the simulated full-field structural dynamic responses

8(x, t) (at each involved pixel) in a realistic video of the structure.
In the following, a numerical model is used to validate the above procedures presented in Section 2.1 to Section 2.2.

2.3 | Validations on an overcomplete numerical model

A numerical study is presented in this section to demonstrate the procedures for establishing the modal model and syn-
thesizing the simulated motion. It also serves to validate the proposed PCA-CP method for output-only modal identifi-
cation and the modal mass estimation scheme in an overcomplete setting. A 20-DOF mass-spring-damper system
(Figure 2) was constructed with the following parameters: diagonal mass matrix M with dominant masses m; = 200,
m, = mz = my = 150 and small masses ms = ... = my = 1, stiffness k; = ... = k,; = 5000, and proportional damping
matrix C = aM with o = 0.03.

First, the modal model was established. When performing the output-only modal identification, an initial unit veloc-
ity at the first DOF was used to excite the structure and induced free vibration. Twenty-second 20-channel structural

k1 ko k3 ks ks k2o ka1

my AN m2 AN Mg my ... W

FIGURE 2 A spring-mass damped numerical model with 20 degrees of freedom where four of them are very dominant
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responses are computed by the Newmark-beta algorithm with a sampling frequency of 100 Hz. The PCA-CP algorithm
was then applied on the structural responses as per Equation (3) to Equation (13). Figure 3 shows that there are only
four active nonzero eigenvalues (squares of the singular values) in the covariance matrix of the structural responses,
indicating most of the modal components contained in the 20-channel have been projected on to the first four principal
components, which is depicted in Figure 4. It has also been shown in Figure 4 that while each of the four principal com-
ponents contains 1 dominant mode of the four modes, respectively, it is still a mixture of the four modes. After applying
CP on these four principal components according to Equation (12), they are completely separated into four individual

100 Covariance Matrix of Structural Vibration Responses
T T T T T T T T

T
90 1
80 b
70r 1
60 - b

50 &

Eigenvalues

40t 1

30+ 1

20 - b

0 2 4 6 8 10 12 14 16 18 20
Index

FIGURE 3 The eigenvalue distribution of the covariance matrix of the structural responses of the 20-degree of freedom numerical model
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FIGURE 4 The principal components and their Fourier spectra of the structural responses of the 20-degree of freedom numerical model
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modal coordinates (shown in Figure 5), upon which HT-based SDOF analysis methods are performed to extract the
modal frequencies and damping ratios. The mode shapes were estimated according to Equation (11) and correlated with
the analytical ones using the modal assurance criterion. Table 1 lists the estimated modal parameters that match the
analytical ones very well. The modal masses of these four modes were then estimated using Equation (24) with the esti-
mated mode shapes and the knowledge of the four dominant masses (ignoring all those small masses whose knowledge
usually not available). The estimated modal masses are seen very close to the analytical ones. Thus, a modal model with
the estimated modal parameters was established.

Next, using the established modal model, simulated structural responses to the Chichi earthquake excitation'"”! were
generated as follows. For each of the four dominant modes, the earthquake excitation applied at the first DOF was

[43]

CP-estimated Modes Fourier Spectra
10 — : 10000 Aol il
0 5000
-10 . . . 0
0 5 10 15 20 0 5 10 15 20
)
= 20 . . . 6000
£ [}
s S 4000
=] 0 =
= £ 2000
S <
S 20 : ; ; 0
0 5 10 15 20 0 5 10 15 20
20 10000
0fr 5000
-20 0
0 5 10 15 20 0 5 10 15 20
- 4 x10*
0 2
0 5 10 15 20 0 5 10 15 20
Time (Sec) Frequency (Hz)

FIGURE 5 The modal coordinates estimated by the complexity pursuit (CP) algorithm applied on the active principal components of the
structural responses of the 20-degree of freedom numerical model

