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amplitude imaging, unsharp masking, guided filtering, contrast stretching, and pseudo-
color mapping. In this paper, these steps are reasonably combined and optimized to
obtain the final resulting image. To verify the effectiveness of the proposed method, a
150-220 GHz high frequency terahertz frequency modulated radar imaging system was
used to image three commonly used sandwich structure composites, and the
enhancement processing were carried out. The resulting images with significantly
enhanced contrast, detail resolution and edge information were obtained, and the
prefabricated defects were all detected; Five objective evaluation indexes including
standard deviation, mean gradient, information entropy, energy gradient and local
contrast were used to compare and analyze the processing results of different image
enhancement methods. The subjective and objective evaluation results showed that the
proposed method can effectively suppress the noise in terahertz detection signals,
enhance the ability of defect detection and positioning, and improve the accuracy of
detection. The proposed method in this paper is expected to play a positive role in
improving the practicability of terahertz imaging detection technology and expanding its
application fields.

Keywords: terahertz imaging, image enhancement, discrete wavelet, hard threshold shrinkage denoising, guided
filtering, unsharp masking
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INTRODUCTION

Terahertz imaging detection technology has the advantages of
high penetrability. In the detection of composite materials’ defect,
it is easier to detect the internal defects of composite materials
than other traditional detection technologies, and it can be used
for imaging without contacting the tested materials [1]. The
photon energy of terahertz wave is in the order of
millielectron volts, and it will not cause structural damage to
the tested material or produce harmful radiation to biological
tissue in terahertz imaging detection [2]. However, in the
application of this technology, the terahertz wave will be
affected by the experimental environment noise (energy level
absorption of water vapor and air molecules around the system),
the internal noise of the system (photon radiation noise, thermal
noise, granular noise, etc.), and the material properties of the
sample to be tested (interlaminar multiple reflections caused by
the laminated structure and scattering caused by poor surface
roughness of the sample) [3, 4], resulting in the degradation of the
detection image such as low contrast, low detail resolution and
poor sharpness, which affects the application of terahertz imaging
detection technology and the accurate judgment of the internal
information of the tested material. Thus, the interference
properties of terahertz wave in the imaging process are
analyzed. Meanwhile, the de-noising technology and image
enhancement technology are used to process the detection
image, which is expected to obtain the detection image with
high contrast and strong detail resolution.

In order to solve the problem of terahertz image degradation,
many scholars did a lot of research. Many methods for terahertz
image denoising and enhancement were proposed such as mean
filtering, Gaussian filtering, nonlocal mean filtering and the edge
detection of Laplacian Gaussian operator. Mean filtering has
better removal effect on Gaussian noise in the detected image,
but the sharpness of the detected image after filtering will be
reduced and the image details such as edges will become blurred;
Gaussian filtering can effectively filter out speckle noise in the
detected image, but it will cause certain damage to the effective
information in the detected signal and the edge and texture details
of the image; Nonlocal mean filtering can preserve the texture
details of the image while filtering out the background noise, but it
cannot adaptively select the optimal filtering parameters,
resulting in artifacts in the detection image; The edge
detection of Laplacian Gaussian operator can effectively
enhance the edge and texture details of the detected image,
but it will amplify the background noise while enhancing the
edge and details of the image, so that the resolution of the
detected image cannot be further improved [5-8]. Therefore, it
is necessary to develop new terahertz image denoising and
enhancement methods. Guided filtering technology was
proposed by, after a large number of experiments, which had
good performance in image detail enhancement and other aspects
[9]. In their research, a guidance image was used to guide the
input image, hence the edge of the output image was the same as
the input image, and the texture details were similar to the
guidance image. It can effectively preserve the edge
information while denoising. In addition, Liu et al. and Zhou
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FIGURE 1 | The relationship between angular frequency of the sawtooth
wave interference signal and the generated beat frequency signal.

et al. used the guided filtering technology to enhance the details of
infrared images, and achieved good results. However, the direct
use of guided filtering technology would cause the problem that
the background noise of the detection image is amplified [10, 11].
Wavelet transform has good time-frequency localization analysis
ability and multi-resolution analysis characteristics. In this paper,
the hard threshold shrinkage denoising method based on discrete
wavelet transform is proposed to filter out the high-frequency
noise of the original terahertz detection signal, so as to avoid the
problem that the noise in the detection image is amplified after
the guided filtering. On the other hand, since the unsharp
masking method can preserve the smooth region of the image
while highlighting the edge and texture details of the image, this
paper proposes to use the sharpened image of the unsharp
masking as a guidance image to make the details of the output
image clearer. After guided filtering, the obtained detail layer and
base layer are gained and superimposed to improve the contrast
of terahertz detection image and enhance the detail and edge
information of the image. In this paper, a 150-220 GHz high
frequency terahertz frequency modulated radar imaging system
was used to collect terahertz images of samples, and the denoising
and enhancement processing were carried out. In the following,
the imaging principle, the principle of wavelet-based unsharp
masking and guided filtering method, the experimental samples,
experimental setup, the experimental results and objective
evaluation are described in detail.

