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Determination of vibration amplitudes from
binary phase patterns obtained by phase-shifting
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Speckle shearing interferometry (shearography) is a full-field strain measurement technique that can be used in
vibration analysis. In our case, we apply a method that combines the time-averaging and phase-shifting tech-
niques. It produces binary phase patterns, where the phase changes are related to the zeroes of a Bessel J, function,
typical of time-averaging. However, the contrast and resolution are better compared to traditional time-averaging.
In a previous paper, we have shown that this is particularly useful in vibration testing performed under industrial
conditions, because fringe patterns are noisier than in quiet laboratory environments. This paper goes a step
further in proposing a processing method for estimating the vibration amplitude, for helping non-experts to
identify vibration modes. Since shearography measures the spatial derivative of displacement, spatial integration
is required. Prior to that, different processes like denoising, binarization, automated nodal line detection, and
amplitude assignment are applied. We analyze the performance of the method on synthetic and experimental
data, in the function of noise level and fringes density. Results on data acquired in an industrial environment
illustrate the good performances of the proposed method. © 2018 Optical Society of America

OCIS codes: (120.6160) Speckle interferometry; (120.7280) Vibration analysis; (100.2650) Fringe analysis.
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1. INTRODUCTION

Interferometric techniques, such as analog holographic interfer-
ometry (HI) [1], digital HI [2], electronic speckle pattern inter-
ferometry (ESPI), sometimes called total variation (TV)
holography [1,3], and speckle shearing interferometry (shear-
ography) [4], are contactless optical techniques used in the field
of non-destructive testing for measuring displacement fields or
strains. They can also be used for vibration analysis [1,4], with
the ultimate goal to provide the vibration amplitude of mode
shapes appearing at resonance frequencies. All techniques use a
laser that illuminates the object under vibration. In all cases,
except shearography, one part of the laser beam is extracted

through an optical shearing device [4]. Such interference
patterns, called shearograms, are recorded at different instants
during object deformation. The numerical difference between
two shearograms gives rise to an interferogram that allows for
observing the derivative of the full-field displacement of the
object along the optical shear direction. Because of its self-
referenced optical scheme, shearography is less sensitive to envi-
ronmental disturbances than other techniques using a reference
beam. It is the only one usable in highly unstable environ-
ments. It has, hence, become an important measurement tool
outside the optics laboratory [5-7].

For observation of vibration modes close to resonance, all

(so-called reference beam) and directly impinges the recording
device, where it interferes with the light reflected by the object
(so-called object beam), forming a hologram or specklegram in
the function of the technique considered. In shearography,
there is no reference beam: one records the interference pattern
between a speckle object wavefront and itself laterally shifting
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interferometry techniques (including shearography) have been
demonstrated through various configurations. The best-known
is time-averaging (T'A) [8—10], in which interference patterns
(holograms, specklegrams, or shearograms) are recorded over an
integration time much longer than the object vibration period.
Assuming the object is sinusoidally excited, the intensity images
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show Bessel-type interference fringes (Besselograms) with a
maximum of intensity at the vibration nodes and a rapidly
decreasing contrast from the nodes to antinodes. Intense re-
searches are carried out since the invention of TA interferom-
etry for retrieving the vibration amplitude through phase
computation methods. For applying the latter, phase variation
has to be introduced, e.g., by moving the phase of the reference
beam at the frequency of object excitation, as demonstrated in
TA [11]. This allowed for the use of the popular temporal
phase-shifting (TPS) in TA [12]. However, TPS is adapted
to sinusoidal fringe patterns captured by all of the above cited
interferometric techniques. Applying it to TA is not straight-
forward because of the disparity between Bessel and sinusoidal
functions [12]. Most works carried out in the field made use of
reference wave modulation, together with various strategies for
correcting such disparity in view of vibration amplitude deter-
mination [13-16]. Other techniques were applied to TA, like
amplitude variation of the reference frame [17] and introduc-
tion of a spatial carrier [18]. Simpler implementations with
single frame analysis based on Hilbert transform [19] or with
further improvements were also considered [20,21]. Another
class of interferometry methods for vibration analysis avoids
TA and Bessel fringes and is based on the stroboscopic real-time
method [10,22]. It assumes shuttering the object illumination
in synchronization with the excitation. For that, it requires ad-
ditional synchronized shutter, chopper, or deflection of the
beams. This is necessary to illuminate the scene only when the
object is at its maximum of displacement, which temporarily
freezes its movement. As a result, the holograms, specklegrams,
or shearograms can be recorded at rest and during vibration. TPS
can be applied for computing phases in each state, and the phase
difference shows interferograms that can be easily evaluated in
the same way as for non-vibrating objects [23]. This advantage
is counterbalanced by an important loss of light due to the
stroboscopic operation, which limits the applicability to small
objects. Also, the nodal line corresponding to a zero dis-
placement (e.g., at clamping points) cannot be determined by
stroboscopic techniques, contrary to TA-based configurations.

An interesting alternative also combines the TA technique
with TPS and is referred to here as the phase-shifting time-
averaged (PSTA) method [24-26]. It has a big advantage over
the two classes of techniques cited previously: PSTA does not
make use of a phase-shifter included in the excitation loop for
precise control of the phase. Instead, it uses the simple principle
of phase-shifting in one of the two beams, without any specific
synchronization to the object excitation. Therefore, a basic
interferometric setup (i.e., not specifically developed for vibra-
tions) can be used. We already presented developments and the
application of PSTA shearography for mode shapes visualiza-
tion in industrial environments [27,28]. However, the method
provides binary phase fringes. We showed that it is advanta-
geous compared to Besselograms, where modal displacements
are important. In particular, the fringe contrast is found to be
better in the binary phase patterns of PSTA compared to the
contrast of other traditional TA-based configurations.

Our previous works [27,28] only proposed qualitative re-
sults, sufficient for identification of mode shapes, e.g., through
comparison with calculated ones. The final purpose of our
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work is to provide images from shearographic acquisitions that
will help non-experts to identify the most important vibration
modes in strain tests at frequencies below 10 kHz. Our work
departs from other ones in the fact that, because we use shear-
ography, we need integration of patterns. With the integration
process being impacted by noise, pre-processing was needed,
and it led to different processing steps presented in the paper,
up to the determination of vibration amplitude.

