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a b s t r a c t

Eddy Current Pulsed Thermography (ECPT) is an integrative Non-Destructive Testing and Evaluation
(NDT&E) technique that has been applied for defect and material characterization of conductive material
and components. Thermal transient images provide rich information for decision making. However, high
sampling rates of a thermal camera creates high cost and will generate a large of amount of data which is
difficult for remote monitoring in terms of computational efficiency and data communication. This paper
investigates the impact of thermal image sampling rates versus feature extraction for defect character-
ization. After introduction of Eddy Current Pulsed Thermography (ECPT), different sampling rates of
thermal images are applied for different characterization. Based on the feature robustness versus
different sampling rates, appropriate sampling rates are reported. The impact of using high end and low
end thermal cameras for ECPT non-destructive evaluation are discussed.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Ultrasonic [1] testing, X-ray [2], eddy current [3], acoustic
emission [4], microwave [5], computer tomography (CT) [6] and
thermography have been widely used in Non-Destructive Testing
and Evaluation (NDT&E). The use of thermography based defect
detection [7–9] has the potential for accurate non-contact inspec-
tion of a large area within a short time as well as large standoff
distances [10]. In addition, thermography is applicable to a wide
range of materials, including glass fiber, carbon fiber composites,
and metallic materials [11–14]. However, current thermography
based detection methods are mostly applied to samples in the lab
rather than to in-situ structures, and the high heat absorption rate
of the surface and specific excitation techniques are required for
different applications [10]. Since different NDT&E techniques have
different characteristics, the integration of different NDT&E tech-
niques to achieve high defect detection resolution is required.

Combining both eddy current and thermography techniques
enables defects to be detected with its own advantages [15–22].
Flash and laser thermography mainly introduce heat at the sur-
face, whereas the technique known as eddy current pulsed
thermography (ECPT) or pulsed eddy current (PEC) thermography

applies high current electromagnetic pulse to the conductive
material under inspection. The heat is not limited to the sample
surface, rather it can reach a certain depth, which is governed by
the skin depth of eddy current. Furthermore, thermosonics and
ECPT focus the heat on the defect due to friction or eddy current
distortion, which increase the temperature contrast between the
defective region and defect-free areas. Flash, laser thermography
and ECPT are non-contact methods, whilst a couplant is normally
required for thermosonics. From point of view of inspection depth,
flash thermography is adaptable by changing the lock-in frequency
for defects at different depths. From adaptability in terms of defect
orientation, ECPT can enhance specific excitation direction to
optimize the directional evaluation along the defect orientation
which is more effective for geometrically complex components
and showed more crack indication. Furthermore, ECPT allows area
imaging of defects without scanning and enables to detect both
magnetic and non-magnetic metals with rich frequency compo-
nents fabricated from excitation power. ECPT has been applied in a
number of previous studies including an investigation into the
temperature distribution around cracks with different penetration
depths in metallic materials [23] as well as research discussing the
potential for small defect detection in components of complex
geometry estimating the probability of detection (POD) of fatigue
cracks in steel [24]. Another study has examined detection of
multiple cracks from rolling contact fatigue in rail tracks in a single
measurement [25]. Quantitative NDE (QNDE) at a pixel level has
been reported in previous PEC work and can help derive multiple
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properties of materials [18] as well as defect quantification using
ECPT [26–28]. The heating distribution on resultant surfaces from
direct EC heating and diffused heating can be obtained easily with
a thermal camera [29]. Both Principal Component Analysis (PCA)
[28] and Independent Component Analysis (ICA) [30-32] could
improve the flaw detectivity of thermography, and characterized
the surface flaw depth.

As mentioned above, in order to achieve better detect resolu-
tion, high sampling acquisition rate of the IR camera is demanded.
A sampling frequency of 383 Hz is commonly used to sample
thermal image sequences for high fidelity defect detection [33,34].
However, high sampling rate thermal cameras are high in cost and
require significant data processing, which is difficult for remote

monitoring in term of computational efficiency and data commu-
nication. Specifically, a thermal camera with a 320�256 array of
1.5–5 μm InSb detectors has a maximum 383 Hz frame rate [35]
where nearly fifteen million data points are produced within 0.5 s,
which will lead large redundancy in the post processing. There-
fore, the research on down sampled thermal data and feature
extraction is necessary to better understand and select proper
sampling IR camera for ECPT based NDT&E. In this paper, the
automatic different down sampled IR data is generated and single
channel blind source separation is used for feature extraction
and defect detection on those different down sampled IR data.
As RMSE [36] (root mean square error) and SSIM [37,38] (struc-
tural similarity index measurement) are very sensitive to small

Raw thermal video from ECPT 

ISI estimation, defect detection and identification 

Single channel blind source
separation
 

Fig. 1. Flow diagram of blind source separation method for ECPT defect detection.
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errors for a set of measurements, they are used to compare the
difference between the feature extraction results on high and
down sampled IR data, respectively. Quantitative analyses are then
applied to understand the effects of ECPT on defects with different
sampling rates.

