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Pulsed thermography is widely used for non-destructive testing of various
materials. The temperature profile obtained after pulse heating is used to
characterize the underlying defects in an object. In this paper, the automation
of the process of defect visualization and depth quantification in pulsed
thermography through various deep learning algorithms is reported.
Stainless steel plate with artificial defects is considered for analysis. The raw
temperature data is smoothed using moving average, Savitzky-Golay and
quadratic regression filters to reduce noise. Thermal signal reconstruction,
the conventional method to eliminate noise, is also used for generating
filtered datasets. Defect visualization refers to identifying and locating the
defects in an image sample and Mask region convolutional neural network
(Mask R-CNN) is considered for not just detecting the defects but also
locating them on the image. The located defects are utilized for depth
estimation using the following networks-multi-layer perceptron (MLP), long
short-term memory (LSTM) and gated recurrent units (GRU). The input to
the networks is the temperature contrast characteristics which symbolizes the
difference in temperature over defective and non-defective areas measured
over 250 time points and output of the networks is the estimated depth. The
study shows that LSTM based approach provides the least percentage error
of 5.5% and is a very suitable approach for automation of defect
characterization in pulsed thermography.
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1. INTRODUCTION

Non-destructive evaluation (NDE) approaches are employed for detection and characterization of
underlying defects in various structural materials. Numerous NDE methods are widely used in industries
such as nuclear power plants, and chemical industries. One of the advanced NDE approaches is pulsed
thermography (PT), which provides a quick inspection of near surface defects in various materials, through a
non-contact mechanism. In this approach, the material under inspection is heated up uniformly using a very
short optical pulse. Any near surface defects, such as bonding faults and corrosion are observed by measuring
the surface temperature response using a thermographic camera. The defects provide a different temperature
signature compared to non-defective areas, which are easily picked up in thermal images. The noise in PT
measurements affects the evaluation approaches and it is necessary to improve the signal to noise ratio (SNR)
without losing crucial information required for defective visibility. This aids in accurate defect depth

estimation.
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Most of the reported methods involve complicated processes of noise suppression. The objective of
this paper is to propose a defect characterization system with minimal human intervention and is based on
deep learning architectures as they are expected to provide higher accuracy for defect characterization. One
network is designed for locating the defects and another network for estimating the depth of the defect.

A stainless-steel plate with artificial defects is considered for analysis and raw temperature data is
filtered. Mask regional convolutional neural network (Mask R-CNN) is used for defect detection while multi-
layer perceptron (MLP), long short-term memory (LSTM), and gated recurrent unit (GRU) networks are used
for depth estimation. Depth estimation accuracy is considered as a performance measure for choosing the
best deep learning network architecture.

The paper is organized as follows: section 2 elaborates on the theoretical background and the
experimental setup for PT. Section 3 presents a literature review on existing deep learning-based algorithms
for defect characterization. Section 4 elaborates on the proposed algorithm for defect characterization with
filtering to enhance the SNR. Section 5 depicts the performance comparison of the proposed algorithms
through simulation experiments. Conclusions and future directions for the proposed work are provided in
section 6.

2. THEORETICAL BACKGROUND AND EXPERIMENTAL SETUP
2.1. Pulsed thermography

Pulsed thermography (PT) is meant for quickly inspecting materials for near surface defects and
bonding weaknesses. In this approach, the surface of the sample material is bombarded with a short and high
energy light pulse. The light energy is absorbed by the surface and the temperature on the material rises
instantaneously. The generated thermal waves travel through the material due to which the surface
temperature decreases. The decay in temperature with respect to time is portrayed in Figure 1. If there is no
defect in the material, the propagation of thermal waves happens without any disturbance as shown in plot (a)
of Figure 1. If there is a defect, some of the thermal waves are reflected back to the surface as they get
interfered with by the defect. This increases the temperature on the defective area, which results in slower
decay of temperature as depicted in plot (b) of Figure 1. The acquired thermal images are stored as a 3D
matrix where the pixel positions are indicated through the spatial x-coordinate and y-coordinate and time is
represented by the z-coordinate.