The paper is structured as follows. Section 2 reviews the ba-
sics of shearography PSTA. Two experimental data sets are in-
troduced in Section 3. Section 4 describes the pre-processing,
which consists of phase rotation and denoising. Their perfor-
mance will be assessed on both synthetic and experimental data.
In Section 5, we describe the main processing, which recon-
structs the displacement and vibration amplitude maps. The
section also includes its qualitative evaluation on real data.

2. BASICS OF SHEAROGRAPHY PSTA METHOD

As illustrated in Fig. 1, shearography acquisition proceeds by
illuminating an object under vibration with a laser. Light scat-
tered by the object surface is observed by a camera through a
shearing device of the Michelson interferometer type. The latter
consists of a beam-splitter cube (BS) with mirrors M| and M,
placed in the transmitted and reflected arms of the BS, respec-
tively. This assembly splits the object image into two parts that
are retro-reflected by two mirrors before entering a camera with
its objective lens (OL).

If one of the mirrors is slightly tilted (e.g., M, in Fig. 1),
both reflected images 7,; and 7,, appear transversally shifted
from the other in the direction e,. The shift is called the shear
displacement, and the direction ¢; is the shear direction. In the
overlapping region (see gray area in Fig. 1), interference occurs,
giving rise to the shearogram.

During vibration, the instantaneous intensity /;,.(¢) in each
pixel of the camera plane is given by

]inst(t) = 101 + 102 + ]m COS(¢ + 6(t)) (1)
Im = 2(101102)1/2 ’

where 7,, is the modulation intensity, ¢ is the phase
difference between both interfering images, and 6(z) is the op-
tical phase variation due to vibration displacement, which is
given by
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Fig. 1. Shearography setup and resulting shifted images with overlap
in gray.
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0(z) = o4 sin(wr), (2)

with 8,4 as the amplitude of the optical phase variation and w as
the cyclic frequency of vibration. Our method assumes TA of
the instantaneous intensity profile /;, () obtained by record-
ing shearograms over a time longer than the period of vibration
27 /®. The resulting pattern can be described as [28]

I = 101 + 102 + Im COS(¢)]O(6A)’ (3)

where / is the zeroth-order Bessel function of the first kind.

At any time, the phase difference A¢ between the phase ¢
and a reference phase ¢,, related to the resting state (i.e., with-
out vibration), can be computed using the phase-shifting tech-
nique [29]. This consists of acquiring a set of shearograms with
an additional known phase shift between each capture. For that
purpose, a piezoelectric translator (PZT) moves mirror M to
produce the phase shift (see Fig. 1). Usually, we use the
four-step algorithm with a phase shift A¢g; of 7/2. The four

acquisitions are expressed as

Ile = [01 + 102 + ]m COS(Q’) + kA¢5)]O(5A) (4)

for £ € {0, 1, 2, 3}. At the resting state, 84 is zero so that /(5 4)
is one (see Fig. 2), and ¢, is computed from the four acquis-
itions [29] by

¢, =tan (I3 - 1,)/ o - 1)) (5)

When vibration occurs, /4(0,4), the multiplicative term in
Eq. (4), takes any real value. Phase ¢ is undefined when
J0(84) is zero and, otherwise, is computed on each pixel by

_ 0 if /o(64) >0
¢_¢r+{n i 705, <0 (©)
Combining Eqs. (5) and (6), the difference A¢ is
0 if /o(64) >0
Ap = { x if Jo(8,) < 0. (7)
undefined otherwise

Figure 2 illustrates the variation of A¢ with respect to &, the
absolute value of 4. Equation (7) shows that PSTA shearog-
raphy only provides a binary phase pattern A¢), which is related
to the amplitude of optical phase variation 4. The purpose of
the current paper is to propose a method that estimates the map
of vibration amplitudes ¢, (i.e., the vibration mode shape),
related to 6, through the following formula [4]:

1 - Jo
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By 53 3
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Fig. 2. Variation of phase differences A¢p with respect to the abso-
lute values of directional displacements of vibration amplitudes in the
shear direction (54). The first six zeros &, (k= 1, ..., 6) of the Bessel
function / are shown.

a§0 4 47[

:—A, = —qQ,
04 95 »PA /140 (8)

where % is the directional derivative in the shear direction e, and
A, is the shear displacement.

3. DESCRIPTION OF EXPERIMENTAL DATA

A. Data Acquired in Optics Laboratory

We acquired shearographic measurements of a metallic turbine
blade. The blade base was clamped in a dedicated support
attached to the stud of a shaker used to test the blade under
vibration. The blade size (5 cm x 4 c¢m) is representative of the
object sizes investigated in industrial environment. The shaker
allows vibrations up to a few tens of kilohertz (kHz). The setup
includes a continuous diode pumped laser at 532 nm wave-
length (from company Coherent, model Verdi) and a CCD
camera (from company Allied Vision, model Manta G 145)
[27,28]. The final image size is 686 x 756 pixels out of the
1388 x 1038 available ones. Figure 3 shows the binary phase
patterns A¢ acquired by shearography at resonance frequencies
of 2910, 7960, 8450, and 8630 Hz, corresponding, respec-
tively, to columns 1, 2, 3, and 4. The rows (a), (b), and ()
of Fig. 3 correspond to shear directions, respectively, vertical,
horizontal, and diagonal, all with a shear amount of 1 mm.

B. Data Acquired in Industrial Environment

We acquired data of a metallic turbine blade at V2i S.A. The
equipment is the same as for the optics laboratory data, except
that the laser is a LMX from Oxxius, emitting 300 mW at
532 nm. We also used a band-pass filter centered at that wave-
length for rejecting spurious ambient light (laser line cleanup
filter from Edmund Optics). The blade is about 5 cm x 10 cm
in size and occupies a small region in the field of view, with a
final image of 400 x 800 pixels or 430 x 450 pixels (depending
on the vibration setting) out of the 1280 x 1024 available ones.
The shaker allows vibrations up to a few kHz, and the frequen-
cies of the acquisitions are in the range of [360,1350] Hz. This
dataset permits testing the method in a range of frequencies
lower than the one of an optics laboratory. Both datasets cover
the resonance frequencies between about 0.1 and 10 kHz.

