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ARTICLE INFO ABSTRACT

Keywords: This work discusses the possibility of using phase-based motion magnification as a non-
Non-contact measurements destructive inspection tool for defect detection and identification in vibrating panels. Phase-
Full-field measurements based motion magnification has recently emerged as a potentially disruptive technology in the

Video processing
Motion magnification
Damage detection

field of optical methods for vibration engineering. In fact, the method allows to post-process
high-speed video recordings in order to magnify small motions happening in a prescribed
bandwidth. In particular, our strategy relies on measuring the full-field low-frequency eigen-
shapes, and extracting their aberration as resulting from small defects. Effects of defects are
usually very localized in space but may appear even at lower frequencies, making the approach
particularly suitable for any kind of high-resolution full-field optical technique. Within this
work, a novel phase-based processing pipeline for defect detection is described, and a set of
preliminary tests is discussed to assess the feasibility and advantages of the methodology. All
validations were carried out by means of numerical simulations relying upon a photo-realistic
dynamic finite element model of a rectangular plate.

1. Introduction

In the last few decades, image-based optical methods have emerged as an attractive solution for measuring vibrations due to
exceptional advances in computing power, memory storage and increased availability of high-speed camera sensors [1]. Besides
the industrial-grade optical non-destructive methods such as laser Doppler vibrometry (LDV) [2-5] or electronic speckle pattern
interferometry (ESPI) [2,6], novel image-based measuring techniques are emerging, which rely on images or photographs to sense
measurable quantities for structural dynamics and vibration monitoring.

Recent trends are characterized by migrating or adapting well-established computer vision techniques to high-speed imaging for
vibration monitoring applications: this trend has been fueled mostly by technological developments, with modern hardware making
old methods suitable for dynamic applications. An emblematic example is optical-flow. Its theory dates back to the early eighties [7-
9], but it was recently demonstrated as a viable tool for modal analysis [10-12], structural vibration measurements [13], and even
damping identification [14]. Similarly, although the principles of stereo or multi-view photogrammetry have matured in the last
century, a plethora of photogrammetry methodologies have appeared recently for structural dynamics [1]. Methods can be broadly
classified into three categories, depending on the tracking approach used: point-tracking (PT) [3,4,15-18], digital image correlation
(DIC) [3,5,6,19-27], and target-less approaches. Stereo Photogrammetry principles have been recently adopted for achieving 3D
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vibration measures combining a single high-speed camera with a simpler mass-market still camera [28], whereas the pros and cons
of a multi-view approach have been recently discussed in [29]. The interested reader may find a broader review of the last decades’
advances on optical methods in [30].

A peculiar alternative to all the above-mentioned methods relies on the video motion magnification (VMM) approach. Originally
introduced at MIT [31-34], VMM relies on a phase-based Eulerian video processing approach consisting of magnifying motion
happening in a prescribed frequency band. Fueled by its unprecedented ability of magnifying motion without increasing also
the noise floor, several methods flourished which adopted VMM as a pre-processor in combination with other techniques, for
exploiting the resulting increase of the overall signal-to-noise ratio. In [35] operational deflection shapes are extracted using VMM
in combination with PT; another joint method combining VMM and DIC was proposed first for mode shapes characterization [36],
and further extended to stereo-photogrammetry [37] proposing a 3D-DIC solution built on top of two individually magnified videos.
Besides, quantitative variants of the VMM approach started to appear, with the ambition of not only magnifying the observed
vibrations but also measuring the underlying motion [38]. Phase-based motion processing enabled the extraction of the operational
deflection shapes of a wind turbine [39,40], and paved the way for the phase-based damage detection approach proposed later
in [41]. An enhanced phase-based video processing method was recently proposed in [42], where authors demonstrated the superior
quality obtained by using an Hilbert transform based approach, instead of the more traditional Gabor wavelet.