THE PRINCIPLES OF TERAHERTZ
FREQUENCY MODULATED RADAR
IMAGING SYSTEM

In this paper, a 150-220 GHz high frequency terahertz frequency
modulated radar imaging system had been used for imaging
experiments [12]. This system uses a sawtooth wave generator to
drive a voltage controlled oscillator to produce a linear frequency
modulated continuous wave signal in the microwave band. The
instantaneous frequency varies linearly with time in the range of
150-220 GHz, and the frequency modulation bandwidth is
70 GHz. The relationship between the angular frequency of the
interference signal and the generated beat signal in the sawtooth
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wave frequency modulated continuous wave interference is
shown in Figure 1.

Among them, solid line T represents the modulated signal
directly received by the detector, dotted line R represents the
sample signal that carries the sample information after the sample
reflection, dotted line B represents the beat frequency signal
generated by the interference between the modulated signal
and the sample signal, Aw represents the range of the angular
frequency of the modulated signal, T, represents the period of
the modulated signal, w;, represents the frequency difference
between the modulated signal and the sample signal, «
represents the time delay of the sample signal relative to the
modulated signal, and wy represents the central angular
frequency and is a constant. According to the principle of
frequency modulated continuous wave, the longitudinal
resolution of the system is expressed as

c
d=
2xAf

1

Where c is the speed of light, and A f is the frequency modulation
bandwidth of the terahertz source. Therefore, the theoretical
longitudinal resolution of the system is 2.1 mm.

When the system is used for terahertz imaging detection of
sandwich structure composites with internal defects, the
refractive index of defect and non-defect is different, and their
reflection coefficient at the interface is different. When the
terahertz wave is reflected through the interface, the amplitude
of the reflected signal at the defect and non-defect will be
different. Therefore, this paper selects the amplitude imaging
method that can reflect the specific information of the different
interface of the sample to image [13], so as to obtain the internal
section information of the sample. The amplitude imaging
method is expressed as

Sdo (X, y) = SSumple (X, 2 do) > dO € (dla dZ) (2)

Where Sy, (x, y) is the terahertz signal set at dy depth within the
sample, and its size is x X y; Seample (%, ¥, do) is the terahertz
signal set at different depths, and its size is x x y X (dy — d,); dy,
d, are distances between the upper surface and the lower surface
of the sample and the detector respectively, and d, are values
according to the actual detection requirements.

IMAGE DENOISING ENHANCEMENT
BASED ON WAVELET UNSHARP MASKING
AND GUIDED FILTERING TECHNOLOGY

Wavelet transform is a time-frequency analysis method of signal,
which has good time-frequency localization analysis ability and
multi-resolution analysis function, and can distinguish the abrupt
part of signal and noise in different decomposition layers, so it is
suitable for analyzing non-stationary signals and extracting the
local characteristics of signals [14]. Terahertz detection signal is a
typical non-linear and non-stationary signal, so this paper uses
the hard threshold shrinkage denoising method based on discrete
wavelet transform to pre-denoise the original terahertz detection
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FIGURE 2 | Block diagram of terahertz image processing method based
on wavelet unsharp masking and guided filtering technology.

signal, and filter out the high-frequency noise in the detection
signal. After the first high frequency denoising, the guided
filtering technology which can further denoise and keep the
edge information of the image well is introduced to filter the
image after wavelet denoising. In order to better enhance the
texture detail region of the output image, the sharpened image of
the unsharpen masking is used as the guidance image to guide
and filter the image after wavelet denoising again; Through the
gain and superposition of the detail layer and the base layer
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obtained after filtering, the purpose of improving the contrast of
terahertz detection image and enhancing the resolution of image
detail is achieved. The block diagram of the method in this paper
is shown in Figure 2.