The rest of this paper has been organized as follows. Firstly,
specimens, feature extraction and the method of comparing the
material feature with different sampling rates are introduced in
Section 2. The experimental study and numerical quantitative
analysis of material features with different sampling rate are
provided in Section 3. Finally, conclusions and further work are
outlined in Section 4.

2. Methodology

After review of the ECPT system and its feature extraction,
specific feature extraction via different IR imaging sampling
frequencies will be investigated.

2.1. ECPT and ICA for feature extraction

In this paper, a guidance how different thermal image sampling
rates (From high to low cost IR Camera) affect the defect detection by
using ECPT system is investigated. Because it is difficult to directly
manually select thermal image to detect defects, therefore we use our
previous published methods named as single channel blind source
separation (SCBSS) [32,39] for defect detection. During the ECPT
testing, when eddy current encounters a discontinuity (e.g. a slot or
notch), they are forced to divert leading to assembly areas of increased
and decreased eddy current density as well as the resultant hot and
cool area due to Joule heating. Hot spots are observed around the slot
tips and the cool areas are located at both sides of the slot. In the
cooling phase, heat is diffused from a high temperature area to low
temperature area, and reduces the contrast. In addition, the area
which is located far away from excitation coil will have continually
rising temperature because of heat diffusion. These different areas can
be considered as the independent regions which share the similar
transient responses in the sample. The infrared camera functioned as a
temperature spatial image signal recorder along with time flowing.
In this case, as only one camera exists, this refers to ‘single channel’.
In addition, the camera actually records the mixed image signal
corresponding to the signal image from the independent regions at
each time point. This can be seen in Fig. 1. Therefore, the task of using
blind source separation method is to separate the observed signal
image sequence into independent signal images (ISI) as well as their
corresponding transient response and automatically identify the one
which relates to defect. Specifically, in Fig. 1 bottom panel, ISI 1 high-
lights the singular pattern around the crack tips. In IC 2, the heat
generation rate in the heating period and temperature gradient at the
early stage of cooling phase is moderate. Consequently, a moderate
rising and cooling rate in the heating phase and cooling phase is
generated. In IC 3, the slowest falling rate appears. This position (at the

side of the slot) is surrounded by high temperature areas (slot tips and
the area underneath the coil), the heat continually penetrates from the
surrounding area to this position. In IC 4 the temperature decreases
from top to bottom with lift-off increasing and no inductive heating
involved. Thus, the heat diffusion from the high temperature areas
dominates the thermo pattern and a continuous temperature rising is
observed. In this paper, this method is used for processing the different
sampled IR mixed image sequences and feature robustness versus
different sampling rates, appropriate sampling rates are reported.

In order to find an appropriate sample rate, SSIM and RMSE is
used to compare the extracted ISIs with different sampling rates.
RMSE (root-mean-square error) is known as the standard error.
As RMSE is very sensitive to small errors for a set of measure-
ments, the standard error can be a good indicator of measurement
precision. This is one of the primary reasons why the standard
error is widely used in the engineering field. RMSE can be defined
as s¼√ðð∑di2̂Þ=nÞ; where n is the number of measurements and
di is the deviation between a measurement and the mean value.
Structural similarity (SSIM) index measurement system is a new
index of Image similarity measure. The structural similarity theory
presents that natural image signals are highly structured, the
structure has a very strong correlation between pixels, especially
the spatial correlation of pixel is closest. The structural similarity
theory contains important information of an object structure in a
visual scene.

As mentioned above, the SCBSS of defect detection using ECPT
is summarized in Fig. 1. In comparison, firstly, the different down
sampled IR data is gained from the ECPT system. Secondly, the ISIs
with associated transient patterns are estimated using SCBSS
method. Finally, the comparison of ISIs and transient patterns
obtained by SCBSS on different sampling rate is analyzed.