More recently, Yang et al. demonstrated the possibility of using a tuned version of the VMM original pipeline, without the need for
any other measuring methods, nor the prior knowledge of the resonance frequencies, by exploiting blind source separation techniques
for experimental modal analysis [43], high-fidelity finite element modal updating, and full-field dynamic strains estimation [44].

A similar research was presented recently in [45], which relies on DIC for retrieving experimentally a set of full-field strain mode
shapes used to define a high-fidelity finite element (FE) model, and using it within a dedicated strain expansion-reduction approach.
Other solutions achieving model-based strain estimation were previously attempted in [46], by using a few optical markers on the
structure, and in [47,48], by exploiting a virtual sensing strategy jointly with a very limited number of accelerometers.

In view of the recent advances documented in [43,44], this work promotes the usage of VMM as an inspection tool for defect or
damage detection. Vibration-based structural damage detection has been an active research field over the last decades, with several
methods developed around the general idea of using the vibration response of the monitored structure to understand its overall
structural health condition [49-52]. Since Pandey and colleagues have paved the way for damage detection based on observing
the changes in the curvature of mode shapes [53], a plethora of works have investigated the subject [54-61]. The numerical issues
challenging the applicability of the methods have been relaxed: the solution proposed in [58] relies on a modified Savitzky-Golay
filter and the cubic smoothing spline method; whereas Yang et al. have more recently demonstrated robustness and efficiency of
evaluating the modal curvature by exploiting the Fourier spectral method [59-61]. More importantly, the usage of mode shape
derivatives has been mathematically and experimentally proven to be sensitive enough for obtaining a reference-free damage
detection method.

Differently from the past, the above-mentioned progress in optical vibration methods offers unprecedented possibilities in the
field of vibration-based damage detection. For this reason, we propose a modification of the VMM original pipeline [31], which
relies on the 1D-Fourier transform for gathering the frequency spectrum, or a sparse subset of harmonics, of the Complex-Pyramid
phase coefficients. The overall procedure relies on three steps. First, we extract the frequency response function (FRF) of a subset
of small cropped regions of the video in order to estimate the dynamic response of the specimen under investigation, similarly
to [38]. Afterwards, we execute a full-field computation of all the operational deflection shape pyramids. The latter may be properly
collapsed into Image-space operational deflection shapes (ODSs). Finally, the first and second derivatives of each ODS are considered
as damage indicators, which enables to highlight the presence of defects or damage, even using a single camera setup, and without
requiring any knowledge of the healthy reference structure.

In particular, this work aims at demonstrating the feasibility of the proposed damage detection approach by looking into the
following aspects: (1) verifying and assessing to what extent the considered levels of damage produce a significant difference in
terms of operational deflection shapes, (2) investigating the effectiveness of the Complex-Steerable Pyramid decomposition as a tool
for extracting both the phase-based FRF of the observed specimen, and (3) the full-field image-space deflection shapes; (4) probing
the robustness of the proposed reference-free detection of defects. These feasibility tasks were performed by means of photo-realistic
FEM simulations, conceived to mimic realistic experimental scenarios using different levels of damage, and with increasing levels of
simulated noise. Numerical experiments allowed to conduct the feasibility investigation without the interference of other challenging
effects, such as luminance variation or misalignment of the camera between the different testing conditions. In particular, the use of
artificial video sequences enabled the explicit comparison of damaged vs. healthy structures, allowing a quantitative and objective
evaluation of the severity of the simulated damage levels.

The remainder of the paper is structured as follows: Section 2 describes the proposed methodology, whereas results of the
numerical feasibility assessment are presented in Section 3, and finally discussed in Section 4.

2. Phase-based defect detection

As depicted in Fig. 1, we exploit the complex steerable pyramid decomposition for its ability to make even the more subtle tiny
motions of the sampled specimen detectable as a proportional phase-shifting of the complex coefficients. In practice, we adapted
the original Phase-based Video motion processing [31], by exploiting the Discrete Fourier Transform (DFT), instead of band-pass
filtering the phase-shifting time-series of each sub-band in the pyramid. In particular, we formulated these DFT operations to extract
a small sparse subset of harmonics. The processing can be summarized as follows. Each image is transformed into its corresponding
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Fig. 1. An illustration of the proposed Phase-based Defect Detection process.