In the first step, the hard threshold shrinkage denoising
method based on discrete wavelet transform is used to
perform high-frequency denoising preprocessing on the
original terahertz detection signal I, and the terahertz
detection signal I,, that filters out most of the high-
frequency noise is obtained; In the second step, the
amplitude imaging method is used to image the detection
signal I,, after wavelet denoising, and the preliminary
terahertz detection image P, is obtained; In the third step,
the guided filtering technique with the image P,, after wavelet
denoising as the guidance image is used to filter its own image
to obtain the detail layer P,; At the same time, the unsharp
masking based on mean filtering is applied to the denoised
images P, to get the sharpened image Pg; The fourth step is to
use the sharpened image P; as the guidance image, to repeat
the guided filtering operation, and obtain the base layer P,; In
the fifth step, the detail layer P, and the base layer P, are
gained and superimposed to obtain the terahertz detection
image P,,; with improved contrast and enhanced detail and
edge information. In order to further obtain the detection
image with better visualization effect, the pseudo-color
mapping of image P, is carried out by using the color
lookup table method, and the contrast and resolution of
the imaging image are enhanced by stretching the contrast
and adjusting the scale data range and color scale of the
mapping, so as to obtain the final detection resulting image.

Hard Threshold Shrinkage Denoising
Enhancement Based on Discrete Wavelet
Transform

For a square integrable function f(f) € L*(R), w(t) is the
continuous wavelet generator function, v, () is the
continuous wavelet basis function, and the continuous wavelet
transform of f (t) is defined as

+00 -b
Hy(a,b) = f(t),y,, () = a? J_ f(t)l//(tT)dt , a>0
3)

Where Hy(a,b) is the result of f(¢) continuous wavelet
transform, a is the scale factor, b is the time shift factor, and
vy (-) is the conjugate of the wavelet generating function. Taking
a=a),b=a)k (j is the discretization index, k is the
discretization coefficient, j,k € Z), the two are discretized, and
the discrete wavelet transform can be defined as

+00

Hy(j,k) =<f(®), v, (1)) =ao ’%J f Oy (ay’ - k)dt (4)

—00
Where Hf (j, k) is the result of discrete wavelet transform of f (¢)
[15, 16].

In the detection of the sample under test, the detected signal
usually contains certain noise, which can be considered as
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Gaussian white noise. The signal containing noise can be
simply expressed as follows

yj:fj+5'zj’ j=1,...,n (5)

Where y; is the signal containing noise, f; is the ideal noise-free
signal, z; is the doped noise, § is the noise level, and 7 is the
sampling length. The essence of signal denoising is to use the
different characteristics of signal and noise to extract noise J - z;
from noise containing signal y; and restore the ideal signal f;.
For the ideal effective signal, it is continuous in the time domain.
Therefore, after the discrete wavelet transform, the energy of the
effective signal is mainly concentrated in the low frequency
subband, and the modulus of the generated wavelet coefficient
would be relatively large. For Gaussian white noise, there is no
continuity in the time domain, showing a strong randomness.
Meanwhile, after conducting discrete wavelet transform, it also
has a strong randomness, thus the energy of noise in wavelet
domain is mainly concentrated in the high frequency subband,
often still think of the Gaussian white noise, produced by the
modulus of wavelet coefficient will be relatively small. Based on
the above characteristics, the wavelet coefficients corresponding
to noise are still satisfy the Gaussian white noise distribution.
According to the definition of standard deviation and variance of
random signals, the standard deviation of signals reflects the
dispersion degree from each point in the discrete signal to the
mean value of signals. Therefore, this paper proposes to take the
standard deviation of wavelet coefficients of noise containing
signals under the decomposition of each scale of discrete wavelet
transform as the threshold to reflect the distribution range of
noise wavelet coefficients to a certain extent.

Define the scale function ¢ () € L? (R) by an integer multiple
translation k to get ¢, (t), then

Pox(t) =@(t-k), keZ (6)

If space V, :Span{(po’k(t)} is defined by a signal linearly
expressed by signal ¢, (¢), then V, is called a closed signal
space of ¢ x (t).By translating and stretching the scale function, a

new scale function ¢ ik (t) is obtained, which is expressed as
9 (t)=2"9(2t~k), jeZ, keZ (7)

Similarly, the newly closed signal space spanned by ¢, (t) is

9 () =V;= stan{%k(t)}

= Span{2i*@(2it-K} , jeZ , keZ (8)
k

After further derivation of the scale function ¢ ik (t), the multi-
resolution analysis equation corresponding to the scale function
coefficient is obtained, and the expression is