2.2. Defect detection

In non-defective areas, the temperature profile is a continuous non-periodic signal that decays as the
square root of time. Once the decrease in temperature stabilizes, temperature changes are negligible. The
behavior of temperature vs time characteristics is similar for both defective and non-defective areas, as the
applied heat has not reached the defect. As the thermal energy reaches the defective area, surface temperature
of the defective area increases and is more than the temperature on the non-defective area until stabilization
as shown in Figure 1.

2.3. Experimental setup

The setup for pulse thermography is as shown in Figure 2. A flashlight excites the inspected surface
resulting in instantaneous rise in surface temperature. An infrared camera records the drop in surface
temperature after the flash. A CEDIP Silver 420 infrared camera is employed to record the thermal images.
The camera consists of an indium antimonide (InSb) focal plane array detector with a resolution of
320x250 pixels together with a Stirling based cooling system. The maximum achievable temperature
resolution is 25 mK and the maximum achievable frame rate is 176 Hz. The camera collects and detects
infrared radiations in the wavelength range of 3-5 um. Two Xenon flash lamps with a power of about
1,600 W each and a flash duration of less than 2 ms are considered for the experiments. The experiment is
carried out in reflection mode. The distance between the camera and the object is fixed at 35 cm and lamp to
object distance is 30 cm [1].

2.4. Material

Two samples of AISI grade 316L stainless steel (SS) plate of dimension 150x100x3.54 mm drilled
with square defects from the backside are considered for the experiment. Sample 1 has square defects of
depths 0.4, 1.13, 1.78, 2.48, 3.17, and 3.36 mm, from front surface and sample 2 has square defects of depths
0.5, 1.15, 1.8, 2.55, 3.2, and 3.36 mm. The sizes of the defects considered are 10x10, 8x8, 6x6, 4x4, 2x2 mm
which are machined using electrical discharge machining (EDM) process. The schematic diagram of two
samples is as shown in Figure 3. All the dimensions are in mm.
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Figure 3. Schematic diagram of sample 1 and sample 2

The emission capacity of SS is small as it has a lower emissivity of 0.7. To increase the emissivity
capacity of the material, a uniform and thin coat of black paint is applied to the surface. As thermal
diffusivity of 316L SS metallic material is comparatively higher, thermal images are acquired with a frame
rate of 125 Hz for 2s. Raw data of standard 316L SS material is obtained and pre-processed through
background subtraction to remove the non-uniformity from the thermal images.

3. DEEP LEARNING ALGORITHMS FOR DEFECT CHARACTERIZATION-EXISTING
METHODOLOGIES

The rapid development of deep learning architectures for defect characterization enables PT to be
more intelligent and highly automated, thus considerably increasing its usage in number of applications. The
work in [1] elaborates on the potential of pulsed thermography for defect depth estimation and establishes the
efficiency of three different PT approaches namely temperature contrast method, contrast derivative method
and logarithmic second derivative method for defect depth estimation and the performance is compared with
finite difference modelling. The contrast derivative and logarithmic second derivative methods provide better
accuracy in determining the depth and logarithmic second derivative displays least error for depth prediction.

A review on the principle, cameras, thermal imaging based machine vision and deep learning
architectures is presented in [2]. Artificial intelligence (Al) is considered in combination with infrared
thermography to detect and localize various defects on laminates [3]. Segmentation is performed on
mid-wave and long-wave infrared measurements obtained during PT experiments through a deep neural
network for each wavelength. The F1-score for mid-wave images-based model is 92.74%, while for
long-wave images is 87.39%.