In this article, RMSE is used to calculate the errors of transient
responses after reducing performance of the thermal camera. SSIM
is used to compare the similarity of thermal images with different
frequencies. When the value of structural similarity index (SSIM) is
greater, the two images are more similar. The maximum value of
this index is 1. In order to show the difference value of two images,
the difference between two thermal images with high and low
frequency is calculated by subtracting the index value of the two
thermal images from the maximum value of this index (the value
is 1). Thus, the impact of extracting material features is explored
after changing thermal imager performance.

3. Results and discussion

3.1. Sample preparation and experiments setup

A steel sample (0.24�45�100 mm3) with a slot of 10 mm
length, 2 mm width is prepared (Fig. 2a). A 100 ms heating duration
is selected for inspection, which is long enough to elicit an observable
heat pattern.

IR camera

Function 
generator

Induction 
heater

Cooler

PC

Coil

Sample

Fig. 2. (a) steel sample with slot and (b) experiment set-up.
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The experimental set-up is shown in Fig. 2(a). An Easyheat 224
from Cheltenham Induction Heating is used for coil excitation. The
Easyheat has a maximum excitation power of 2.4 kW, a maximum
current of 400 Arms and an excitation frequency range of 150–
400 kHz (380 Arms and 256 kHz are used in this study). The system
has a quoted rise time (from the start of the heating period to full
power) of 5 ms, which was verified experimentally. Water cooling
of the coil is implemented to counteract direct heating of the coil.

The IR camera, SC7500 is a Stirling cooled camera with a
320�256 array of 1.5–5 μm InSb detectors. This camera has a
sensitivity of o20 mK and a maximum full frame rate of 383 Hz,
with the option to increase frame rate with windowing of the
image. A rectangular coil is constructed to apply directional
excitation. This coil is made of 6.35 mm high conductivity hollow
copper tube. In the experiment, only one edge of the rectangular
coil is used to stimulate eddy current to the underneath sample.
In this study, the frame rate is 383 Hz, and 2 s videos are recorded
in the experiments.

3.2. ISI defect detection comparison of using high and low sampled
IR data

In this section, both high and low sampled IR data will be tested by
using SCBSSS. In order to investigate the effects on the performance of

feature extraction of high and low sampled IR data, three comparison
cases have been developed:

(i) The ISI comparison associated with spatial resolution of a
defect region based on different down sampled IR data will be
verified.

(ii) The ISI comparison associated with spatial resolution of other
non-defect regions based on different down sampled IR data
will be verified.

(iii) The comparison of estimated transient response based on
different down sampled IR data will be verified.

From those comparison cases, the impact of extracting material
features is explored after changing thermal imager performance.
In this experiment, the IR camera, SC7500 with sampling rate of
383 Hz is considered as a reference high-end camera, and the
down sampled IR data is then obtained by progressively decreas-
ing the reference IR camera from 383 Hz to 3 Hz (shown in Fig. 3).

From Fig. 3, in order to analyze the different performance of
high and low end ECPT system for defect detection, ISI 1 which
characterizes defects as shown in Fig. 1 is analyzed.

From Fig. 3(a)–(c), the ISI 1 is taken to analyze defect detection
intuitively where it highlights the singular pattern around the
crack tips, the intensity degree of highlighting the probe tip shows

Fig. 3. Comparison of the defect feature with different sampling rate. The ISI 1: (a) the sampling rate is 191, (b) the sampling rate is 24, and (c) the sampling rate is 3.
The estimation of transient features: (d) the sampling rate is 191, (e) the sampling rate is 24, and (f) the sampling rate is 3. (g) The SSIM difference of extracted ISI of defect
region corresponds to different sampled IR data; (h) the RMSE difference of estimated transient features corresponds to different sampled IR data
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defect detection performance. Although the extraction process is
based on different sampled IR data, the location of the defect can
be still observed except when a down sample rate of 3 Hz is
reached. When range of sampling rate is from 24 Hz to 192 Hz, the
performance of defect detection does not significantly vary as
shown in Fig. 3(a) and (b). However, when the sampling rate is
reduced to 3 Hz the intensity degree of highlighting the probe
drops and many confounding factors appear to affect defect
detection as shown in Fig. 3(c). From Fig. 3(g), it can be seen that
the errors increase when the sampling rate decreases. Within the
range of 24–192 Hz, the mean of SSIM value is 0.0075 and variance
0.0065. Within the range of 3 Hz up to 12 Hz, the mean of SSIM
value is 1.8627 and variance gives 0.0370. Therefore, when the
sampling rate is reduced from 192 to 24 Hz, the errors vary small
with variance of 0.0065. When the down sampled rate is lower
than 12 Hz, the error increases sharply with value of 0.0370. This
illustrates the ability of defect detection by using SCBSS method is
acceptable when IR data acquisition rate should be higher than
24 Hz.