¢(t) =) holk] - V29 (2t — k) ©)
k

The equation shows that different scale functions correspond to
different ho[k] [17, 18]. When the noise containing signal
¥i € V1, the noise containing signal can be expressed as
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yi=Y cilkl @ (0)+ Y dilk] -y, () (10)
k k

Among them, there is
cilkl =<y (1)), dilk] = {yin i (6)) (11)

According to the multi-resolution analysis equation
¢, =Y ho [n]-\/f(p(Zt —n) of the scale function, we can obtain
k

9 (1) =) holn—2k]- .., (1) (12)

Then there is
cilkl = i @y (0 = D holn =2k - (yin 9}, ()

= Zho[n—zk] - Cjn [n] (13)

Similarly, according to w(t) =Y hi[n]-v2¢ (2t —n), the
wavelet coefficient d;[k] at each scalé' and each decomposition
layer can be obtained as

d;lk] = ) hi[n—2K] - cju[n] (14)

Set the standard deviation of the wavelet coefficient d;[k] as
threshold U, and the expression is

1M f(ihl [n—2k]-cjn [n]) 2
" q

M-14% M
g-1

where M is the number of wavelet coefficients of the noise
containing signal under the decomposition of each scale of the
discrete wavelet transform.

According to the characteristics of Gaussian distribution,
setting the wavelet coefficient within the threshold range to
zero can suppress the interference of noise to the maximum
extent, namely, the effect of hard threshold function. Therefore,
this paper selects the hard threshold function to carry out the
hard threshold shrinkage denoising process for the wavelet
coefficient of the noise containing signal. When the absolute
value of the wavelet coefficient of the noise containing signal is
less than the set threshold, it is made to be zero; otherwise, it
keeps unchanged. After shrinkage denoising, the wavelet
coefficients are reconstructed and restored to the terahertz
detection signal, and the amplitude imaging method is used
for imaging processing to obtain the preliminary terahertz
detection image.

Guided Filtering

Guided filtering [9-11] is a filtering method with good
performance in image denoising, defogging and detail
enhancement. Its core idea is to guide the input image
through a guidance image based on the local linear model, so
that the overall contour feature of the output image is similar to
that of the input image, and the texture detail region is similar to
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that of the guidance image. The output image g can be expressed
as follows

q= fguider(P>Isr)£) (16)

Where p is the input image, i.e., the image after wavelet denoising,
I is the guidance image, r is the size of the filtering window, ¢ is the
regularization parameter, r and ¢ can be determined by empirical
value. In this paper, r is 3 and ¢ is 0.64. The assumption between
output image g and guidance image I is as follows : there is a linear
relationship in local window wy centered on pixel v, and the output
expression of a pixel can be expressed as

qi=gJdi+o,, View, (17)

Where i corresponds to the pixel index in the local window, g,
and o, are linear coefficients in the window. By calculating the
derivative gradient on both sides of the above equation, Vg = gVI
can be obtained. It can be seen that when the input guidance
image has gradient in a certain region, the output image will also
maintain the corresponding gradient. Therefore, the guided filter
has good edge preservation performance while smoothing the
background. In order to obtain the optimal solution of g, and o,,
it is necessary to retain the effective information of the input
image p as much as possible in the output image q. Even if the
difference between the two is the smallest, the method is usually
to introduce the minimization cost function and minimize it to
solve the optimization problem. E(g,,0,) is the minimization
cost function, and the expression is as follows

E(gw Ov) = Z [(gvli +o,— Pi)2 + Sgi] (18)

icw,

Where eg? is the penalty term, ¢ is used to prevent g, too large
regularization parameters. The Eq. 18 is solved by linear
regression model to minimize it, and the optimal solution of
gv and o, can be obtained as

wi 2 Lipi-th, Py
, = i€w, 19
9 ol+e (19)
0, = Py~ gl (20)

Where y1, and o are the mean value and variance of pixels in local
window w, of the guidance image, |w| is the number of pixels

contained in w,, and p, = ﬁ Y pi is the mean value of image p
icw,

to be filtered in the window. When using Eq. 19 to calculate the
linear coefficient, the g, and o, calculated in different window w,
are obviously different, which can be solved by averaging the
values obtained from g, and o,, so the output image can be
expressed as

g=— > (gli+o)=gli+o 1)

Where g; = ; vezw gvando; = o vezw o, are the average of linear
coefficients of all local windows under the same pixel index.
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Guided Filtering Based on Unsharp Masking

Unsharp masking [19, 20] is a common sharpening enhancement
technique. Its basic principle is that the high frequency part of the
image is obtained by subtracting the original image from the
blurred image that is obtained by low-pass filtering, and then the
high frequency part of the image is gained and superimposed with
the original image to obtain the resulting image with enhanced
details and edges. The unsharp masking process can be expressed
as follows

i) = fG)+Ox{fG)-LPIfGAL (22

where f (i, j) is the original input image, LP is the low-pass filter,
( is the gain coefficient of high-frequency details, and I (i, j) is the
enhanced output image.

