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ABSTRACT

Quadratic frequency modulated thermal wave imaging
(QFMTWI) is gaining interest for active infrared non-
destructive testing due to its depth resolution capability.
Spectral reshaping of obtained thermal response through
multiplying with a Gaussian window is gaining interest to
study the variations of thermal response and in time and
frequency domain. In present article, an analysis on the
performance of Bartlett window on thermal response obtained
from a carbon fiber reinforced polymer specimen excited by
quadratic frequency modulated heat flux. The analysis is
carried out by applying various post processing techniques on
raw and windowed thermal response and Signal to noise ratio
is taken as performance metric for comparison of results.

Key words : Quadratic frequency modulated thermal wave
imaging, Bartlett window, CFRP, Spectral reshaping, Pulse
compression, PCA, Random projection transform.

1. INTRODUCTION

Infrared thermography or infrared non-destructive testing is
proved to be a reliable non-destructive testing and evaluation
technique due to its non-contact, non-invasive, safe and
whole field investigation capabilities. Active and Passive
thermography are two streams of IRNDT in which the
thermal variations of the object analyzed at ambient thermal
conditions in passive thermography and an external stimulus
is provided to the object and the corresponding thermal
response is analyzed in active thermography (AT) [1]. Effect
of heat radiation and heat transfer has been analyzed in
various domains [26, 27].Over variety of stimulation
mechanisms available in AT, non-stationary thermal wave
imaging (NSTWI) [5, 6] techniques overcome the limitations
associated with conventional Pulsed stimulus in PT [2],
periodic stimulus in LIT [3] and Fourier transform based
phase analysis employed in pulsed thermography named PPT
[4]. NSTWI techniques viz., linear frequency modulated or
quadratic frequency modulated thermal wave imaging
techniques uses a band of low frequencies to modulate the
moderate peak power heat sources such that the imposed
stimulus generates temperature over the surface which further
diffuse into subsurface layers. The presence of any subsurface
anomaly creates the thermal contrast over the surface due to
reflected thermal waves which can be captured through a
thermal camera and further post processed for qualitative and
quantitative analysis of defect detection.
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Further, various post processing methodologies have been
proposed to quantitatively and qualitatively assess the
subsurface defects and provide depth resolution [7-12]. Defect
depth quantification based on pulse compression and CZT
based techniques for FMTWI is theoretically proven in [8, 9].
Spectral reshaping in non-stationary thermal wave imaging is
a new emerging area of interest in which the thermal response
is multiplied by a window. Spectral reshaping is achieved by
multiplying a signal or some part of the signal with a window.
A typical Gaussian window is applied to the thermal response
of FMTWI proposed [13-16], still the spectral reshaping
remains as a pre-processing step. To avail the detectability of
subsurface defects, FFT phase and pulse compression based
post processing methodologies have been employed over
spectrally reshaped thermal response. For in-detail
visualization of defects, various image processing [19, 20]
techniques have been employed on obtained thermograms
[21]. Further, machine learning [22-24] based processing
modalities employed for defect detection in QFMTWI [25].
The present article mainly focused on the effects of spectral
reshaping of thermal response from FMTWI system for a
CFRP sample by employing Bartlett Window [17, 18].
Further, an analysis on the thermal response for visualization
of deeper defects with better thermal contrast through FFT
phase, pulse compression, principle component analysis and
random projection transform based post processing techniques
has been carried out. The performance of these windows on
FMTWI is compared using performance metric such as defect
signal to noise ratio. From the observations, it is concluded
that Kaiser windowed FMTWI gives better results compared
to Gaussian windowed FMTWI.

The article organized as follows, a brief introduction to
FMTW]I, Bartlett windowed FMTWI along with different post
processing techniques is presented in section Il. Section Il
deals with the numerical simulation and methodology of post
processing, section IV gives an in detail discussion over

obtained attained results and finally the article concluded in
section V.

