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Abstract 

In order to correct non-uniform backgrounds in ther-
mal images of carbon fiber-reinforced polymers (CFRP), 
we propose a processing and analysis procedure in this 
paper. We apply thermographic signal reconstruction 
(TSR) using time-direction information to reduce noise in 
thermal images, followed by Whittaker smoothing (WS) 
to further reduce noise in two-dimensional image space. 
Finally, polynomial background correction (PBC) is 
used to correct non-uniform backgrounds retained in the 
reconstructed thermal images. We tested a CFRP speci-
men with seven defective regions using the proposed 
method. The results showed that with the aid of PBC, the 
non-uniform background caused by uneven heating was 
successfully corrected and the defective regions were 
easily identified. 

1. Introduction 

Carbon fiber-reinforced polymer (CFRP) is a widely 
used material in aerospace, automotive, civil engineering, 
etc., which has several advantages, such as low density,  
high chemical stability, and high mechanical strength. 
However, it is susceptible to defects, including cracks, 
delamination, debonding, and void formation in carbon 
fiber, due to operation errors in manufacturing. Thus, 
testing and identifying the defects of CFRP in time is 
necessary during manufacture [1-3]. Due to the high cost 
of CFRP, pulsed thermography (PT) as a non-destructive 
testing (NDT) method is commonly used, and has the 
advantages of a wide scanning scope as well as easy and 
safe operation. 

In PT, due to noise and non-uniform backgrounds 
caused by uneven heating, it is necessary to use methods 
of numerical analysis to enhance signals after obtaining 
the thermal images. Hence, a few methods have been 
proposed to process thermal images based on Fourier 
diffusion equations, such as thermographic signal recon-
struction (TSR) [4-6], differential absolute contrast 
(DAC) [7], and pulsed-phase thermography (PPT) [8] etc. 
Of these methods, TSR has exhibited superior perfor-
mance in reducing noise and enhancing signals in 
defective regions. However, TSR uses polynomials to 
reduce noise only through time direction, but not in a 
two-dimensional (2D) image space. Furthermore, the 
non-uniform background caused by uneven heating can-
not be adequately corrected because polynomial fitting is 
only an approximate solution of the Fourier diffusion 

equation. Hence, thermal images pretreated by TSR 
should be further treated in 2D image space. 

Each thermal image consists of vectors in both rows 
and columns. Thus, correcting the background of an im-
age can be treated as correcting the baseline of each 
vector. The polynomial function can also be used to con-
struct the baseline of signals in an adaptive manner. 
Hence, in this paper, we construct the backgrounds of 
thermal images using the method of polynomial back-
ground correction (PBC), and thus eliminate them from 
the original thermographic signal [9]. 

2. Algorithms  

2.1 Thermographic signal reconstruction  

Based on the Fourier diffusion equation, the problem 
of heat diffusion through a solid specimen can be ex-
pressed as follows:  
 

 

 
where T0 is the ambient temperature, Q is the energy of 
the pulse from flash light, z the depth of the CFRP sheet, t 
the time after the pulse, and  and  are both parame-
ters related to the property of the material. Since thermal 
images can only capture the surface temperature of CFRP, 
z is set to zero. Setting  as , Equation (1) 
can be modified as 
 

               

 

Taking the logarithm on both sides of Equation (2), 

the linear model between  and t can be expressed as 

Equation (3): 

 

 

 
Equation (3) is concise, but it is only an approximate 

solution of the Fourier diffusion equation. Thus, the real 
thermographic data may diverge from the ideal linear 
equation expressed as Equation (3). In order to solve this 
problem, the linear model should be modified to a poly-
nomial function of degree n: 
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In Equation (4), an excessively large value of m may 
extract too much noise. Because of this, the value of m is 
usually set to 4. For a CFRP specimen, the declining 
curves of temperature corresponding to defective regions 
behave differently from those of intact regions [4]. Since 
the heat transfer coefficients in the defective regions are 
smaller than that of carbon fiber, at each fixed time point, 
the temperature values in the defective regions (e.g., re-
gions containing Teflon or other defects) are higher than 
those in intact regions. Therefore, at each time point, the 
difference in temperature values between defective and 
intact regions reflect the positions of the defective re-
gions. 

2.2 Polynomial background correction 

In this paper, we pretreat the original thermal images 
by TSR and Whittaker smoothing (WS) [11] in order to 
reduce noise. Following this, PBC is applied to correct 
the non-uniform background contained in the recon-
structed images. 

Because of each thermal image composed of vectors 
in both column and row directions, the background cor-
rection can be executed by the vectors. Thus, in this 
paper, PBC is applied to pretreat each row of image for 
correcting the background in row direction at first. Then, 
each column of image is corrected by PBC. The algo-
rithm of PBC can be shown as follows:  

 For each row or column in a reconstructed thermal 
image, a vector (y) can be fitted using a polynomial 
function with n degree [9]: 
 

 

 
In Equation (5), x1, x2 ... xm can be considered to be inte-
gers from 1 to m, and a1, a2 ... an as the corresponding 
polynomial coefficients. Thus, Equation (5) can be re-
written in the matrix form 
 

Xa = y                 (6) 

 

and a can be estimated as 

 

                  

 

 
The estimated values of y can be shown as follows: 

 

               

 
Based on the methods of fitting polynomials, the algo-

rithm for PBC can be executed in the following steps [9]: 
(1) Set the original signal as y0, and set the power of 

the polynomial function to (n). 
(2) Compute the fitted signals b from yk-1 by Equation 

(8) in the k-th iteration. 
(3) Compare b and yk-1, and choose the smaller value 

in each pair of elements to construct a new signal 
yk. 