Vibration modes

Shear directions

a i | i e D L

Fig. 3. Images of phase differences acquired by shearography at four
resonance frequencies up to 10 kHz and for three shear directions.
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Fig.4. Images of phase differences acquired by shearography at vari-
ous resonance frequencies and shear settings. The frequencies are in
the range [360,1350] Hz. The shear amplitude is 5 mm in (a) vertical
and (b)—(g) horizontal directions.

Figure 4 shows images of phase differences acquired by shear-
ography at various resonance frequencies and shear settings.

4. PRE-PROCESSING

The method we propose for estimating the map of vibration
amplitudes from shearographic measurements is based on ac-
curate delineation of the fringes in the original acquisition.
Because it is based on the speckle effect, shearography is subject
to speckle noise inherently present in the images (see in par-
ticular Fig. 4). The presence of speckle is related to object
roughness [30]. Speckle grains have dimensions that depend
on aperture of the imaging system [3]. In our results, a speckle
represents 3—5 pixels. Another phenomenon can be seen in
some figures of Fig. 4: the phases are not necessarily well de-
fined (with values of 0 and 7, seen as black and white fringes,
like in Fig. 3) and can be shifted by a constant providing light
gray and dark gray fringes. This is probably related to a bad
application of phase-stepping in the industrial environment,
and this does not help us to clearly, qualitatively observe the
mode shape. This was already discussed in our previous paper
[28]. Therefore, pre-processing is required for rotating the
phases and attenuating the noise contained in shearographic
observations.

A. Phase Rotation and Denoising

Now, we work in a discrete framework. The two-dimensional
images of size 7; x 7, are vectorized and belong to RY, where
N = n,n,. Pixel intensities of images are in [0, 2z[. We denote
the 2z-modulo operator by M.,,.. Let A¢p € RY be the original
image of phase differences. We only have access to observations
z € RV, a wrapped and noisy version of A¢), which can be
expressed as follows:

z = My (A + n), ©)

where A¢ can only take values in {A¢pq, Agy + 7} [see
Eq. (7)], and » € R¥ is an additive Gaussian noise, where each
n; follows a Gaussian distribution of zero mean and variance 2.

Pre-processing looks for a good estimate A¢, € RY for A¢p
based on observations z. This stage is divided into two steps:
phase rotation and denoising. We consider two denoising
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techniques. The first one is an adaptation of the well-known
median filtering to phase images (MF). The second one is based
on the resolution of an inverse problem enforcing the estimate
to be piecewise constant, i.e., to have a small total variation

(TV) [37].

1. Phase Rotation
Theoretically, the pixel intensities of fringes should only be 0 or
7. Translating (or rotating on the circle [0, 2z{) the two peaks of
the histogram to 7/2 and 37/2 minimizes the noise outliers
resulting from phase-wrapping in regions of lower and higher
intensities (see right tail of noise distribution in Fig. 5). The
histograms of pixel intensities inside the blade (selected with
the blade mask A7) show, however, initial distributions with
two peaks located at Agpy and A¢py + 7.

The first step of pre-processing is consequently applying the
following phase rotation to the pixel values of z,

z, = Mys(z - Do + 7/2). (10)

2. Denoising with Median Filter

The common way for removing noise in images of phase fringe
patterns is applying a sine/cosine average filter [31]. The appli-
cation of this principle is introduced in our context as follows.
Filtering z, with a linear filter, such as an average or Gaussian
filter, would smooth the 27 discontinuities due to the wrapping
operator. This problem is solved by calculating the sine and the
cosine of z,, which leads to the continuous fringe patterns sin z,
and cos z,. These patterns are then individually filtered, and the
filtered version of z, is obtained by applying successively the
operators tan™' and M,,. Such a filtering process is called
sine/cosine filtering. For a filter operator F, its application
on z, leads to the estimate Ag,, defined as

A, = M, (tan™! (F(sin z,)/F(cos z,))). (11)

The median filter M risa nonlinear filter [32]. Its application
on z, is defined at pixel 7 as

[M(z)], = Median{(z,) i € W)}, (12)

where W () is a square window of width a centered at pixel 7.

This nonlinear filtering is more effective than linear filters
for preserving edges and reducing impulse noise [33,34]. In this
paper, we consider a sine/cosine median filter, for which the
operator F in Eq. (11) is M.

f(ni+mnj) 10-3

— 27
oy =50 X 5%

--- 0, =70x &

y 1 1 + } (11,‘ =+ 1’1;)1‘
—7T _% %r T 37" 2
Fig.5. Theoretical probability density function (pdf) of the additive
noise (n; + n;) on pixel 7 with intensity (A¢,); = #/2. The pdf is
represented for two different standard deviations o,.
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3. Denoising via Regularized Inverse Problem Formulation
Filtering is useful in denoising images when only corrupted ob-
servations are available. However, extra knowledge about the
acquisition model, the smoothness properties of the pure im-
age, or the noise statistics allows us to formulate the denoising
problem as an inverse problem. Such a problem aims at revers-
ing the corruption process from the observations.

Forward Model: A key element in inverse problem resolu-
tion is to have an appropriate mathematical expression for the
forward model, i.c., the model relating the observations to the
original data. In our case, based on the knowledge of the ideal
acquisition process (see Section 2) and on visual inspection of
the histograms of experimental observations, the forward model
can be described in first approximation as Eq. (9).

We will work with the equivalent equation for rotated
observations defined by Eq. (10),

z, = My (Ap, + n), (13)

where A¢, = (A¢p - Ay + 7/2) can only take values in
{m/2,37/2}. Equation (13) can be approximated as follows:

z, ¥ Ap, +n+n' €[0,2x] (14)

with an additive noise ' € R, where 7, is distributed accord-
ing to the following distribution knowing (A¢,);:

0 wp.py =P(-(Ap,); <n; <27 - (Ag,),)s
w.p. p1 = P(n; > 27 - (Ag,))),
2w w.p. p = P(n; < -(Ag,))),

n, =< -2x,

(15)

where w.p. means with probability, and IP is the probability sym-
bol. In other words, the modulo operator is replaced by an im-
pulse noise having the same effect on the data. Probabilities p,,
21> and p, depend on the variance 62 and on the values of Ag,.
We are not interested in the exact knowledge of the distri-
bution of 7, but rather in the shape and decay of this distri-
bution (see Fig. 5 for theoretical distribution f(7; + 7;)).
Principle: The estimate of the original and noiseless image
is computed via the resolution of the following minimization:

A¢, = arg min,cpn ||x - 2, ||, + a®(x) subject tox > 0,
(16)

where the first and second terms are called the daza fidelity term
and the rggulgrization term, respectively. The ¢1-norm is de-
fined as IECI = >N, |x;| for x € RY. This norm is well
adapted for data corrupted by noise with outliers or by impulse
noise, namely noise with heavy-tailed distribution [35,36]. We
observe this behavior in shearographic measurements when the
noise level is high (see Fig. 5). The regularization term ®(x)
stabilizes the inverse problem, initially ill-posed, by adding «
priori knowledge to Ag,. Parameter @ > 0 can be considered
as a parameter making the trade-off between the two terms.