TABLE 1 Modal parameters of an overcomplete numerical system estimated by PCA-CP

Modal frequency (Hz) Damping ratio (%) MAC Modal mass
(mode
Mode Theoretical Estimated Theoretical Estimated shape) Theoretical Estimated
1 0.3444 0.3442 0.69 0.69 1.0000 383.38 375.24
2 0.8709 0.8706 0.27 0.29 1.0000 434.33 424.00
3 1.3239 1.3234 0.18 0.19 1.0000 535.29 533.24
4 1.6919 1.6911 0.14 0.13 0.9997 356.06 344.41

Note: MAC = modal assurance criterion; PCA-CP = principal component analysis-complexity pursuit.
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projected onto the modal domain using the corresponding estimated mode shape. Then the modal responses are com-
puted by solving the SDOF models Equation (21) using the Newmark-beta algorithm. Then these modal responses were
synthesized by the mode shapes using the modal superposition Equation (25) to obtain the structural responses. These
simulated structural responses were compared with the actual earthquake responses generated from the full 20-DOF
system. Figure 6 shows that they correlate with each other quite well, indicating that using the estimated modal model
consisting of few dominant modes and the knowledge of few dominant rigid masses are able to predict the structural
responses of the full (spatial) model well.

2.4 | Summary of the video-based simulation method

The proposed video-based method for high-fidelity simulation and realistic visualization of full-field structural dynamics
is capable of embedding the arbitrary forces induced full-field structural dynamic responses predicted by an established
full-field modal model into a new video of the structure by video motion synthesis and manipulations. Summarizing
those presented as per Equation (1) to Equation (26), the proposed method whose flowchart shown in Figure 1
undergoes the following steps:

Step 1. “inverse identification”: (a) Establish the full-field modal model of the structure by estimating the full-field
modal parameters using the motion extracted from line of sight video measurement of the operating (output only)
structure as per Equation (1) to Equation (13) and computing the modal masses as per Equation (22) to
Equation (24).
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FIGURE 6 The synthesized structural responses and their Fourier spectra using a modal model consisting of only the first four modes,
compared with those directly produced by the full 20-degree of freedom numerical model. (showing only the first four channels'
displacements. Black point dash line: synthesized; red dash line: actual)
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Step 2. “forward simulation”: (b) Project the force onto the modal domain and compute the corresponding modal
responses by solving Equation (21). Obtain the full-field structural responses by synthesizing the modal responses
using modal superposition Equation (25).

(c) Obtain a new photo-realistic, physically accurate video embedded with the full-field synthesized dynamic
response (at each involved pixel) by replacing the original video motion with the synthesized dynamic response and
performing the inverse transform (reconstruction) of the complex steerable filters (Equation (26)).

2.5 | Comparisons with computer-aided FEM simulation and visualization

Compared with finite element computer model simulations that require detailed specification of the structure's geom-
etries, materials properties, and boundary conditions, the video-domain modal model implicitly incorporates these
information in its constituent full-field modal parameters that are estimated from line of sight video measurements
of the operating structure. In addition, the low-modal-dimensional and decoupled nature of the full-field modal model
allows the proposed approach to directly solve only few SDOF system equations in the modal domain to obtain the
structural dynamic response. In contrast, traditional finite element computer model simulations require either solving
the high-spatial-density, coupled multi-degree-of-freedom system of equations directly or first finding the eigensolutions
for the large-scale spatial model to solve for the dynamic structural responses in the modal domain. The final results of
the proposed procedures can be visualized and animated in a photo-realistic, physically accurate video of the structure,
as compared with those cartoon-like figures in a computer model of the finite element computer model simulation.
Table 2 lists a detailed comparisons of the two approaches for high-fidelity simulation and visualization of structural
dynamic responses.