From Fig. 3(d)–(f), the estimated transient responses associated
with independent component 1 are taken to analyze thermal

response process of defect detection. Although the frequency
changes, thermal response process of independent component
1 still increases firstly and then decreases. However, the values of
the thermal response and the coherence of the curve change. As
shown in Fig. 3(d) and (e), when the sample rate is ranging from
191 to 24 Hz, the performance of transient responses does not
change obviously. However, when the frequency is 3 Hz, the
coherence of the curve changes obviously and the curve lost too
many information to analyze the process of transient responses as
shown in Fig. 3(f). From Fig. 3(h), RMSE is used to characterize the
quantitative analysis of the transient responses performance. As
shown in Fig. 3(f), the error of the thermal image increases with
the frequency reduction. Similarly, when a multiple of the reduc-
tion does not exceed 16, the difference between each is little.
When the multiple is higher than 16, the error is significantly
increased. Within the range of 24-Hz up to 192 Hz, the mean of
RMSE value is 0.146 and variance gives 0.138. Within the range of
3 Hz up to 12 Hz, the mean of RMSE value is 0.245 and variance
gives 0.352. Therefore, in order to accurately display transient
responses, IR data acquisition rate is required to be higher than
24 Hz. Based on the comparison using both ISI and transient

Fig. 4. The error of estimation transient features with different sampling rate: (a) independent component 1, (b) independent component 2, (c) independent component 3,
and (d) independent component 4.

Table 1
The comparison of estimated transient patterns obtained by SCBSS on different sampled IR data.

The critical
sampling rate (Tsc)

The mean of
RMSE value (Ts4Tsc)

The variance
of RMSE value (Ts4Tsc)

The mean of RMSE
value (TsoTsc)

The variance
of RMSE value (TsoTsc)

Transient pattern 1 24 0.146 0.138 0.245 0.352
Transient pattern 2 48 0.2 0.00088129 0.2613 0.0367
Transient pattern 3 12 0.222 0.0019 0.2903 0.2896
Transient pattern 4 24 0.2923 0.0062 0.3379 0.0452

Note: Ts means the sampling rate, and Tsc means the critical sampling rate.
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feature, it can be concluded that, with accepted range of defect
detection resolution by using blind source separation method
required at least 24 Hz sampling rate IR camera.

3.3. All ISI comparison of using high and low sampled IR data

As shown in Fig. 4, in order to analyze different performance of
high and low end ECPT system for transient responses, four inde-
pendent components which contain all information of thermal
images are analyzed. It can be seen in Fig. 4 and Table 1, as the
sampling rate become lower, the errors of the transient responses
increase. There exits critical sampling point in analyzing four
transient patterns. When the sampling rate is higher than the critical
sampling rate, the error between referenced ISI (which are processed
by using high end camera 383 Hz) with down sampled IR camera
(e.g. 192, 96, etc.) is small. When the sampling rate is lower than the
critical sampling rate, the errors increase significantly. In transient
pattern 1, the mean of RMSE value is 0.146 and variance gives 0.138

within the range of 24 Hz up to192 Hz, and the mean of RMSE value
is 0.245 and variance gives 0.352 within the range of 3 Hz up to
12 Hz. For transient pattern 2, the mean of RMSE value is 0.200 and
variance gives 8.8129e�004 within the range of 48–192 Hz, and the
mean of RMSE value is 0.2613 and variance gives 0.0367 within the
range of 24–3 Hz. For transient pattern 3, the mean of RMSE value is
0.2220 and variance gives 0.0019 within the range of 12–192, and the
mean of RMSE value is 0.2903 and variance gives 0.2896 within the
range of 6–3 Hz. For transient pattern 4, the mean of RMSE value is
0.2923 and variance gives 0.0062 within the range of 24–192 Hz, and
the mean of RMSE value is 0.3379 and variance gives 0.0452 within
the range of 12–3 Hz. Therefore, for transient patterns 1 and 4, the
critical sampling rate is 24 Hz as shown in Fig. 4(a) and (d). For
transient pattern 2, the critical sampling rate is 48 Hz as shown in
Fig. 4(b). For transient pattern 3, the critical sampling rate is 12 Hz as
shown in Fig. 4(c). The estimation of transient feature is directly used
for identifying transient patterns which correspond to defect region.
Therefore, in order to ensure the accuracy of the estimation of
transient features, sampling rate is required to be higher than 48 Hz.