An artificial neural network (NN) is employed to detect depth of the defects in composite samples,
coupled with PT [4]. A multi-physics finite element method (FEM) based simulation model of the inspection
process is considered for generating a training dataset and the proposed NN validated the accuracy and
performance experimentally. The accuracy of the NN obtained for synthetic data is more than 97% and 90%
for experimental data. A neural network based approach for defect characterization through thermal images is
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presented in [5]. Better performance is achieved by using a smoother activation function for the output units
and this algorithm proved extremely satisfactory, when compared to conventional procedures for thermal
image analysis. A novel statistical processing algorithm is proposed [6] and performance comparison is
provided for Perceptron and Kohonen based architectures. An interference-based technique is explored which
is a two-step approach comprising of detection with phase and characterization with amplitude. Applications
based on thermographic non-destructive evaluation (TNDE) are limited due to the complex non-linearity
effect in defect depth estimation. A three dimensional thermal model for carbon fiber reinforced plastic
(CFRP) is proposed in [7] with back propagation neural networks (NN) as defect detector and depth
estimator. A new algorithm based on a multilayer NN post-processor is proposed [8] to predict defect depths
in real-time with an accuracy of 97.5% for synthetic data with defect depth up to 1 mm and a worst-case
accuracy of 90% for a 0.5 mm depth. A neural network based infrared thermography is proposed in [9] to
classify defects, such as air, oil, and water, which degrades performance of materials. Raw data and
thermographic signal reconstruction coefficients are employed to train, and test the two multilayers, feed
forward NN models, which proved to be more precise and better test repeatability.

In [10] Mask region based convolutional neural network (Mask R-CNN) is considered for image
segmentation. The thermal images are obtained through experiments and synthetic images through
FEM in COMSOL software. The proposed network yields better performance when the dataset is combined
with synthetic images for training. 25 flat bottom holes (FBH) in circle or square shapes are inserted at
various depths on a CFRP composite and plexiglass samples of size 30x30 cm. In this work, the confidence
score is defined as 0.75, which is the acceptance criterion based on the percentage of the ground truth
boundaries overlapping with the predicted defective area boundaries.

Paper [11] evaluates different models based on deep learning such as Fast R-CNN, Faster R-CNN,
RetinaNet, and YOLOvV3 for two standard datasets: a small object dataset, a filtered dataset from PASCAL
VOC 2007. The inference from this work is that two-stage methods like Faster R-CNN perform better and
YOLO is best if training time is not important, to provide a trade-off between accuracy and speed. A novel
unsupervised auto-encoder (AE) based deep learning approach is proposed in [12] for increasing the
SNR and improve the visualization of the defects. The SNR and defect detection performance is compared
with higher order statistics (HOS), principal component thermography (PCT) and partial least square
regression (PLSR) thermography and proves that AE approach provides better SNR at the cost of defect
detectability.

The authors of [13] consider gated recurrent units (GRUS) in a depth quantifying algorithm for
composite material samples via PT. The dataset consists of CFRP specimens with flat bottom holes simulated
through FEM modeling with precisely controlled depth and geometrics of the defects. The complicated and
non-linear issues involved in estimating defect depths in composite materials via infrared thermography with
a GRU learning model are also addressed. The accuracy obtained for depth estimation is 90% before data
normalization and increased to 95% after normalization.

Saeed et al. [14] provide a thorough analysis of employing neural networks as a post-processor for
quantifying defect depths from thermograms of CFRP. The hyper parameters of the network and thermogram
specific factors such as frame rate, and number of considered points per defect location, are explored to prove
the robustness of the network which is more sensitive to network architecture, noise, training
hyperparameters and the type, amount and diversity of training data. Deep feed forward (DFF) network with
rectified linear unit (ReLU) activation function for the hidden layer estimates the depth of defects in CFRP
structures through a regression model. The network consists of 5 hidden layers and the succeeding layer has
two-thirds the number of nodes of the preceding layer.

Thermal signal reconstruction (TSR) is known to be computationally complicated despite being
considered as the most accurate method. The method allows materials to be inspected for both near surface
and subsurface defects quickly. This is a very fast algorithm and gives nearly accurate results for defect depth
estimation. Object detection based algorithms like Mask R-CNN [10] and Faster R-CNN [11] are considered
for defect detection. However, Mask R-CNN is chosen for defect visualization as its output includes the
location of the detected defects, which is necessary for automation. The depth of the defect is calculated
using neural networks like perceptron [14] and GRU [14] with different inputs and manually calculated using
contrast derivative or log second derivative methods [15].