After application of the initial phase rotation, the binary
phase maps have intensities equal to 7/2 or 37/2, which
are separated by smooth delineation curves. Therefore, the
natural regularizing term @ is the TV norm, which is minimal
for cartoon-like images [37]. TV of an image x € R is defined
as the #;-norm of its gradient magnitude,

N
Dy (%) = [[[Vallally =D 1Vl (17)
=1
where || - ||, denotes the £;-norm. The symbol V represents
the discrete gradient operator, defined as

V:RN - RV, x = (Vx) = (Vix', Vox D7, (18)

where V; € RV*V s the first spatial derivative along direction
¢;, approximated numerically by first-order finite differences.

Implementation: For numerical implementation, Eq. (16)
can be rewritten as an unconstrained minimization problem,

Ag, = arg min, gy [|x - z,[|; + a®(x) + gy(x),  (19)

where indicator function iy equals zero if x is non-negative
and +oo otherwise. Optimal parameter a is such that
A}, - z,/l; = |Ad, - 2|, ie., the £;-norms of noise and
residual after denoising are equal. This optimal value is approxi-
mated by &, a parameter computed iteratively as follows. First,
an (under)estimation of the noise £;-norm 7, is computed via
fast MF denoising of z, with a window width equal to 3. We
choose a large initial value for @&. Estimated that & is updated
after each denoising step according to the following rule:

ak+D = g (ﬁfl/HAd)](,k) - z[y)- (20)

This rule is applied only if the multiplicative factor is smaller
than 1. Although heuristic, this updating rule allows for an
automatic choice of the regularization parameter and gives good
results, both for MF and TV denoising (see Sections 4.B
and 4.C).

The algorithm used to solve Eq. (19) is the Chambolle—
Pock primal dual algorithm [36]. It belongs to the family of
proximal algorithms based on the concept of proximal
operator [38]. Such algorithms are able to solve convex prob-
lems with non-smooth and non-differentiable objective func-
tions, like Eq. (19).

B. Performance Evaluation on Synthetic Data

This section (i) evaluates the performance and the limitations of
the pre-processing on synthetic data, and (i) compares the
performances of both denoising techniques, i.e., MF and

TV denoising.

1. Quality Criterion

The quality of A¢, and z compared to A¢, is measured
through the signal-to-noise ratio (SNR) metric. We define the
SNR between an original image x; and another image x, as
SNR(x1, ;) = 10 log([|x,[l3/ %2 = 1 [13).

2. Synthetic Data

We created synthetic phantoms of the size 512 x 512 with pixel
values [0, 2z and consisting of artificial blades rotated by an
angle of 30° (see Fig. 6). The pixel intensity of the fringes is
in {7/2,3x/2}. Fringes density corresponds to the number
of fringes per distance unit, i.e., per pixel.

We evaluate the limitations of the method with respect to
two parameters of the input data, namely the noise level and the
fringes density. To this end, we generated observations with
different fringes densities and noise levels according to Eq. (9).
Standard deviation 6, corresponds to the SNR in the range of
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@) (b) © @

Fig. 6. Some of the synthetic observations z used for experiments
described in Section 4.B.3 (fringes density is 0.06 and noise level
varies from 5.3 to 7.6 dB). (a) Image A¢. (b) SNR;, = 7.6 dB.
(c) SNR;, = 6.4 dB. (d) SNR;, = 5.3 dB.

5.3-7.6 dB (see Fig. 6), and the fringes density varies from 0.02
to 0.32. By comparison, the estimated SNR of experimental
images acquired in an industrial environment (see Fig. 4)
are between 6.7 and 9.9 dB. We estimate o0, via the
median absolute deviation (MAD) of the (high-pass) filtered
blade pixels. The resulting estimate is Gyap = 1.4826 x
MAD(blade pixels) [39].

3. Results and Discussion

We conducted the following simulations for MF and TV:
(7) evaluating the quality of the output image for different levels
of noise and fixed fringes density, and (i7) evaluating the quality
of the output image for different fringes densities and fixed
noise level.

Figure 7 shows the results of the first simulation, i.e., the
mean SNR of estimate A¢), over 25 trials as a function of
the SNR of observations z. The filled areas represent the stan-
dard deviation. The numbers near the nodes are the mean value
of & over all of the trials. For the highest level of noise, MF
denoising leads to better results on average but with larger var-
iations in SNR. Regarding the range of estimated SNR of ex-
perimental data acquired in an industrial environment, TV
denoising should, however, give better results than MF denois-
ing for real images.

Figure 8 illustrates the results of the second experiment for
SNR;, = 6.4 dB. It shows that no matter the fringe density,
TV denoising produces estimates A¢,, with a higher SNR than
MF denoising does. The difference of SNR is higher for images
with only a few but large fringes. This behavior is similar for

0.83
30 | 7.00
)
ach
5
& 20
&
2.18 - O- MF denoising
10 + —e— TV denoising
9.56 ] ‘ ‘
5 6 7 8
SNR;, [dB]

Fig. 7. Mean SNR (25 trials) of phase image estimate A¢, as a func-
tion of the SNR of z (fringes density: 0.06). Solid (respectively,
dashed) line represents the mean value of SNR,, obtained after
TV (respectively, MF) denoising.