(4) Repeated Steps (2)-(4), until Equation (9) is ob-

tained. 
(5) The fitted vector can be seen as the background of 

the signal to be removed. 

 

 

 
To determine the effects of pretreatment, the sig-

nal-to-noise ratio (SNR) of the resulting image is 
computed as follows: 
 

 

 
In Equation (10),  denotes the mean intensity of 

the defective regions,  the mean intensity of intact 
regions, and  the standard deviation of the intensity of 
the intact regions. The SNR can, of course, be improved 
by raising the intensity divergence between the defective 
and intact regions, and reducing the variation among the 
intact regions [4, 10]. 

3. Experiment results 

In experiments, we produced a CFRP specimen by 
vacuum-assisted resin transfer molding (VARTM) [12, 
13]. Teflon sheets were inserted in six regions with dif-
ferent areas and depths in order to simulate defective 
regions. Furthermore, another defective region was con-
structed at the top-left of the CFRP. The specimen is 
shown in Figure 1. 
 
 

 

Figure 1. CFRP specimen with defective regions 

In Figure 1, Region A is a randomly generated defec-
tive region. The defects in Regions B, C, and D are each 
under a single layer of a sheet of carbon fiber of widths 
1.6 cm, 0.8 cm, and 0.4 cm, respectively, while the de-
fects in Regions E, F, and G are under double layers of 
carbon fiber sheets. 

After constructing the CFRP specimen, PT was exe-
cuted. Following pulsed heating, thermographic data 
collection was carried out using a NEC TAS-G100EXD 
thermal camera. The termination time of the image cap-
ture was 12 s after the pulse, and 180 pieces of thermal 
images were obtained. TSR, WS, and PBC were then 
executed for noise reduction and background elimination. 
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4. Results and Discussion 

The thermal images at 1, 2, 3 and 4 s without and with 
pretreatment by TSR are shown in Figures 2 and 3, re-
spectively. 

     

Figure 2. The original thermal images of CFRP specimen 
at (a) t = 1 s, (b) t = 2 s, (c) t = 3 s, and (d) t = 4 s 

 
 

 

Figure 3. The thermal images at (a) t = 1 s, (b) t = 2 s, (c) 
t = 3 s, and (d) t = 4 s after TSR  

Compared to Figure 2, it is obvious that with the help of 
TSR, the intensities of the defective regions in Figure 3 
were significantly enhanced, especially for thermal im-
ages at t = 3 s and 4 s. This is because TSR can reduce 
noise. However, noise in each reconstructed image was 
still quite significant. Therefore, the noise needs further 
pretreatment in 2D image space using WS. The results are 
shown in Figure 4. 
 

 

 

Figure 4. Thermal images at (a) t = 1 s, (b) t = 2 s, (c) t = 
3 s, (d) t = 4 s after TSR and WS 

Figure 4 shows that the noise in the images was largely 
removed. However, non-uniform backgrounds still exist. 
Thus, PBC should be used. The results are shown in 
Figure 5. 
 
 

 

Figure 5. The thermal images at (a) t = 1 s, (b) t = 2 s, 
(c) t = 3 s, and (d) t = 4 s after TSR, WS, and PBC 

In each image in Figure 5, the background due to un-
even heating was successfully eliminated. Hence, the 
defective regions A, B, C, D, E, F, and G were all easily 
recognized. Such results verify the effectiveness of our 
proposed method. 

Furthermore, the SNR of all 180 thermal images were 
calculated after using different pretreatment methods. The 
results are shown in Figure 6. 

From Figure 6, it is obvious that at each time point, 
images without any pretreatment have the lowest SNR 
values. TSR and WS can enhance SNR by noise reduction. 
After correcting the background using PBC, the SNR has 
the highest values, nearly two times of that by TSR and 
WS. This further confirms that PBC-based background 
elimination is effective. 

5. Conclusions 

For defect detection in CFRP products, PT is a widely 
used method. However, existing thermal image pro-
cessing methods have certain limitations. In this paper, we 
applied PBC to pretreat non-uniform backgrounds in 
thermal images caused by uneven heating. Experimental 
results showed that our proposed method can significantly 
improve the SNR of images. 
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Figure 6. The SNR of thermal images under different 
pretreatments methods (I. TSR, II. WS, III. PBC) for 

defective regions A (a), B (b), C (c), D (d), E (e), F (f), G 
(g) and whole defect regions (h) (solid line: no pretreat-
ment, dot dash line: I, dot line: I+II, dash line: I+II+III). 
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