Two deep learning approaches are considered to recover temperature profiles from PT images [16].
A deep neural network (DNN) is trained with surface temperature measurements as input of the first
approach and in the other approach, surface temperature measurements are converted to virtual waves. For
1,00,000 simulated temperature measurement images both approaches outperformed the baseline algorithms
in terms of reconstruction accuracy. The virtual waves are features which yield better reconstructions with
the same number of training samples and provides more compact network architectures.
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A depth quantifying method is proposed [17] using GRUs for composite materials through PT.
The model quantifies the depth of defects automatically and is evaluated for accuracy and performance of
synthetic CFRP data from FEM. In [18], a spatial and temporal hybrid deep learning architecture is proposed
which significantly minimizes uneven illumination and enhances the detection rate. Visual geometry group-
UNet (VGG-UNet) provides a better contrast between defective and non-defective areas. Recent
advancements in the field of Al can support post-processing of thermographic data, efficiently, especially for
non-linear or complex thermography scanning routines. An autonomous post-processor capable of
automatically detecting defects from given thermograms via a convolutional neural network (CNN) is
proposed in [19] with a deep feed forward neural networks (DFF-NN) algorithm to estimate the defect depth
through transfer learning. Paper [20] presents an overview of object detection models based on R-CNN,
YOLO and SSD employed for defect detection. This contributes to an increase in productivity and detection
of industrial cables in several hours.

4. DEEP LEARNING ALGORITHMS WITH FILTERING FOR DEFECT CHARACTERIZATION

The proposed deep learning based defect characterization algorithm with various filtering
approaches is depicted in Figure 4. The algorithm employs filtered datasets together with the original noisy
dataset and compares the performance for defect visualization and depth estimation. Moving average (MA),
savitzky-golay, quadratic regression and thermal signal reconstruction filters are considered for filtering the
dataset. The deep learning architectures are based on R-CNN, MLP, LSTM, and GRU.

Moving Savitzky
Average -Golay
\ / LOESS

Raw Data —>{ Filtered Data
BN,
R-CNN LSTM
NEURAL NETWORKS

Defect Depth
Visualization Estimation

Figure 4. Block diagram of proposed methodology

TSR

4.1. Datasets

Two separate datasets are considered for training and testing the neural networks. Dataset 1 consists
of 250 raw thermal images from sample 1, while dataset 2 consists of 250 images from sample 2. Dataset 1 is
used for training while dataset 2 is used for testing. Eight filtered datasets are generated and considered for
defect visualization and depth estimation. This 3-dimensional dataset is directly used for defect depth
estimation.

4.2. Deep learning models for defect detection

Pulsed thermography (PT) is an approach that utilizes external energy heating. This approach is a
non-linear process due to non-uniform heating, heat diffusion, cooling process, environmental noise, and
limited parameters of the thermal imaging acquisition system. Neural networks (NN) are suitable for learning
and modeling complex non-linear functions, with an added advantage of generalizability. R-CNN based
networks are considered for defect visualization. As the temperature profile (time vs temperature) is
considered for depth estimation, recursive neural networks based architecture meant for modelling time series
data is considered. The distinct cooling process associated with each defect in pulsed thermography makes
this a non-linear process.

Mask R-CNN [11] which is based on R-CNN is considered for defect characterization. This
algorithm consists of two-stages of Faster R-CNN architecture, in which input images are scanned in the first
stage, and a region proposal network (RPN) generates the region of proposals for the next stage. In the first
branch of the second stage, classification scores of the category for a region of proposal are predicted to
distinguish whether or not it is a background. In the second branch, a binary mask is added to each region of
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proposal as a mini-semantic segmentation network to classify each pixel in the region proposal as whether or
not it is an object. A certain number of bounding boxes is predicted by the model for the defects, and each
defect area within the bounding box is segmented at the same time. The architecture is as shown in Figure 5.