25 ¢
- O- MF denoising
) —e— TV denoising
9,
E > ~o-
g 20 o~ o-
19p]
O -0 %
o O 4 o
15 L | . ~ 5

5.10-2 01 015 02 025 03
Fringes density [fringes/pixel]

Fig. 8. Mean SNR (25 trials) of Ag, as a function of the fringes

density of z (SNR;, = 6.4 dB). Solid (respectively, dashed) line rep-

resents the mean value of SNR,, obtained after TV (respectively, MF)
denoising.

higher values of SNR;,,, including the range of SNR;; estimated
in the experimental data.

We conclude from synthetic experiments that TV denoising
outperforms MF denoising for realistic noise levels. The larger
the fringe densities are, the better TV denoising works com-
pared to the MF technique. This result is not surprising, since
TV denoising takes into account a structural prior on the
image, while MF acts rather locally.

C. Qualitative Performance Based on
Experimental Data

1. Quality Criterion

Due to multiple reasons (the lack of original data, the sparsity
of experimental data in terms of fringe density and noise level),
we are only able to qualitatively evaluate the denoising tech-
niques by using a visual criterion: their ability to restore distinct
fringes.

© (d)

Fig. 9. Pre-processing results for the acquisition at vibration mode 2
in the horizontal shear direction. (a) z. (b) Ag,. (c) Ag, after MF
denoising. (d) Ag, after TV denoising.
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(c) (@

Fig. 10. Pre-processing results for the acquisition at vibration mode
2 in the diagonal shear direction. Black ellipses indicate areas where
identification of fringes is difficult. (a) z. (b) Ag,. (c) A, after MF
denoising. (d) A, after TV denoising.

2. Results and Discussion

We pre-processed real data (from the optics laboratory and
industrial environment) with both denoising techniques. As
for synthetic data, all of the experiments were conducted with
automatic selection of regularization parameter .

Figures 9 and 10 show pre-processing results on two acquis-
itions from the optics laboratory. Pre-processing results on the
acquisitions from the industrial environment with the highest
fringe density [corresponding to Figs. 4(f) and 4(g)] are illus-
trated in Figs. 11 and 12.

Fringe identification is easier after pre-processing, even in
areas where the fringes density is high. Figures 10 and 12 show
examples, in which the identification of fringes in areas with
high fringes remains difficult (see black ellipses).

© @
Fig. 11. Pre-processing results for acquisition of Fig. 4(f). (a) z.
(b) Ag,. (c) Ag, after MF denoising. (d) Ag, after TV denoising.
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Fig. 12. DPre-processing results for acquisition of Fig. 4(g). Black
ellipses indicate areas where identification of fringes is difficult.
(@ z. (b) Ag,. (0 Ag, after MF denoising. (d) A, after TV

denoising.

5. PROCESSING: ESTIMATION OF VIBRATION
AMPLITUDES

A. Overview
The (processing) method we propose for estimating the quali-
tative map of vibration amplitudes from shearographic mea-
surements is based on a correct outlining of the fringes in
the original acquisition. To limit the corruption due to the
noise, we apply this method to the pre-processed image (A¢,).
The method is based on the fact that the function of phase
differences takes value 0 or 7 according to the sign of the Bessel
function / when the function &, increases (see Fig. 2). Inside
any fringe of A¢,, the values of 5, vary between two zeros &,
&1 of Jo. In the first approximation, we assume that 64 is
constant inside any fringe of Ag,, i.e., 5, is a piecewise con-
stant function with sub-domains corresponding to the regions
in which A¢ is constant (0 or ), i.e., in which Aqﬁp takes the
value 7/2 or 37/2, after rotation in the pre-processing step
(Section 4.A.1). In the context of TA speckle pattern interfer-
ometry, some techniques exist for providing a continuous phase
from images of fringe patterns [15,17]. In Ref. [17], the tech-
nique is based on demodulation after approximation of the
Bessel function /, by sinusoids. In Ref. [15], the technique
is based on the inversion of the Bessel function /, and exists
in two variants: a direct inversion and an optimization method.
We obtain the sub-domains of 4 by segmenting Ag, into
the regions on which it is constant (/2 or 37/2). Then, we
build the function 8, by assigning a value to each of its sub-
domains. The value is zero in the regions of zero-crossing
(corresponding to vibration nodes) and is a zero value of the func-
tion / in the other regions. A similar method used for indexing
the intervals for the computed phases is described in Ref. [15].
There is insufficient information in the function &, for
directly estimating the function of vibration amplitudes ¢ .
However, we can compute ¢4 by integrating the function
0,4 along the shear displacement,
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Py = /6AA5 dS, 51‘1 = 5A sign(ﬁA). (21)
The only missing information is the signs of §,4. We estimate
them in two steps. We first identify the regions of zero-crossing
of 64, then, we estimate the signs of the displacements accord-
ing to the number of regions of zero-crossing. One region of
zero-crossing is a priori known: the clamped part of the blade
that does not undergo relative movement with respect to the
other part of the blade during the vibration. Therefore, we
always assume that the vibration amplitude is zero at the clamp-
ing. If this region is the only region of zero-crossing, the sign of
8,4 is constant in the other regions. We fix it at one. Otherwise,
we assume that it alternates between the values -1 and 1 on
both sides of the regions of zero-crossing.

We can exploit information both in the function A¢, of
phase differences and in the image /,, redefined as

Ly = 1,,]0(84) (22)
to automatically detect the regions of zero-crossing. Indeed, the
fact that the Bessel function /j, is maximum at zero (see Fig. 2)
implies that the function 7, is maximum when &, is zero.
Moreover, since /,, multdplies the sinusoidal functions in
Eq. (4), the computation of ¢ from Eq. (6) makes the SNR
of A¢p = ¢ - ¢, maximum. In conclusion, we can use the fact
that the function 7,, and the SNR of A¢ are maximum in re-
gions of zero-crossing to detect them. In the remainder of the
paper, we also call the newly defined 7,, the modulation intensizy
image. Its computation from the four acquisitions obtained for
the phase-shifting technique derives directly from Eq. (4):

=301y + -T2 @)

We finally obtain the function ¢, by integrating Jy,
a piecewise constant function, along the shear displacement.
It results in a piecewise linear function ¢ 4. If this visual aspect
prevents a good interpretation of the results, the method can
improve it using mean-filtering. The resulting image is denoted

as (pA,:'

B. Processing Steps

Figure 13 shows the block diagram of the processing stage.
The method requires the definition of the blade through a mask
M, equal to 1 inside the blade and zero in the background.
Parameters 4, p,, 1, A, and sy are introduced in the
following sections.