2. THEORY

2.1 BW_QFMTWI

Contemporary pulse, lock-in stimulations have limitations like
high peak power and mono frequency, repeated
experimentation. Overcoming those limitations, a suitable
band of frequencies, using QFMTW!I with low power stimulus
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provides better depth scanning [6]. The schematic of
QFMTWI is shown in fig 1.a. The objects under test were
applied with a chirped optical stimulation with an initial
frequency ‘a’ and chirp rate of ‘b’, using a set of halogen
lamps. The diffusive one dimension thermal wave which
represents the heat energy absorbed by thin layer and
propagates into object is given by

0T 14T

ox> o ot 1)
Where T is temperature, x is depth and t is time and a=k/pc is
thermal diffusivity of specimen under test, k is the thermal
conductivity, p is the density and c is the specific heat. By

applied stimulation of heat flux at the top surface, the
equation solved under boundary conditions is

orT
o @
And an adiabatic heat flow at bottom end for a planar object
of thickness ‘L’ is given by
orT
ot
3)

Obtained thermal response by the above solution in Laplacian
domain is given by [5]

T(x,t)= Qoef%‘ [cos(k) + jsin(k)]

k =27 (at +—) A o

Where QO is the intensity of heat flux, x is the depth of the
defect and the thermal diffusion length of FM is given by

a
r(a+ b%)
since T is the experimentation duration
and o is thermal diffusivity derived from thermal properties
of material. Now, this temporal thermal response is
multiplied by a Bartlett (Triangular window) [15]. A typical
Bartlett window is mathematically represented by

N
n-—

w(n) =1- L2 ,

2 5)
Where, n is the discrete sample of the signal, L and N are
length of the signal or window. Further the windowed
thermal response is processed with different post processing
schemes.

_ —j(at+bt?)
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0<n<N
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2.2 Post Processing Techniques

2.2.1 FFT Phase

A general post processing scheme in all thermographic
inspection methodologies is Fast Fourier transform based
phase analysis since phase is more immune to non-
uniformities in the thermal radiation than compared to
magnitude based analysis. In phase analysis, each windowed
thermal profile is processed with a Fast Fourier transform and
corresponding phase values are extracted as given below
Z f (n)elen

F(w)=FFT f(n)

N -

H

Re(F (nw))+ Im(F(nw))

=0

>

(6)
Where, Re and Im are real and imaginary parts of nth
component of thermal response in frequency domain. The
corresponding phase at any frequency can be given by

b(n) = tan{ Im(F(na)))j

Re(F (nw)) @)

2.2.2 Pulse Compression:

Pulse compression is time domain processing approach in
which, each pixel thermal response g(t) is cross correlated by
a preselected reference pixel profile h(t) from non-defective
region. Further, from the obtained correlation response, peak
delays correspond to defective and non-defective thermal
profiles is analyzed for quantitative evaluation of defect depth.
This time domain analysis perfectly matches for NSTWI to
provide defect depth resolution which was out performed by
FFT phase analysis and also produces better thermal contrast
in thermogram sequence which resulted in improved signal to
noise ratios. The correlation analysis mathematically
represented by [7, 8]

R(t) = Df h(t)g(t + 7)dt

—00

(8)

2.2.3 Principal component analysis

The basic idea behind the implementation of principal
component analysis (PCA) is that to represent the
thermographic data as a linear combination of limited number
of orthogonal basis vectors with maximized variance. One can
obtain these basis vectors either from measured data or
numerical simulations. From the maximized variance which
can be observed in corresponding Eigen values, either manual
or automatic projection of corresponding few Eigen vectors
(L<<N, N is length of thermal response) will result in reduced
dimensionality of thermal response with better defect
detection as principal components. The projection of these
Eigen vectors V into the original data S is given by [9]

L
PCs=)> V'S where L << N

n=1
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2.2.4 Random projection Transform

The general Eigen decomposition of computed covariance
matrix produces orthogonal basis vectors in principal
component analysis. Random projection relays on the
projection of orthonormal basis vectors into the original
dataset. A matrix with orthonormal vectors is generated by
Gram-Schmidt algorithm [10]. These two statistical measure
based techniques requires the 3D thermographic data to be
reshaped into 2D and then at the end of the process, again
reshaped to represent as sequence of few thermograms.
Further  dimensionality  reduction is obtained in
thermographic data with improved signal to noise ratios
through these techniques.

3. EXPERIMENTATION

To test the proposed modality, experimentation has been
carried out using Carbon Fiber reinforced polymer specimen
of dimensions 160mm x 160mm x 5mm with flat bottom
holes of different sizes at different depths is shown in fig 1. b
. A heat flux using halogen lamps has been projected onto the
material with frequencies in the range of 0.01Hz to 0.1Hz for
duration of 100sec. The thermal response from the surface of
the material is recorded using an Infrared Imager at a rate of
25frames per sec. This captured thermal response has been
mean removed and linear fitted to acquire only dynamic part
of the thermal response and further various post processing
techniques employed to extract the subsurface details.