l Faster R-CNN /(ﬂ
: oy class ff
/ box )
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y |
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Figure 5. Mask R-CNN Architecture [15]

The backbone of the network is Resnet101 with a learning momentum of 0.9 and learning rate of
0.001. All layers are trained for 10 epochs. The dataset consists of 60 images each of size 226x320 pixels, 50
images are used for training and 10 for testing. As the size of the available dataset is very small, the model
weights obtained for COCO image dataset is considered for better accuracy. An auto encoder is also
considered which provides a well-trained model to obtain thermal images with better representation of
features from 250 input images. The encoder part of the auto encoder is considered for dimensionality
reduction, and for creating one image from 250 images in the dataset which improves the visibility of the
defects.

4.3. Defect depth estimation

In defective areas of raw data, temperature-time characteristics are generated, and thermal contrast
curves are considered for defect depth estimation. The temperature curve of a defective area is subtracted
from that of a non-defective area as in (1), where AT is the thermal contrast, T,,; and T, are the temperatures
at time t for non-defective and defective areas respectively.

AT =Ty — Ty 1)

The mean temperature of a particular region is considered to obtain T,,; and T,. The output is the estimated
defect depth through regression. Twelve defects are chosen from dataset 1 for training and four defects from
dataset 2 are chosen for testing. The input for defect depth estimation is the output of Mask R-CNN network
with defect detection. This is used for locating the defects in the 3-dimensional dataset of size 226x320x250.
The locations are considered across all the 250 images in the dataset. The quality of defect depth estimation
[1] is measured in terms of the first derivative of the temperature contrast and peak time. The peak time t is
the time at which contrast derivative peaks and the defect depth x is calculated as in (2) where « is the
thermal diffusivity of the material.

atgm?
¥ = G 2)

The following are the networks considered for defect depth estimation.

a. Multilayer perceptron (MLP): The network consists of an input layer, hidden layers, and an output layer.
The input layer has 250 neurons corresponding to the number of data points of thermal contrast curves.
The hidden layers have two-thirds the number of neurons of the preceding layer. The output layer predicts
the estimated depth. ReLU activation function and adaptive moment (ADAM) optimizer is employed,
which adapts learning rates based on the average magnitudes of the gradients, resulting in fast
convergence. The network is trained for 30 epochs, with a training time of 25 s and testing time of 3 ms.

b. Long short-term memory (LSTM) networks: These are recurrent neural networks (RNN) suitable for
sequence prediction problems by learning order dependence. These networks consist of memory blocks
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that are connected through layers, instead of neurons. The gates of a block predict the state of the block
and output for an input sequence. Each gate employs an activation function for deciding whether it is
triggered or not, which results in change of state and addition of information flowing through the block.
The various gates within a unit are: Forget gate decides conditionally which information to retain and
which to throw away from the block. Input gate decides conditionally which input values to retain for
updating the memory state and output gate decides conditionally the output based on input and memory
of the block. As LSTMs are sensitive to the scale of input data, the input is normalized to [0, 1] and also
reshaped to a 3-dimensional array. Three hidden layers are considered, and the network is trained for 10
epochs, with a training time of 52 s and testing time of 1 s. The architecture is as shown in Figure 6.

Gated recurrent unit (GRU): This is the younger sibling of LSTM, and also a type of RNN. GRU exhibits
superior speed with similar accuracy and effectiveness of LSTM. The GRU architecture is as shown in
Figure 7. Similar to RNN, sequential input data is fed to the GRU cell at each time step together with the
memory, or hidden state. GRU has one hidden state transferred between time steps and the hidden state is
then re-fed into the cell together with the next input data in the sequence. The GRU cell contains two
gates: reset gate which decides on which of the previously hidden states to be combined with current
input for estimating a new hidden state. Update gate decides on which of the previous hidden state is to be
retained and what portion of the new hidden state is to be added to the final hidden state. The gradient of
the error obtained during training is employed to update the weights by the required magnitude in the
required direction. The training time is 100 s and testing time is 6 s and about 240-270 neurons are
selected for training. 15-20 epochs are considered based on the optimization needs with ReL U activation
function. The architecture is as shown in Figure 7.