1. Binarization
The binarization (i) delineates the fringes of the denoised
phases A¢, (obtained by pre-processing) via thresholding

Ay Pes (Tin) As, (sr)
Ay 1 Ay Amplitude o Integration (& : (@42
M, inarization () Iy) | @ssignment mean-filtering) : Pa(Pas
Thresholding Segmentation

Region-size filtering Small segments cleaning

l

1

i 1
1

I

| |

| (Automatic detection of !

1 zero-crossing regions) :

: Labeling |

Fig. 13. Block diagram of the processing stage. Optional steps and
their parameters are indicated in parenthesis.
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and (i) cleans the regions of too small size using region-size
filtering. The minimum area of the regions is determined by
parameter 4,,. The binarization step provides a binarized
image Ag,.

Thresholding: We convert Ag), into a binary image A¢,, by
setting the pixel values equal to 1 if the original values are larger
than 7 and zero otherwise. We assume that the segments with a
value of one correspond to fringes of A¢h, for which the phase
difference is 37/2, and that the segments with a value of zero
correspond to fringes of A¢, for which the phase difference
is /2.

Region-size filtering: We remove regions with a size
smaller than a percentage 4,, of the area of the largest fringe
(e.g., regions due to noise residuals). If the pixel intensities in-
side a region to suppress are equal to 1, they are set to zero and
vice versa.

2. Amplitude Assignment
The amplitude assignment builds the function 8,4 by assigning
a value to each region of A¢,. It is divided into the following
steps: segmentation, small-segments cleaning, possible auto-
matic detection of zero-crossing regions, and labeling.
Segmentation: The segmentation divides the region de-
fined by the blade mask into segments corresponding to the
regions where A¢, is constant. The algorithm applied for delin-
eating the segment boundaries is the Moore—Neighbor tracing
algorithm using Jacob’s stopping criterion [40]. The stages
small-segments cleaning and labeling exploit the adjacency be-
tween segments. To make it possible, the segmentation also
provides a table of adjacency strengths. We define the adjacency
strength 5;; between two segments Sy, S, as the number of pairs
of pixels (p,,p,), such that p, belongs to S, p; belongs to S,
and p, is adjacent to p;. With this definition, the adjacency
strength between two non-adjacent segments is equal to 0.
For a segmentation of NV segments, we define the table of ad-
jacency strengths as the table A of N? elements, with element

A(k, ) defined as

Ak =S Rl=0,.,N-1.  (24)
D18k

Small-segments cleaning: Small-segments cleaning removes
small holes caused by residual noise in the image A¢,. Let
us consider a segment S, included in another segment S;. This
segment is small in comparison to Sy if its strength is smaller
than 10% of the maximum strength among all strengths of seg-
ments adjacent to S;. The adjacency table is used to locate such
couples of segments (S, S,). Indices £ are the ones for which
the row A(k,/) has only one non-zero value. For each such
index £, index / is the one of the non-zero elements A(%, /).
The adjacency table is also used to determine the strengths
involved in the smallness condition.

Automatic detection of nodal lines: Among the nodal lines
(or regions of zero-crossings Z,), one region Z, is a priori
known: the nodal line including the clamped part of the blade
that is fixed during the vibration test. This zone can be easily
identified by a point (parameter p,). The automatic detection of
the other nodal lines is based on the fact that the function 7,,
[sce Eqs. (22) and (23)] and the SNR of z are maximum in
such regions. The noise contained in the image 7,, can lead
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to insignificant local maxima generating artificial regions of
zero-crossing. To prevent it, we first threshold 7,, using a
threshold (parameter 77,,):

;- {Im if 7, > Ty (25)

” 0 otherwise

The process for identifying the regions Z, starts by assigning to
each segment S, of the binarized image A¢), two values: (i) the
standard deviation 6, of z inside S; and (7) the mean value
my, of the image /,, inside S;. These values are compared, and
a segment S, is identified as a nodal line (Z,) if the two values
0z, and my, assigned to S, are higher than the values 6, and
myz, in its adjacent regions.

Labeling: Labeling assumes that each region of zero-cross-
ing has only one or two adjacent regions. Without this
assumption, the information contained in images z and 7, is
insufficient to estimate the sign of 4. The acquisitions should
be conducted so that the produced measurements fulfill this
assumption. This requires tuning the vibration frequency ac-
cordingly. The labeling is performed in two steps: the estima-
tion of &, and the estimation of the signs of . The
multiplication of the two resulting images provides an estima-
tion of 4.

Estimation of 84 is made in two steps. First, we assign to
each segment a null or positive integer 7, representing the order
of succession of the region counted from the regions Z, of zero-
crossing. This step is iterative: it starts by assigning the value
zero to the regions Z, and then it operates iteratively using the
adjacency table to process from each assigned region to its
adjacent ones (by assigning the value 7 + 1 to each adjacent
region of a region with # value). During the second step,
we replace each 7 value by the nth zero value of the Bessel
function /.

The estimation of the signs of §, is made in three steps.
First, we merge the set of segments that are not the regions
Z, of nodal lines. The resulting regions are indicated by
M. Then, we assign the sign one to the region M, that is clos-
est to the region Z (the one including the clamped part). If
there is more than one region of zero-crossing, there is also
more than one region A, and we assign to the other regions
M, the sign -1 or 1 by alternating between -1 and 1 on both
sides of the regions Z,.

3. Integration and Mean-Filtering

Integration is achieved using the simplest inverse operator of
the directional displacement operator numerically approxi-
mated by finite differences. Let x indicate the function resulting
from the integration of a displacement image & along vector A
of coordinates (A, ;, A,,) and of length A. The value of x at
any pixel p of coordinates (p;,p,) is computed from its value
and the value of 4 at pixel p’ of coordinates (p; - A,

Py - A
x(p) = c(p) + x(p") +4d(p), (26)

where function ¢ is constant with respect to the integration
direction. This latter function is initialized from the boundary
conditions on the edges of the blade mask. The mean-filtering
is a convolution with a square kernel of size Spe

C. Real Data Experiment

1. Quality Criteria

A quantitative evaluation of processing would require the cre-
ation of synthetic maps of vibration amplitudes and the gen-
eration of shearographic measurements via time-consuming
methods. Such a study has not been envisaged at this step,
but could be performed in a future work. Instead, we qualita-
tively evaluated processing on real data by using some criteria of
visual analysis. The criteria and their associated symbols are
listed in Table 1.