Complex Steerable Pyramid (CSP) [31]. Each video frame is convoluted with a set of multi-scale steerable filters. Each complex
sub-band, L; o oriented along direction 6, and at scale s, can be decomposed as:

. . iPi
L:9,s = M;,Se 0.5, (€D)]

where the two real-valued images, M;,s and P;’A_, represent respectively magnitude and phase of the corresponding sub-band
level for the ith video frame. The size of each level depends on the originating frame size, and on the used kernel type. When using
an octave-CSP, the first levels of the pyramid have the same size as the captured frame, with dimensions almost halving at every
scale level. More details on the fundamental theory behind the CSP formulation can be found in [62,63]. Within this paper, each
level of the CSP is stored without subsampling, thus maintaining the same resolution as the originating frame.
The variations of each complex steerable pyramids sub-band, AL;,S, are obtained with respect to a designated reference frame,
Ly, exploiting the complex conjugate operator ()*, as follows:
.. Li L
ALl = aM, P = ﬁ )
0.5 0,s
It is worth noting that most of the computations represented in Eq. (2) can be efficiently organized by computing the complex gain

matrix, K, which depends only on the reference image,
L*
K= —" @)
Los Lo,

S

As a result, the phase shifting signals, APQ ,» are extracted by taking the argument of the complex-valued sub-bands:

AP;YS = arg(ALﬁ)yS) = arg(Lfg,s -K). (©))
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Considering N as the number of frames recorded in the video, the kth component of the DFT can be computed as:

1>(k D
Z AP —1211 . (5)

The phase-based video processing (Eq. (1)-(4)) enables to use each pixel of the video as a sensor array, more exactly one sensor for
each subband of the pyramid. The sensitivity of each pixel sensor depends on the strength of the local texture and its orientation with
respect to each filter direction. Similarly to the approach used in [64], a more robust estimate of the full-field spectral deformation
shapes, @*, is obtained as the weighted sum of each subband component:

(Dk 20 s ¢k Mg‘s ) (6)
2o MG,
The obtained spectral shapes are obtained exploiting the proportionality of the phase-shifting signals of each sub-bands to the true
motion. It is worth mentioning that the Phase-based optical flow signals reported along this study are proportional to the module
of the optical flow, which represents the velocity vector of each point of the observed specimen projected on the image plane. As
a result, the reported signals maintain the dimension of angles, as we are reporting directly the phase-shift computed along each
complex subband with respect to the reference frame.

2.1. Step 1: FRF computing

As a preliminary step, following an approach similar to [38], various cropped regions of the video are extracted and processed.
Each region represents a sort of “virtual displacement sensor” which can be estimated applying Eqgs. (1)-(6), in order to obtain the
full-field single-sided spectrum, &, Vk = 0% In particular, the phase-based optical flow FRF of the considered location is obtained
as the sum of the magnitude of the obtained spectral components for each pixel belonging to the corresponding region of interest
(ROI). Choice of the amount of cropped ROIs, and their location could follow the same criteria commonly used for achieving optimal
sensor placement. In fact, a ROI centered around the stationary point of a certain eigenshape, may result in a poor estimation of
the corresponding eigenfrequency. The size of the ROIs can be tuned in order to balance between computational efficiency and
robustness. In facts, smaller ROI are computed faster; whereas bigger ROIs lead to more robust results, as they rely on a larger set
of pixels.

2.2. Step 2: Extracting the full-field deflection shapes

The FRFs, obtained either by the method described at the previous section or by using conventional vibration testing equipment,
are instrumental to accomplish a preliminary dynamic analysis, and more importantly to peak-pick the set of frequencies for which
notable deflection shapes will be extracted using the proposed Video Motion Processing.