Hidden state o

O/

)

Reset
gate

Update

gate Candidate

_. hidden state

HV

Input X,

Figure 6. LSTM architecture [21] Figure 7. GRU Architecture [22]

4.4. Filtering approaches

Filtering algorithms are considered to reduce noise and increase SNR across both temperature and

time. Simple filters are preferable to reduce computational complexity. The 3D data acquired through PT
consists of a tray of 250 images which is converted into a one-dimensional signal. The following
one-dimensional filters are considered to reduce the spatial noise.

a.

Moving average (MA) filter: This simple low pass finite impulse response (FIR) filter smooths data
samples [23]. As a result, short-term fluctuations are smoothened, and long-term trends or cycles are
highlighted.

Savitzky-Golay filter: This filter smooths noisy data samples occupying a large frequency span. As a
result, less of the high-frequencies are filtered out compared to averaging FIR filters [24]. However, these
filters are not suitable in conditions where noise levels are not particularly high.

Quadratic regression filter: Quadratic regression determines a parabola that best fits the data samples.
Locally estimated scatter plot smoothing (LOESS) is a non-parametric approach which employs a
quadratic function [25]. These fits multiple regressions in a local neighborhood and polynomial equation
in (3) is used to calculate the weights, where y, is the dependent variable and x; is the independent
variable.

©)

Thermal signal reconstruction (TSR): This approach is suitable for data reduction and noise filtering to
improve the SNR. This is based on Fourier’s 1-dimensional heat-transfer equation on a semi-infinite

Yk = a+ bx; + cx?
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surface subject to thermal excitation expressed as a Dirac delta function. TSR [1] models the temperature
evolution of a sample through a nt* degree polynomial and fitting the polynomial to a logarithmic
sequence as in (4) where T is the increment in temperature as a function of time, a,, ay, ..., a, are the
polynomial coefficients and T, (t) is the surface temperature at time t.

ln[Tsurf(t)] =ay + a; In(t) + a,[In(t)]? + - + a,[In(D)]* (4)

5.  PERFORMANCE COMPARISON
5.1. Dataset preparation

Masks are obtained for each image as in Figure 8 for all the different classes and the images are
selected randomly from the validation dataset. The defects are labelled using visual geometry group (VGG)
image annotator (VIA) using polygon shapes. The original image is displayed in Figure 8(a) and its
corresponding mask is shown in Figure 8(b) with only one class defect.

(@ (b)

Figure 8. Mask extracted for a sample dataset image (a) original image and (b) mask

5.2. Mask R-CNN for defect detection

The defect detection capability of Mask R-CNN is depicted in Figure 9. A sample original image is
depicted in Figure 9(a) and the proposed algorithm provides a very high confidence score of 0.99 for both the
training and test datasets as shown in Figure 9(b). The coordinates obtained as output of Mask R-CNN are
scaled down after removing the padding. These coordinate values are verified for the original image of size
226x320 by manually drawing rectangular boxes and checking if the defects are identified correctly. From
Figure 9(c), it is observed that the defects are successfully identified, and these coordinates are the input to
depth estimation network.

Figure 9. Defect detection based on mask R-CNN (a) original image, (b) output image,
and (c) defect location

5.3. Filtered dataset

The data is filtered through various filters to smooth the temperature vs time characteristics at each
pixel location. The performance of various filters is compared in terms of quality and SNR. The output
provided by Savitzky-Golay filter is presented. Figure 10 compares the filtered output with the noisy
temperature profile measured at a particular pixel location across 250 images as specified in Figure 10(a).
The blue line in Figure 10(b) represents the noisy temperature profile, while the red line represents the
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filtered output of Savitzky-Golay filter. Figure 10(c) presents the filtered temperature contrast characteristics
and proves that this filter yields the best filtered output suitable for detecting localization. Figure 11 presents
the reconstructed images at different time instants. The filtered and reconstructed images at time instants of
0.1, 0.5, 1, and 1.5 s are depicted in Figures 11(a) to 11(d) respectively. It is observed that with increasing
time deeper defects are visualized clearly.