Fig. 5. The error of thermal image with different sampling rate: (a) independent signal image 1, (b) independent signal image 2, (c) independent signal image 3, and
(d) independent signal image 4. (Abscissa represents lowering the frequency multiple and vertical coordinate represent the value of SSIM after reducing the frequency in four
independent components.)

Table 2
The comparison of estimated ISIs obtained by SCBSS on different sampled IR data.

The critical
sampling rate (Tsc)

The mean of
RMSE value (Ts4Tsc)

The variance of
RMSE value (Ts4Tsc)

The mean of
RMSE value (TsoTsc)

The variance of
RMSE value (TsoTsc)

ISI 1 24 0.0075 0.0065 1.8627 0.037
ISI 2 48 0.0241 0.00094758 0.7105 0.3207
ISI 3 48 0.0184 0.0182 0.5538 0.6356
ISI 4 12 0.0077 0.0149 1.2687 0.0422

Note: Ts means the sampling rate, and Tsc means the critical sampling rate.
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From Fig. 5 and Table 2, in order to analyze different perfor-
mance of high and low end ECPT system for thermal image
sequences, four independent signal images which contain all
information of thermal images are analyzed. From Fig. 5, a linear
relationship with errors and sampling rates does not exist in
independent signal image 3. However, there is critical sampling
rate in independent signal image 3, this critical sampling rate can
distinguish different levels of the error. When the sampling rate is
higher than the critical multiple, the difference of the error
between each other is not great. When the frequency is lower
than the critical frequency, the difference of the error between
each other becomes great. ISI 1 which highlights the singular
pattern around the crack tips is still consistent with the conclusion
as shown in Fig. 3.

From Fig. 5, the four individual components are owing to the
different heat transfer process of the location as shown in Fig. 1.
This is the reason for the different results of every independent
component as shown in Fig. 5. For ISI 1, the mean of SSIM value is
0.0075 and variance gives 0.0065 within the range of 24–192 Hz,
the mean of SSIM value is 1.8627 and variance gives 0.0370 within
the range of 3 Hz up to 12 Hz. For ISI 2, the mean of SSIM value is
0.0241 and variance gives 9.4758e�004 within the range of 48–
192 Hz, the mean of SSIM value is 0.7105 and variance gives
0.3027 within the range of 3–24 Hz. For ISI 3, the mean of SSIM
value is 0.0184 and variance gives 0.0182 within the range of 48–
192 Hz, the mean of SSIM value is 0.5538 and variance gives
0.6356 within the range of 3–24 Hz. For ISI 4, the mean of SSIM
value is 0.0077 and variance gives 0.0149 within the range of 12–
192 Hz, the mean of SSIM value is 1.2687 and variance gives
0.0422 within the range of 3–6 Hz.

Therefore, the critical sampling rate which can distinguish
different levels of the error, can be found and is similar to Fig. 4.
For ISI 1, the critical sampling rate is 24 as shown in Fig. 5(a).
For ISI 2 and 3, the critical sampling rate is 48 as shown in Fig. 5
(b) and (c). For ISI 4, the critical sampling rate is 12 as shown in
Fig. 5(d). Therefore, in order to ensure the quality of the thermal
image sequence as much as possible, the sampling rate should be
higher than 48 Hz.

4. Conclusion and future work

Sampling rates influence the estimation accuracy of defect
detection and experimental analysis shows that the defect detection
on low sampled IR data can induce the error. In this paper, the
impact of using SCBSS on the different down sampled IR data is
discussed and the conclusion can be drawn as: 1) Within certain
sampling rate range from 393 to 24 Hz, the feature extraction
results of thermal images on defect region is acceptable with error
variance of 0.0065 and the transient responses on defect region can
be accurately detected within error variance of 0.138; 2) In order to
guarantee the accuracy of the estimation of all thermal as well as
their associated transient patterns, sampling rate should be higher
than 48 Hz; 3) From our comparison results, the suggestion of the
limited sampling rate is 48 Hz by using ECPT system. Therefore the
proper choosing of IR sampling rate can not only achieve a sufficient
level for defect detection but also reduce the data redundancy and
the cost of equipment. Through this comparative experimental
study in conjunction with error estimates algorithms, it can be
concluded that for defect detection, low sampling frequency in
comparison to high-end 383 Hz sampling frequency, can still obtain
acceptable performance as long as appropriate signal processing
algorithms are used. This conclusion can be used as a basis for select
the sampling rate for defect detection and further study focus on
expand this method to investigate more kind of materials as well as
different size of defect.
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