For each designated frequency, f, we obtain:

k= L%]N, @

N

where F, is the sampling frequency, and k is the integer index used to steer the sparse discrete Fourier transform computation of
the corresponding ODS, @, obtained by evaluating Egs. (5) and (6) at full-field resolution.

2.3. Step 3: Computing the damage maps

Similarly to [60], we exploit the Fourier domain for extracting the full-field derivatives of each ODS map. Considering the forward
and inverse DFT applied to each ODS map, ®*:

m—1n—1

k —i2r B & _ _
0“ =DFT(@®") = 0! . = z:’)zoe Tk Vp=0..m—1AVg=0..n—1 ®
J i=l
m—1n-1 p/,
k o 2 4 . .
o* =IDFT(0") > &k | = mn};)z;)”‘ Ok Vi =0.m=1AVi=0..n-1 ©)
P=0 q=

the image-space second derivatives of each ODS map, can be obtained conveniently in the Fourier Domain, as follows:

2Dk

—— = IDFT (0% x K* x K*); (10)
X
2k
aaqz = IDFT (0% x K’ X K”) ; an
y

where multiplications, x, are intended pixel-by-pixel, and the derivative filters, K* and K”, are defined according to:

. i-1
Kj{izn[e‘z”T—1];v1'=1...nAVj=1...m (12)
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Table 1
Specimen geometry.

Name Parameter Value [mm]

Plate width 250
Plate height 500

a

b
Vertical position of the defect c 125
Horizontal position of the defect d 100
Vertical position of the exciting force e 90
Horizontal position of the exciting force f 150
Small Damage (5,) d, 12
Medium Damage(sS,) d, 21
Big Damage (S;) dy 30

b

Fig. 2. Finite Element Model of the plate with different defect sizes.

. j—1
Kj{i=n[e‘2”%—1];Vi=1...n/\Vj=1...m (13)

Damage identification maps, D¥, corresponding to the designated k-ith ODS frequency, are computed evaluating the second order
spatial derivatives of each ODS map, ®*.

2~ 2k
pk= 0P 0P 14
0x?2 0y?

A broadband version of the above mentioned damage map indicator is obtained by summation of all the previously extracted
ODSs:

D= ZDk. (15)
k

3. Feasibility validations

A set of numerical investigations were carried out to assess potential and possible limitations of the Phase-based defect detection
methodology presented in Section 2. All validation cases rely on the combination of advanced photo-realistic rendering techniques
and FE dynamic simulations.

3.1. Simulation analysis case

Inspired by a recent experimental campaign [65], we modeled a rectangular aluminum plate, by means of the Siemens Simcenter
3D software package. Damaged versions of the same plate have been realized by removing different sets of elements, thus obtaining
varying sizes of a C-shaped passing-through cut, as depicted also in Figs. 2 and 3. Geometrical parameters of the specimen, and of
the different damages are detailed in Table 1.

After imposing the essential boundary conditions on the four clamped edges of the plate, we extracted the modal parameters by
means of the real eigenvalue analysis module (SOL 103 Flexible Body), for each variant of the plate.

The same mesh used for the FEM analysis was used to build a tessellated polygonal object within an OpenGL 3D rendering
context. To mimic the textured effect of the real specimen, a gray-color pattern with a smoothly varying texture was generated by
tuning properly the raster shading rendering stage, which is the program within modern GPU rendering pipelines responsible for
computing the color of each pixel before appearing on the screen. In practice, the gray-level color ¢ (black: ¢=0; white: c=1.0) of
each point was coded as a function of its location within the plate, in order to mimic a multi-wavelength texture coating. This was
achieved according to the following formula:

¢ =0.1+0.4cos? (%x) + 0.4 sin® (zfy) (16)
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Fig. 3. Varying sizes of the considered damage.
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Fig. 5. FRF displacements extracted from FE simulations at the impact location.

where the wavelength of the texture, A, was tuned as
500
A= — mm
33

17
The resulting photorealistic plate model is depicted in Fig. 4.

Animation of the photorealistic plates, required for producing the videos of the vibrating panels was obtained by updating the
position of the nodes of the underlying tessellation. First, we solved the transient dynamic analysis of the underlying FE of the plate
specimens, subject to an impulse force applied at the location depicted in Fig. 2. Fig. 5 exemplifies such responses for the impact
node location.