14

Raw Data 0.08 4
——— Filtered Data
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Figure 10. Dataset image filtered with Savitzky-Golay filter (a) defect location, (b) original noisy signal and
filtered output, and (c) filtered temperature contrast

0.2

() (d)

Figure 11. Reconstructed images at increasing time instants (a) 0.1 s, (b) 0.5, (c) 1s,and (d) 1.5
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The measured SNR is depicted in Figure 12 for 10x10 mm defective area of depth 1.13 mm with
respect to time. The SNR increases for all the filters (blue line) when compared to that of the original raw
data (red line) and has similar performance for the other 5 defects also. The SNR is compared for each defect
in Table 1. All the filters show a significant improvement in SNR when compared to original raw data.

120 T T T T T T T I
100
80
&0
40 f

20 fLd

SNR (dB)
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-40 - || —+—Original raw data
l —o—Filtered data
-60 - -

80 1 1 L ! ! | 1 1 !
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Time (s)

Figure 12. SNR comparison for Savitzky-Golay filter

Table 1. SNR for different defect sizes and depths
Defect Size (mm)  Defect Depth (mm) Raw data (dB)  Savitzky-Golay filter (dB)

10x10 0.40 1175 128.0
1.13 88.8 101.9

1.78 71.8 85.5

6x6 0.40 102.3 110.2
1.13 83.4 95.2

1.78 65.4 79.5

The quality of defect visibility is depicted in Figure 13 for a particular input raw data sample in
Figure 13(a), where gray square indicates ‘through hole’, green square indicates ‘clearly detected’ defect,
while blue square is ‘barely detected’ and red square is ‘undetected’ defect. The first 3 squares in the 5™
column from the left are barely detected in the original raw image and they are visible in the Savitzky-Golay
filtered output depicted in Figure 13(b). The contrast derivative plot for 10x10 mm defective area with a
depth of 1.13 mm is provided in Figure 14. The first derivative of the temperature contrast between defective
and non-defective areas is considered and the time at which the peak is obtained is noted as the peak time
(t,), which is 0.136 s in the example shown in Figure 14.

S EEmEn HE-N-N- N N N

O B ENEnNm OB BB EEDm
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Figure 13. Sample defect visibility (a) raw data and (b) Savitzky-Golay filtered data
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5.4. Depth estimation
The defect locations are identified in the original raw dataset and temperature curves are obtained

for all 12 defects of 3 different depths 0.4, 1.13 and 1.78 mm. Temperature contrast curve is the input and the
estimated depth is the output of the networks. These curves indicate temperature in y-axis with respect to
time in x-axis. For LSTM and GRU the inputs are normalized. The proposed MLP consists of 4 hidden layers
while LSTM and GRU have 5 hidden layers. The performance is compared based on percentage error which
indicates the error between predicted and expected depth and root mean square error (RMSE).
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Figure 14. Peak time of temperature contrast derivative

5.5. Quality comparison

Table 2 provides the comparison of percentage error obtained through MLP, LSTM and GRU deep
learning architectures for raw dataset. Two different datasets with dimensions 226x320x250 are used for
training and testing. 11 contrast curves from sample 1 are used for training and 4 contrast curves from
sample 2 are used for testing. It is observed that LSTM network has the least error percentage of 0.7% and a
highest error percentage of 3.8% only, while the MLP network has the highest error percentage of 11.8% and
GRU has 7.2%.

Table 2. Comparison of percentage error
Algorithms  Expected Depth (mm)  Predicted Depth (mm)  Error

MLP 0.50 0.38 11.8%
LSTM 0.54 3.8%
GRU 0.55 3.8%
MLP 1.15 1.22 7.0%
LSTM 114 0.7%
GRU 1.21 4.6%
MLP 1.80 1.84 4.1%
LSTM 1.82 1.6%
GRU 1.88 6.5%

From Table 3, it is noted that LSTM network provided the least RMSE for Savitzky-Golay filtered
dataset, followed by quadratic regression based filtered dataset. The largest RMSE value is for the moving
mean filtered dataset. But in terms of error percentage, the least error is 3.9% for Savitzky-Golay filtered
dataset followed by quadratic regression and TSR dataset with an error percentage of 5.5% for both. The
efficiency of employing filtered datasets is proved by comparing the estimated depth with that of depth
obtained through manual calculations as depicted in Table 4.