In this paper, the mean filter is selected as the low-pass filter
smoothing filter, and the mean filter template with a size of 3 x 3
is generated to conduct convolution filtering on the image after
wavelet denoising, so as to obtain its blurred image. According to
the principle of unsharp masking, the difference operation
between the original image and the blurred image is used to
obtain the mask image, that is, the image reflecting the detail
information of the image. After { factor multiplication of the
mask image, it is superimposed with the original image to obtain
the sharpened image with enhanced detail and edge information
in the image after wavelet denoising, so as to achieve the effect of
image sharpening. Using this linear unsharp masking method to
process the terahertz detection image can get better sharpening
effect. While the sharpness of the details is improved, the smooth
region in the original image is not affected and preserved. Finally,
the sharpened image of unsharp masking is used as the guidance
image to conduct the guided filtering on the image after wavelet
denoising, so that the texture details in the image after wavelet
denoising are similar to those in the guidance image.

Image P,, after wavelet denoising is processed by guided
filtering technology with its own image P,, and sharpened
image P; as the guidance image, the detail layer P, reflecting
the image detail information and the base layer P, reflecting the
image contour are obtained. The obtained detail layer P,, and the
base layer P, are superposed with the gain of § and y coefficients
respectively, and the terahertz detection resulting image P,,,; with
improved contrast, enhanced detail and edge information is
obtained. The process can be expressed as follows

Py =B XP,+yxP, (23)

Where P, is the output terahertz detection resulting image, f3
and y are the gain coefficients, P, is the detail layer, and P, is the
base layer.

IMAGING SAMPLES, EXPERIMENTAL
METHODS AND IMAGE PROCESSING

Sample Introduction and Experimental
Setup

Polymethacrylimide foam composites are heat-resistant
composites with the highest strength and stiffness to weight
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ratio. As the core material of sandwich structure,
polymethacrylimide foam composites are widely used in
aerospace, shipbuilding, military and other fields [21]. As one
of the three major polymer materials, rubber has high elasticity
than metal, high mechanical strength and good bending
resistance. Because of its unique properties, rubber is widely
used in medical and health, power communication, civil
engineering and other fields [22]. Glass fiber reinforced
composites are widely used in the bearing and electromagnetic
wave transmission structures of unmanned aerial vehicles due to
their excellent strength-weight ratio, aerodynamic performance
and microwave permeability [23]. With the increasingly wide
application of the above composites, the demand for its quality
control, nondestructive testing and evaluation is also increasing.
In the process of preparation and application, the above
composites will be affected by external forces and temperature
variations, resulting in internal defects such as cracks, voids and
adhesive debonding, affecting the normal use of composite
materials, and when the damage reaches a certain level, it will
even cause a catastrophe [24], so the accurate detection of
composite materials has important practical significance.

Polymethacrylimide Foam Sandwich Structure
Composite Material

In this paper, aramid fiber paper honeycomb and
polymethacrylimide foam composites were used to combine
into sample 1 (the actual photos, defect location and size,
structure diagram were shown in Figure 3). The sample was
composed of thin aramid fiber paper honeycomb with thickness
of 4.0 mm, two layers of polymethacrylimide foam with thickness
of 4.3 mm and aramid fiber paper honeycomb with thickness of
40.0 mm, which were bonded to each other by epoxy resin
adhesive, and two layers of Teflon films with diameters of 10.0
and 6.0 mm and thicknesses of 0.1 mm were used to prefabricate
the adhesive debonding defects of different sizes in the sample.
The locations of the two adhesive debonding defects were shown
in the green mark in Figure 3.

Rubber and Glass Fiber Reinforced Composite
Sandwich Structure

Sample two rubber and glass fiber reinforced composite sandwich
structure (the actual photos, defect location and size, structure
diagram were shown in Figure 4). The sample consisted of a
rubber of 10.0 cm x 10.0 cm in size and 5.0 mm in thickness and a
glass fiber reinforced composite of the same size and 13.0 mm in
thickness. The two were bonded to each other by epoxy resin
adhesive, and three delamination defects with a length of 4.2 cm
and a depth of 2.0 mm were prefabricated in the glass fiber
reinforced composite. The locations of the defects were shown
in the yellow block in Figure 4.