Secondly, the simulated modal displacements were used as input on the dedicated modal-based rendering program. For the
scope of this work, the simulated videos of each damaged plate were stored using 8-bit gray levels uncompressed image sequences,
of 512x1024 pixel resolution. Moreover, each frame of the obtained reference videos was contaminated with four levels of additive
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(a) 0 =0.5 (b) o = 1.0 (¢) o =20 (d) o =5.0

Fig. 6. A detailed view of the top-left corner of the simulated plate, recorded emulating four levels of additive Gaussian random noise, with a standard deviation
of ¢ =[0.5,1.0,2.0,5.0] 8bit-gray levels.
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Fig. 7. COMAC damage metric computed for different size of the considered defect by using the eigen shapes from the FE Analysis.

normally distributed zero-mean random noise, with a standard deviation of ¢ = [0.5, 1.0, 2.0,5.0] 8bit-gray levels. The impact of the
chosen noise levels in deteriorating the image quality is exemplified in Fig. 6.
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Fig. 9. Contributions of each sub-band to the phase-based FRF computations.

3.2. Assessing the level of damage

A simple, yet well established metric used to identify and locate damage in term of modification to the mode shapes is the
coordinate modal assurance criterion (COMAC) [50], which can be evaluated as:

(zm00t,)
(@, 2) (Zr@?)

where ¢ ; and ¢f{ ; represent the jth eigen vectors, evaluated at each point i on the healthy and on the damaged structure
respectively.

As reported in Fig. 7, the three defect sizes, S,,.5,, S5, produce an impact on the COMAC index, with most of the reduction
localized around the defect location. As expected, the largest defect, .55, produced the biggest damage, with a considerable COMAC
reduction of above 60% around the defect location, whereas the smaller defects, .S; and .S,, procured respectively a COMAC reduction
of about 0.25% and 4.5%.

COMAC, = (18)

3.3. Phase-based FRF

A cropped region of 256x256 pixels centered around the impact point has been selected for the scope of applying the method
detailed in Section 2.1, thus computing the phase-based FRF around the simulated impact location.

The quality of the obtained phase-based FRF was validated in comparison with the FRF extracted from the corresponding FE
simulation. Fig. 8 exemplifies such a validation for the S; defect size case.
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Fig. 10. Phase-based Optical Flow FRF estimated around the impact location for the .S, defect size, under increasing level of noise.
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Fig. 11. Phase-based Optical Flow FRF estimated around the impact location for the .S, defect size, under increasing level of noise.
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Fig. 12. Phase-based Optical Flow FRF estimated around the impact location for the S; defect size, under increasing level of noise.

To better understand the effectiveness of the Complex-Steerable Pyramid decomposition, Fig. 9 reports the contribution of each
subband to the overall computation of the FRF. It is interesting to note that subbands of different scales contribute with different
levels of significance, spanning several orders of magnitude.

The FRF extraction procedure has been repeated for every defect size and for all the considered levels of noise. The corresponding
results are documented in Figs. 10-12.

3.4. Full-field operational deflection shapes

As described in Section 2.2, the frequencies for the extraction of the corresponding full-field ODSs were selected by pick-
picking on the obtained phase-based FRF results. A summary of all the selected frequencies is reported in Table 2, alongside the
corresponding eigen-frequencies obtained by means of FE analysis. The resulting full-field ODSs are depicted in Fig. 13.
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Fig. 13. ODSs extracted using phase-based motion processing.