When the criteria Z and F are fulfilled, the method detects
all the fringes; it, thus, estimates suitably the image of absolute
values of displacements (5,4). When, in addition, criterion £ is
satisfied, the processing properly estimates the image of dis-
placements (), and, after integration, it estimates appropri-
ately the image of vibration amplitudes. In this case, the
processing is working properly.

We applied the processing stage to each pre-processed image
obtained for both denoising techniques, with the updated rule
for computing the estimate & of the optimal parameter a. Then,
we selected the denoising technique providing the largest num-
ber of criteria in Table 1. When both results are equivalent, we
select the one providing the least mergers of fringes and/or the
less fragmented contours of fringes.

2. Results

Data from optics laboratory: We exploit data acquired in op-
tics laboratory (7) to test the method for the most important
vibration modes in strain tests (obtained at resonance frequen-
cies below 10 kHz) and (i) to evaluate the ability of our
method to facilitate mode identification.

Table 2 lists, for each acquisition, the criteria of Table 1
fulfilled by the results. Eleven out of 12 acquisitions have their
result satisfying criteria Z and F, thus resulting with appropri-
ate estimations of the image &4. In the last acquisition, the
combination of a significant noise level (the same for all acquis-
itions) and a high fringes density makes the estimation of the
image 64 difficult: the binarization produces merging of fringes.

Table 1. Criteria for Visual Analysis

Symbol Criterion

L Fulfillment of the labeling assumption (see paragraph
Labeling in Section 5.B.2)

Z Suitable detection of the regions of zero-crossing

F Suitable detection of other fringes (different from

regions of zero-crossing)

Table 2. Criteria Fulfilled by the Best Result of Each
Acquisition

Vibration Modes

Shear Direction 1 2 3 4
Vertical LZF ZF LZF ZF
Horizontal LZF LZF ZF ZF
Diagonal LZF LZ ZF LZF
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Only half of the acquisitions satisfies criterion £, providing a
suitable estimation of the vibration amplitudes.

Two examples of results satisfying criteria Z and F are
shown in Figs. 14 and 15. Figure 14 illustrates a proper work-
ing of the method: it shows a result satisfying criterion L.
Figure 15 shows a result not fulfilling the criterion £. In these
two examples, the region Z, including the clamped part, is the
only region of zero-crossing. No other region of zero-crossing is
detected, as shown in Figs. 14(d) and 15(d). Therefore, the
criterion Z is fulfilled. Although the region Z is not automati-
cally detected by our method, our process of automatic detec-
tion of regions of zero-crossing is robust enough, since, as
shown in Figs. 14(c) and 15(c), the intensity modulation image
is maximum in Z. In the first example, the region Z, has only

(a) (b) (c)

(d) (e) )

Fig. 14. Results for the acquisition at vibration mode 2 in the hori-
zontal shear direction (after TV denoising). (2) Ag,. (b) Agy. (c) 1,
(d) Regions Z,. (e) Estimation of d,. (f) Estimation of ¢ .

(d) (e) ()

Fig. 15. Results for the acquisition at vibration mode 4 in the ver-
tical shear direction (after MF denoising). (a) Ag,. (b) Agy. (o) 1,
(d) Regions Z,. (e) Estimation of d4. (f) Estimation of ¢ .

two adjacent regions so that the criterion £ is fulfilled.
In the second example, it has five adjacent regions so that
the criterion L is not satisfied. In the two examples, no merging
of fringes appears in the estimation of 84, so that criterion F is
satisfied.

The single result not satisfying criterion F is shown in
Fig. 16. The regions of zero-crossing are correctly identified
according to the modulation intensity image [see Figs. 16(c)
and 16(d)]. The incorrect detection of other fringes is due to
mergers between fringes [see ellipses in Figs. 16(b) and 16(e)].
These mergers appear in regions where the fringes density is so
high that the initial noise level prevents the distinction of
fringes in the original image [see black ellipse in Fig. 10(a)].
Although denoising allows a better distinction between these
fringes, it cannot completely separate them [see black ellipse
in Fig. 16(a)].

In strain tests, non-experts can easily identify the vibration
modes from ESPI acquisitions. The purpose of our method is
to provide images from shearographic acquisitions that will help
non-experts to identify the most important vibration modes in
strain tests, i.e., modes obtained at the first four resonance
frequencies below 10 kHz.

Since few acquisitions at the first four vibration modes sat-
isfy criterion £ (see Table 2), the vibration amplitude maps
provided by integration of their displacement are not suitable
for identifying vibration modes. Nevertheless, the images of
their displacement maps are sufficient to that purpose, as shown
in Fig. 17. Moreover, the shear direction perpendicular to the
direction of the blade base is more appropriate for a better iden-
tification of vibration modes. In the current situation, where
the blade is fixed from the bottom, the more suitable direction
is the vertical one [see Fig. 17(a)].

Data from industrial environment: We exploit data
acquired in an industrial environment to qualitatively assess
the method in an environment less controlled than a laboratory.

(@ (e) ®

Fig. 16. Results for the acquisition at vibration mode 2 in the diago-
nal shear direction (after TV denoising). Ellipses indicate mergers of
fringes. () Ag,. (b) Adh,. (c) 1, (d) Regions Z. (e) Estimation of 5.
(f) Estimation of ¢.
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Vibration modes

Shear directions

Fig. 17. Images of displacements estimated from shearographic
acquisitions at the first four vibration modes. Shear directions are
(a) vertical, (b) horizontal, and (c) diagonal.

Table 3. Criteria Fulfilled by the Best Result of Each
Acquisition

Image (as part of Fig. 4) Criterion

(a)—(f) LZF
(® _

Table 3 lists, for each acquisition, the criteria of Table 1 that
are fulfilled by the results. Almost all of the acquisitions (six
out of seven) have their result satisfying all the criteria obtained
by a proper working of the processing. In the remaining acquis-
ition [see Fig. 4(g)], the combination of the significant noise
level and a too high fringes density involves the merging of
fringes after binarization. The latter prevents the correct detec-
tion of regions of zero-crossing and the suitable estimation of
image a.