Manual calculation of defect depths for different filtered datasets are obtained through (2). The
depth of the defect is estimated using the time at which the temperature contrast peak is obtained. For raw
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dataset the manual calculation was not done, as the noise in raw signal is enhanced by the derivative operator
making it impossible to locate the peak time from the curve. The highest percentage error values obtained for
each dataset for different depths are tabulated in Table 4.

From Table 4, it is clear that there is a significant reduction of error in deep learning approaches
over manual calculations. Overall, the error measured in deep learning networks is always lesser than manual
calculation. MLP network performed second best overall in terms of accuracy. LSTM network showed the
highest reduction in error compared to manual calculation. Thus, deep learning approaches have significantly
improved depth estimation accuracy. From the table it is also observed that filtering always does not help in
reducing the error in depth estimation. For example, in the case of LSTM, the moving average filter slightly
increased the error in depth estimation when compared to raw data. The reduction in error is not very
significant for filtered data when compared to raw data. For example, in the case of LSTM, the error reduced
from 5.9% for raw data to 5.5% for quadratic regression filtered data.

Table 3. Comparison of error and RMSE for LSTM network

Dataset Percentage error
MLP  LSTM GRU  Manual calculation
Raw 118% 59% 7.2% -
data
Moving average 7.1% 8.6%  9.0% 15%
Savitzky-Golay 7.6% 3.9% 13% 23%
Quadratic Regression  8.2% 55% 6.1% 23%
TSR 5.8% 55% 5.7% 25%

Table 4. Comparison of percentage error with manual calculations for different filters

Dataset Expected Depth (mm)  Predicted Depth (mm) Error RMSE
Raw data 0.50 0.53 3.8% 0.0364
1.15 1.14 0.7%
1.79 181 1.6%
Moving Average Filter 0.50 0.51 1.4% 0.0655
1.15 1.21 6.6%
1.79 1.87 7.1%
Savitzky-Golay Filter 0.50 0.50 0.09% 0.0264
1.15 1.18 3.5%
1.79 1.83 3.9%
Quadratic Regression 0.50 0.52 2.2% 0.0383
1.15 1.18 3.3%
1.79 1.76 3.4%
TSR 0.50 0.55 5.5% 0.0413
1.15 1.18 3.4%
1.79 1.84 4.1%

6. CONCLUSION

In this paper deep learning algorithms have been successfully adopted for localizing the defects and
estimating their depth. The raw data was filtered using various filtering approaches. Both raw data and
filtered data were used for depth quantification using various deep learning network architectures. The
accuracy of depth estimation for filtered datasets using deep learning networks is improved in comparison
with manually calculated depth measurements. LSTM network gives the least error of 5.9% for the raw
dataset. For the filtered datasets, considering the RMSE values and highest error percentages, it is concluded
that the Savitzky-Golay filtered dataset gives the best performance with least percentage error for LSTM
network.

Comparing the different networks across different filtered datasets, MLP performs the best for the
moving average filter with least error of 7.1% and LSTM performs the best for Savitzky-Golay filter with
least error of 3.9%. LSTM also performs the best for quadratic regression filter and thermal signal
reconstruction (TSR) with error of 5.5% for both which is the least among the networks. Hence, on average it
is concluded that LSTM is the best performing neural network across different filtered datasets and raw
dataset as well. The depth estimation accuracy does not improve significantly for the filtered data when
compared to raw data. The proposed methodology is for depth estimation as part of defect characterization
and can be extended to estimate defect size. General adversarial network (GAN) can be considered to
augment the dataset and increase its size, which would aid in obtaining better performance.
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