3 | EXPERIMENTAL VALIDATION

3.1 | Experimental setup

In this section, the proposed method is validated by laboratory experiments conducted on a bench-scale model of a
three-story building structure. The structure consists of aluminum columns and lumped mass plates on each floor, with
its base fixed. A stationary camera (Sony NXCAM with a pixel resolution of 1920 x 1080) outfitted with a Zeiss lens with
a fixed focal length of 24 mm was used to take line of sight video measurements of the structure. The frame rate was set
at 240 frames per second. The illumination environment is the ordinary indoor lighting condition without any external

TABLE 2 Comparisons of the features of the two approaches for high-fidelity simulation and visualization of structural dynamics

Comparisons Finite element computer model simulation Video-domain modal model simulation
Model Spatial model requiring detailed specifications of Modal model with full-field modal parameters
the structure's physics (geometries, boundary estimated from line of sight video measurements
conditions, material properties, etc). of the structure
Dimension Usually high-spatial dimension Usually low modal dimension
Computation Solve large-scale coupled multi-DOF system equations Directly solve very few decoupled single-DOF
—or— system equations
Perform eigen-analysis on the large-scale spatial model for
reduced-order modal domain single-DOF system
computation
Results Cartoon-like visualization and animation of structural Photo-realistic visualization and animation of
dynamic behaviors in the computer model structural dynamic behaviors in a realistic video of
the structure
Errors In modeling the structure's physics, solving the large-scale In estimating/establishing the full-field modal model,

coupled system equations, and so on

Note: DOF = degree of freedom.

representing the structure's dynamics using a
low-modal-dimensional model, and so on
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Video camera

FIGURE 7 The experimental setup to perform video measurement of a three-story building structure excited by horizontal impact.
(Accelerometers measurement were used in input-output testing for reference comparisons)

illumination enhancement. An impact hammer was used to excite the structure horizontally at different places for dif-
ferent testing scenarios, inducing only in-plane vibration. Figure 7 shows the experimental setup.

For validation, each “virtual” test (simulations using the established modal model) was compared with an “actual” test
in the same setting. The following comparison method was used. For each experiment, the force applied on the structure in
the actual test was measured and used in the simulations as the virtual force. This force was then projected to the modal
model, and the induced simulated structural responses are obtained and embedded into the simulated video. These sim-
ulated structural responses are compared with the responses estimated from the video measurements of the “actual” test.

3.2 | Implementation procedures and results
3.2.1 | Establishing the full-field modal model

For the first step, a hammer test was conducted to establish the full-field modal model. From the video measurements
(the pixels were spatially downsampled to 384 X 216 [with reduced spatial resolution but still very high spatial dimen-
sion for full-field measurement] to reduce the data points for the purpose of more efficient computation and better illus-
tration/visualization of the results in the figures/videos in this experimental study*), the displacement motion was
extracted and analyzed by the recently developed video-based full-field output-only modal identification method!?®! to
identify the modal parameters. Figure 8 shows the extracted modal coordinates from which modal frequencies and
damping ratios were then estimated by HT-based SDOF analysis method. Figure 9 shows the identified full-field mode
shapes. The modal mass of each mode was estimated using the dominant mass of each floor and the mode shape com-
ponent at the pixel coordinate corresponding to the floor location (Figure 10), according to Equation (24). Thus, the
modal model was established.

To validate the established modal model, a discrete-type FEM with three dominant masses was established, and
additionally, an input-output hammer testing (producing the frequency response function) using accelerometers (con-
tact type) measurements were conducted. Their estimated modal parameters are listed in Table 3, and the discrete-type
mode shapes are shown in Figure 11. For calculating the modal assurance criterion values, the mode shapes from the
FEM were used as reference. Also, the mode shape components of video-domain full-field modal model corresponding
to the three locations of the three floors were correlated with the mode shapes of the FEM. It is seen that the modal
parameters estimated from the videos have excellent correlations with others.