Figure 18 illustrates a proper working of the processing, i.c.,
images fulfilling criteria £, Z, and F, on the acquisition with
the highest fringes density [see Fig. 4(f)]. In this example, the
region Z, including the clamped part, is the only region of
zero-crossing. No other region of zero-crossing is detected,
as shown in Fig. 18(d). Therefore, criterion Z is satisfied.
The region Z; has only two adjacent regions so that criterion
L is fulfilled. Finally, no merging of fringes appears in the
estimation of & 4, so that criterion JF is satisfied. The fulfillment
of all criteria allows a suitable estimation of the vibration
amplitudes through the integration, as shown in Fig. 18(f).

The single unsatisfactory result is shown in Fig. 19. The
incorrect detection of the regions of zero-crossing and the other
fringes are due to mergers between fringes [see black ellipses in
Figs. 19(d) and 19(e)]. These mergers appear in regions where
the fringes density is very high. The remaining noise after
denoising prevents the complete distinction between the fringes
[see black ellipses in Fig. 19(a)].

()] O] ()
Fig. 18. Best result for image of Fig. 4(f) (after TV denoising).
@ Ag,. (b) A¢y. (©) I,,. (d) Regions Z,. (e) Estimation of &y.
(f) Estimation of ¢ .

(d) (e) ()

Fig. 19. Best result for image of Fig. 4(g) (after MF denoising).
Ellipses indicate mergers of fringes. (a) Ag,. (b) A¢py. (c) 1,,.
(d) Regions Z,. (e) Estimation of d,. (f) Estimation of ¢ .

3. Discussion

The application of processing on data acquired in an optics lab-
oratory shows that almost all acquisitions provide results with
appropriate estimation of the image of the displacements of
vibration amplitudes and that these estimations are enough
for identifying most of the important vibration modes in strain
tests, i.e., modes obtained at resonance frequencies below
10 kHz. It also shows that shear direction perpendicular to
the direction of the blade base is more appropriate for a better
identification of these vibration modes.

Such analysis would be interesting for vibration modes at
frequencies higher than 10 kHz. However, acquiring data at
such vibration frequencies will unavoidably lead to images con-
taining high fringes density. However, the combination of high
initial fringes density with a noise level that is representative of
real acquisition conditions prevents a correct identification of
the original fringes from the pre-processed image. This alters
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the good working of the processing, which provides inaccurate
vibration maps that prevent a correct identification of the origi-
nal vibration modes. Future work could be the improvement of
the robustness against noise so that the presence of high fringes
density disrupts the delineating of the fringes boundaries as lit-
tle as possible. Robustness against noise could be considered in
pre-processing and in the segmentation part of processing.

Data acquired in an industrial environment were obtained
for vibrations in a range of frequencies lower than the one of an
optics laboratory. The application of processing on this dataset
shows that all acquisitions but one provide results with appro-
priate estimation of the image of vibration amplitudes. Actually,
these results illustrate the limits of the method with respect to
two acquisition parameters: the noise level and the fringes den-
sity. For all acquisitions but one, these parameters are in an
adequate range so that processing provides images of vibration
amplitudes of good quality and that are suitable for interpre-
tation by non-experts. On the other acquisition, the fringes
density is too high for correctly identifying the original fringes
from the pre-processed image.

6. CONCLUSION

Shearography is a contactless optical technique used for vibra-
tion analysis. Non-experts in this field can easily interpret the
vibration measurements if they have access to the amplitude of
vibration mode shapes. However, shearography does not pro-
vide it directly, but rather it provides the phase differences re-
lated to the derivative of displacements. Moreover, in our case,
we use a very simple method based on phase-shifting applied in
the TA mode. This allows one to rapidly obtain binary phase
fringe patterns with better contrast and resolution compared to
other techniques based on TA, in particular, when they are ap-
plied in industrial environments where noise can become im-
portant in the images. In this paper, we proposed a method for
estimating the vibration amplitudes from shearographic mea-
surements under the PSTA method, tackling the effect of dif-
ferent noise sources that are present in the experimental data.
The method is divided into two stages: pre-processing and
processing. The main goal of pre-processing is to reduce the
noise contained in the shearographic acquisitions. We consid-
ered two denoising techniques. The processing stage, including
spatial integration, provides a map of vibration amplitudes from
a less noisy estimation of the initial image (the pre-processed
image). Experiments on synthetic data revealed that TV denois-
ing outperforms MF denoising in terms of noise reduction,
especially for large fringes densities. Experiments on real data
show that, for almost all acquisitions, the noise level and the
fringes density are in an adequate range for delivering images
of vibration amplitudes of good quality suitable for interpreta-
tion by non-experts. In addition, experiments on data acquired
in an optics laboratory show the adequacy of the proposed
method for identifying vibration modes.

Future work concerns three parts of the work: pre-
processing, processing, and evaluation of the entire method.
In pre-processing, we could choose a better regularizer .
TV acts only locally and can lead to non-smooth fringes delin-
eation (known as the staircasing effect). To circumvent this in a
future work, we could use a regularization term enforcing

Research Article

sparsity of the image in the curvelet domain [41] or denoise
S! intensity valued images (with S! as the periodic circle) in-
stead of estimating the impact of the wrapping operator [42].
Concerning processing, the mean filtering could be avoided by
looking for a solution where 84 is more regular than a piecewise
constant function, e.g., by assigning values interpolated be-
tween the zeros of the zeroth-order Bessel function of first kind
to the fringes of the pre-processed image. A technique similar to
the one described in Ref. [15] for providing a phase map as a
continuous solution to the inversion of the Bessel function /,
could be adapted to our context for providing a continuous
map of amplitudes of optical phase variation §,4. Moreover, in-
tegration is chosen among the techniques for inverting the di-
rectional displacement operator as the simplest one. In a future
work, we could implement a better technique by solving an
optimization problem under regularization. Besides providing
results less sensitive to initial noise variation, this would im-
prove their visual aspect without need of post-processing such
as mean filtering. The evaluation of the entire method could be
improved by the addition of quantitative evaluation of process-
ing and assessment of the correct identification of vibration
modes at frequencies higher than 10 kHz.
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