Figure 1 a. Experimental schematic of QFMTW!I and b. Layout of
CFRP sample (all dimensions in mm).

4. RESULTS AND DISCUSSION

The linear fitted and mean removed thermal response and
Bartlett windowed thermal response is post processed through
FFT phase ; Pulse compression, principal component analysis
and Random projection transform techniques. FFT phase
employed by applying fast Fourier transform to each pixel
thermal response and corresponding phase response is
visualized as phasegrams at a certain frequency. In contrary
to FFT phase, pulse compression employed in time domain
by cross correlating each thermal response with thermal
response from a non-defective region. This cross correlation
gives the correlation peak time delays of thermal waves
which correspond to defects at different depths. Further,
based on these time delays, defect depth quantification is
carried out.
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Figure 2 a. FFT phase at 0.027Hz, b. Pulse compression at 16.08sec,
¢. 2nd principal component and 1st random projection component for
raw thermal response.

Whereas, principal component analysis and random projection
transform are processing techniques based on signal statistics
such as mean, variance etc., to perform these techniques, the
data is first reshaped from 3D to 2D such that the pixels will
be rearranged in columns and their corresponding time

variations arranged in rows.

200 " 200 0.86
180 180
085
160 102 160
084
140 104 140
120 120 083
-1.06
100 100 0.82
L L . 081
60 11 08
40
142 0.79
20
-1.14 0.78
50 100 150 200

150 200
x10°

45 120
-5
55 100
6

80
6.5
il 60
<15
8 40
-85

20
9
95 o

50 100 150 200 50 100 150 200
c d

Figure 3 a. FFT phase at 0.012Hz, b. Pulse compression at 8sec, c.
1st principal component and d. 12th random projection component
for Bartlett windowed thermal response.

Then, on the 2D data set, Eigen vector decomposition is
employed on the covariance matrix in PCA, QR
decomposition is carried out in RPT which results in
orthogonal and orthonormal basis vectors respectively.
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Projecting these basis vectors into a data driven model
produces a few number of principal components in PCA and
random projections in RPT. The selection of number of basis
vectors is dependent on user’s choice or one can select based
on the energy distribution observed in diagonal Eigen values.
This limited number of projection reduces the dimensionality
and improve SNR’s of the system. The observations of these
post processing methods obtained for raw thermal response is
given in fig 2. With observed FFT phase at 0.027Hz, Pulse
compression at 16.08sec, 2nd PCA and 1st random projection
component in a, b, ¢ and d respectively. Similarly, FFT phase
observed at 0.012Hz, pulse compression at 8sec, 1st PCA and
12th random projection component observed for the Bartlett
windowed thermal response, given in fig 3. a, b, ¢ and d
respectively. Further the observed thermal response is
characterized by performance metrics like signal to noise
ratio. Signal to noise ratio is taken by dividing the difference
between mean of defective region to mean of non-defective
region by standard deviation of non-defective region as given
below

SNR(dB) =20 |Og Hpefective ~ HNon—Defective

O-Non—defective

(10)
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Figure 4: Signal to noise ratios of different post processing
techniques employed on a. QFMTWI thermal response and b.
Bartlett windowed QFMTWI thermal response.

The observed signal to noise ratios of both raw and Bartlett
windowed thermal response for all the defects using these
post processing schemes is given in fig 4.a and b respectively.
From the observations of thermograms and their respective
defect signal to noise ratios, it is concluded that random
projection transform provide better results for non-destructive
evaluation of CFRP sample through Bartlett window based
QFMTWI.

5. CONCLUSION

In present article, the performance of Bartlett window on the
thermal response obtained from exciting a CFRP specimen
with flat bottom holes of different sizes at different depths
using Quadratic frequency modulated heat flux is analyzed.
By employing various processing schemes on observed
thermal response and Bartlett windowed thermal response
and qualitatively analyzing the obtained thermogram results
along with signal to noise ratios, it is concluded that Bartlett
window efficiently works on improving the detection
capabilities of QFMTWI.
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