*It is found in the experiments that the computation increases gracefully with the increase of the pixel dimension. Note that pixel downsampling is not
a required step by the proposed method; more efficient optical flow methods!**! to extract full-field displacements from the videos may be explored for
computational efficiency but is out of the scope of this study.
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FIGURE 8 The modal coordinates and their Fourier spectra extracted by the principal component analysis and complexity pursuit (PCA-
CP) algorithm applied on the full-field spatiotemporal pixel phases of the video measurements
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FIGURE 9 The full-field mode shapes of the three-story structure in the pixel coordinates (x and y axis) identified by the principal
component analysis and complexity pursuit algorithm applied on the full-field spatiotemporal pixel phases of the video measurements.
From left to right: Mode 1, Mode 2, and Mode 3. Note that the rigid floors are not present. Also note that the color bar scales are different for
each plot

3.2.2 | Video-domain simulation and visualization of full-field dynamic response

Then different impact force excitations were applied on the structure for different simulation scenarios: Test 1 with
impact force on the first floor and Test 2 on the top floor, respectively. The responses (displacements) induced by the
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FIGURE 10 The pixel coordinates of the video frames of the three-story building structure. Red squares are the three pixel coordinates
used for estimating the modal masses (each red square contains only one pixel; the enlarged square is only for enhanced visualization in
this plot). The pink arrow points to the pixel coordinate where the (virtual) force is applied (this plot shows the top floor impact case) during
the testing in the video-domain simulation

TABLE 3 The modal parameters estimated from different approaches

Modal frequency (Hz) Damping ratio (%) MAC (discrete mode shape)
Mode 1 2 3 1 2 3 1 2 3
FEM 6.35 17.70 25.49 — — — — — —
FRF 6.10 17.20 25.30 0.68 0.65 0.36 0.9992 0.9998 0.9995
Video S1 6.00 17.40 25.80 0.64 0.41 0.30 0.9976 0.9974 0.9973
Video S2 6.00 17.40 25.80 0.63 0.53 0.30 0.9966 0.9941 0.9773

Note: FEM = finite element model; FRF = frequency response function; MAC = modal assurance criterion.

actual measured impact force (Figure 12) were simulated using the established modal model (solving Equation (21)by
the Newmark-beta algorithm) and modal superposition synthesis Equation (25). To validate these simulated full-field
responses (displacements), they were compared with those estimated from the video measurements of the “actual” test
using the video-based output-only modal identification technique.[26] For demonstration, the responses of some pixels
are shown in Figure 13 and Figure 14 for Test 1 and Test 2, respectively. Since time synchronization between the force
measurement system and video cameras was not possible, the two types of responses were temporally aligned manually
for comparisons. Also to focus on the comparisons of the dynamics of the simulated and the experimentally estimated
structural response, the responses were normalized by their maxima, respectively, excluding the errors of the calibration
factors of these two measurement systems. Note that the normalized responses have no physical units.

It is seen that the simulated responses correlate quite well with the motion estimated from the video measurements
of the “actual” tests in both time domain and frequency domain. Time response assurance criterion (TRAC), similar to
the frequency response assurance criterion,'*> was used to quantify such correlation. The TRAC values of the responses
of Test 1 (for the three pixels shown in Figure 13) are 0.8811, 0.8005, and 0.8365, and those of the response of Test 2 (for
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FIGURE 11 The estimated mode shapes using three different approaches: red square— finite element model (FEM); black triangle—
Input-output testing frequency response function (FRF); blue star (Test 1) and green circle (Test 2)—video processing technique. The x
axis is the normalized magnitude. Note that the mode shapes estimated from the videos were full-field (Figure 9), but their values at three
locations corresponding to the three floors are plotted here to compare with the other two approaches
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FIGURE 12 The time histories and their Fourier spectra of the hammer impact forces applied on the three-story building structure when
actually conducting the tests for comparisons with the video-based motion simulation and synthesis. (blue solid line: impact applied on top
floor [Test 2]; black dash line: impact applied on the first floor [Test 1])

the three pixels shown in Figure 14) are 0.9580, 0.9530, and 0.9467. The high TRAC values indicate the effectiveness of
the established modal model in characterizing the dominant structural dynamics and predicting dynamic responses.