3.5. Damage map indicators

Damage indicators for the three different sizes of the defect were computed as described in Section 2.3. Fig. 14 depicts the
obtained results. For all the reported results, the pseudo-color scaling has been automatically adjusted to maximize contrast.

As expected the damage indicator has a very neat result for the biggest damage case, with all ODSs contributing clearly to the
final result, except the seventh and the ninth ones. For the smaller damage, S,, the contours of the smaller defect are still apparent
in the final result, although with less contrast. It is also interesting to note that only a subset (namely the 2nd, 3rd, 4th, 8th and
10th) of all the considered ODSs have a significant contribution to the final results. As expected, the proposed method was not able
to achieve a significant result for the smallest defect. However, such a result is in line with the predicted severity of the damage, as
discussed in Section 3.2. The comparison of the obtained results suggests that the proposed curvature-based damage index is also
proportional to the severity of the defect.
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Fig. 14. Modal Curvature Damage maps ODS extracted using phase-based motion processing.

3.6. Damage map indicators: sensitivity to noise effects

As reported in Fig. 15, our results indicate that the considered curvature-based damage indicators are quite robust against
noise effects. Generally speaking, noise can be tolerated quite well. For the biggest damage case, S;, defect is neatly identified
even with the highest noise levels, which may correspond to extremely poor illumination conditions. In similar circumstances, the
proposed procedure became incapable of detecting the smaller defect, .S,. Noise effects for the smallest damage scenario, .S;, were
not investigated.

11
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Fig. 15. Modal Curvature Damage maps extracted using phase-based motion processing, for increasing levels of noise in the recorded video.

Table 2
Finite Element (FE) eigen-frequencies vs. Phase Based (PB) Peak-frequency (see Section 2.1), for three different defect sizes: S, S,, S;. All frequency are expressed
in Hz.

Mode N. S|:FE S,:PB S,:FE S,:PB S3:FE S;:PB
1 73.4597 73.5 73.3718 73.5 73.2189 73.0

2 94.9715 95.0 94.4696 94.5 93.5524 93.5

3 133.3623 133.5 132.1067 132.0 129.8549 130.0
4 188.7511 189.0 187.2650 187.5 184.5926 184.5
5 191.2743 191.0 191.1609 191.0 190.8529 191.0
6 212.4478 212.5 212.2180 212.5 211.5282 211.5
7 248.9064 249.0 248.6990 249.0 247.9912 248.0
8 260.6073 260.5 259.8465 260.0 258.2970 258.5
9 301.1633 301.0 300.8490 301.0 300.1411 300.0
10 347.7249 348.0 346.8345 347.0 338.3573 338.5

4. Conclusions

In this work we presented a novel defect detection methodology aiming at exploiting the advantages of phase-based motion
magnification in combination with a reference-free damage localization procedure. The conceived methodology consists of two
phases: first, the eigen-frequencies are deduced from post-processing the phase-based optical flow signals or alternatively the
accelerometer and shaker or hammer excitation signals; afterwards, the operational deflection shapes (ODSs) corresponding to
each eigen-frequency are extracted using a revised version of the original phase-based motion magnification pipeline, which we
conceived to extract the FRF harmonics, one for each frequency of interest, and coded as complex steerable pyramids. Defect
detection is achieved by analyzing the curvature of the extracted ODSs. Numerical investigations were carried out by means of
the photorealistic FEM model of a fully clamped plate.

The reported results confirmed that all the modal full-field high resolution ODSs in a prescribed bandwidth can be extracted. In
particular, the defect detection can be achieved by monitoring the extracted ODSs, despite considering a single-view scenario.

Furthermore, feasibility of the damage detection was assessed for different sizes of the defect. An estimation of the severity of
the defects was proposed by means of the COMAC criterion. Moreover we demonstrated the robustness of the procedure against
noise.
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