Finally, these simulated full-field responses were embedded into the original video by replacing the existing motion
in the original video with these simulated motion. Video S3 and Video S4 are the simulated videos for the two force
excitation cases, while Videos S1 and S2 are the video measurements of these two “actual tests.” Videos S1-S4 are
provided in the Supporting Information section online. The good correlation of the motions evident in Figure 13 and
Figure 14 implies that the embedded simulated motion of the generated video (Videos S3 and S4) were consistent with
the motion of the real-recorded videos of the actual tests (Videos S1 and S2, respectively). This is visualized by
comparing Video S3 with Video S1 and Video S4 with Video S2, respectively, where the simulated videos have very high
resemblances to the actual videos. Note that between Videos S1 and S3 and between Videos S2 and S4 were not time
synchronized, respectively. Therefore, it is validated that the proposed method enables high-fidelity simulations and
realistic visualization of structural dynamic response.

3.3 | Discussions of the sources of errors and limitations for practical implementations

Although the results presented in Section 3.2 for the simulated response using the proposed method and the response
estimated from the actual experimental tests are reasonably accurate in terms of the correlations quantified by TRAC,
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FIGURE 13 The synthesized structural responses (impact on first floor for Test 1) and their Fourier spectra using the full-field modal
model of the three-story building structure, compared with those responses measured and estimated from the video measurements of the
actually-conducted test. Showing only the (normalized) displacements of the three pixels (from top to bottom) circled on Figure 10. (black
point dash line: synthesized; red dash line: actual) See the simulated full-field structural responses in Video S3 compared with the actual
structural responses in Video S1
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FIGURE 14 The synthesized structural responses (impact on top floor for Test 2) and their Fourier spectra using the full-field modal
model of the three-story building structure, compared with those responses measured and estimated from the video measurements of the
actually-conducted test. Showing only the (normalized) displacements of the three pixels (from top to bottom) circled on Figure 10. (black
point dash line: synthesized; red dash line: actual.). See the simulated full-field structural responses in Video S4 compared with the actual
structural responses in Video S2

for the experiment in this study and for practical implementations, the errors of the simulated motion embedded to the
new videos could come from several sources, which are summarized in Table 1 and detailed in the following with dis-
cussions on the experimental results.

3.3.1 | Main error sources

The first error source comes from the imperfect estimation of the full-field modal model from the video measurements.
It is seen from Table 1 that the modal parameters among different estimation approaches are slightly different. First, the
modal parameters estimated from the video, from which the full-field modal model was established, are different from
those from input-output testing. This is because the modal parameters estimated from the video use output-only
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response and are usually less accurate than those estimated using both input and output information. Also, both esti-
mated from the videos (output-only response) but at different impact excitation scenarios, the modal parameters are also
slightly different, especially the damping ratios of the second mode (Table 1) and the mode shapes of the third mode
(Table 1 and Figure 11). This may be due to (weakly) nonlinear behaviors of the structure where varying excitation such
as different amplitudes will induce change of dynamic properties of the structure. Therefore, it is seen that using the
modal model estimated from the original video to simulate new dynamic response induced by different excitation
causes difference between the simulated response and the actual response (see Figure 13 and Figure 14).

Another error source associated with the full-field modal model may be due to the discrepancy that, the new
dynamic response was simulated using the established modal model with proportional damping (using the damping
ratios estimated from the original video shown in Table 1), while the damping of the structure is usually
nonproportional. This could cause the slight difference between the simulated and the actual decaying behaviors of
the structural response as seen in Figure 13 and Figure 14. In addition, it is a common challenge in operational or out-
put-only modal analysis that higher modes are less sufficiently excited, and their estimation is less accurate (e.g., the
damping ratio of the second mode and the third mode shape estimated from the video, see Table 1). The higher modes
in the modal model are thus less accurate. This is seen by comparing the simulated responses of the two tests, shown in
Figure 13 and Figure 14. The response of Test 1 contains more components of Mode 2 and Mode 3 (in which the
established modal model is less accurate), and the simulated response has less correlation (lower TRAC values) with
the actual response (Figure 13). On contrary, the response of Test 2 has dominant Mode 1 component (in which the
established modal model is more accurate) and has higher correlation (higher TRAC values) with the actual response
(Figure 14). Another reason may be due to that the higher amplitude of the impact force in Test 2 than Test 1 induces
higher magnitudes of the structural responses and thus has higher signal-to-ratio of the measurements.

3.3.2 | Issues and limitations for practical implementations on real structures

Finally, the deviation between the actual motion direction and the projected motion in the camera (lens) perspective
(video coordinates) could also induce error. In practice, this error could be reduced to minimal by more accurate camera
setup and calibration strategy. Also, real structures usually exhibit both in-plane and out-of-plane (three-dimensional)
vibration; it is therefore necessary to extend the proposed method to also estimate out-of-plane motion (three-dimen-
sional, e.g., torsional modes). This can be accomplished using the multiscale (including multioriented) complex steerable
pyramid filters of the phase-based optical flow method in a three-dimensional formation to allow for estimation of in-
plane and out-of-plane motion in any orientation with stereo camera measurement system, while this study focuses on
proof-of-principle development and validation of the proposed algorithm with the basic one-dimensional in-plane vibra-
tion cases.

For possible solutions in the future to improve the method, a modal model additionally incorporating nonlinear
modeling terms could help address this issue; challenge exists for identifying and modeling the nonlinearility, however.
Also, as discussed in the Estimation of the Modal Mass Section, the estimation of modal masses is approximately
applicable for structures with rigid motion of dominant masses; otherwise, a full mass matrix is needed but subjected
to availability. In addition, more robust algorithms are needed for identifying the full-field modal model from the video,
as video camera measurements of outdoor real-world structures have varying imaging environment, such as variant
perspective, illuminations, and other environmental effects.

4 | CONCLUSIONS AND FUTURE WORK

This study proposes a novel video-based method for high-fidelity simulation and realistic visualization of full-field struc-
tural dynamic response based on a combination of the full-field modal model and the video motion manipulation tech-
niques. The full-field modal model is established by estimating the full-field modal parameters from line of sight video
measurements of the structural vibration using the phase-based video motion estimation and BSS-based full-field out-
put-only modal identification algorithm. The modal masses are approximated by a simple model reduction strategy.
The modal responses simulated from the modal model subjected to the modally-projected arbitrary force are synthe-
sized by the full-field mode shapes using modal superposition to obtain the full-field structural response. The simulated
full-field structural response is finally embedded to the original video of the structure to render full-field, high-fidelity,
realistic visualization, and animation of the simulated motion in a realistic video of the structure. This new method is
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validated on a proof-of-principle basis by simulation study on a numerical model and experimental study on a labora-
tory-scale model of a building structure.

The proposed method is potentially a useful alternative to the traditional finite element computer model simulation
method in alleviating the exhaustive procedures and computation costs associated with high-fidelity modeling and sim-
ulating structural dynamic behaviors. The first reason is because the method bypasses the need for explicit modeling of
the materials properties, structural geometry, and boundary conditions. The second reason is that the method directly
exploits the low-modal-dimensional nature of structural dynamics. An additional potentially attractive feature of the
method is that it enables high-resolution visualization and animation of the simulated full-field structural dynamic
response in a realistic video of the structure that was not previously possible. Nevertheless, there are a few issues that
need to be addressed before the proposed method could possibly gain wider acceptance. Future work needs to be con-
ducted on building more accurate dynamic model by possibly conducting more refined experimental modal analysis and
incorporating nonlinear terms and extending the dynamic model and motion processing and synthesis to three-dimen-
sional using stereo video camera measurements and processing for real-world structures.
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