Polymethacrylimide Foam and Polyvinyl Chloride
Sheet Sandwich Composite Material

Sample 3 polymethacrylimide foam and polyvinyl chloride sheet
sandwich composite material (the actual photos, defect location
and size, structure diagram were shown in Figure 5). The sample
was composed of two layers of 43mm in thickness of
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Adhesive debonding
(6.0mm)
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Adhesive debonding
(6.0mm)
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(10.0mm) (6.0mm)
Thin aramid fiber paper
E honeycomb
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FIGURE 3 | The actual photos, defect location and size, structure diagram of aramid fiber paper honeycomb and polymethacrylimide foam sandwich composite
material. (A) the actual photo (top view), (B) the actual photo (side view), (C) the diagram of defect location and size (top view), (D) the diagram of defect location and
size (side view), (E) the structure diagram.

polymethacrylimide foam and a layer of 2.0 mm in thickness of
polyvinyl chloride sheet, which were also bonded with epoxy
resin adhesive, and Teflon films of 10.0 and 3.0 mm in diameter
and 0.1 mm in thickness were respectively used to prefabricate
the adhesive debonding defects of different sizes in the sample.
The locations of the two adhesive debonding defects were shown
in the green mark in Figure 5.

Experimental Setup

In this paper, when the 150-220 GHz high frequency terahertz
frequency modulated radar imaging system was used for
imaging detection of the above composite materials, in
order to reduce the system noise and make the detection
images clearer, all samples were placed near the focal plane
of the detection system and detected by one-way point-by-

point scanning. In order to further improve the detection
accuracy of the detection system, the minimum detection
accuracy of the stepper motor for the adhesive debonding
defect in sample 1 with a diameter of 10.0 mm was set as
2.0 mm x 2.0 mm, and the minimum detection accuracy of the
stepper motor for the adhesive debonding defect with a
diameter of 6.0 mm was set as 1.0mm X 1.0 mm; The
minimum detection accuracy of the stepper motor was set
as 1.5mm x 1.5mm for the delamination defects in sample
two; the minimum detection accuracy of the stepper motor for
the adhesive debonding defect in sample 3 with a diameter of
10.0 mm was also set as 1.5 mm x 1.5 mm, and the minimum
detection accuracy of the stepper motor for the adhesive
debonding defect with a diameter of 3.0 mm was set as
1.0 mm X 1.0 mm.
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FIGURE 4 | The actual photos, defect location and size, structure diagram of rubber and glass fiber reinforced composite sandwich structure. (A) the actual photo
(top view), (B) the actual photo (side view), (C) the diagram of defect location and size (top view), (D) the diagram of defect location and size (side view), (E) the structure
diagram.

Image Processing Results and Analysis
After the imaging detection of the above composite materials, the

amplitude imaging method was used to image the obtained terahertz
detection signal, and Gaussian filtering and the method proposed in
this paper were used to denoise and enhance the terahertz detection
image. When the hard threshold shrinkage denoising method based
on discrete wavelet transform was used to denoise the original
detection signal, for the adhesive debonding defect with a
diameter of 10.0 mm in sample 1, “sym4” was selected as the
wavelet denoising combination with 3 layers of decomposition

layer, and “sym5” was selected as the wavelet denoising
combination with four layers of decomposition layer for the
adhesive debonding defect with a diameter of 6.0 mm; For the
delamination defects in sample 2, “sym5” was selected as the
wavelet denoising combination with two layers of decomposition
layer; For the adhesive debonding defect with a diameter of 10.0 mm
and the adhesive debonding defect with a diameter of 3.0 mm in
sample 3, the combination of wavelet denoising with “sym5” as the
wavelet basis and the decomposition layer of 3 layers was selected for
hard threshold shrinkage denoising.
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Sample1: Imaging Results Analysis

The imaging results of each method for the adhesive debonding
defect in sample 1 with a diameter of 10.0 mm are shown in
Figure 6, and the imaging results of each method for the
adhesive debonding defect with a diameter of 6.0 mm are
shown in Figure 7. Firstly, according to the observation of
the original detection images of two different sizes of the
adhesive debonding defects, no matter the diameter of
6.0mm or 10.0 mm, the adhesive debonding defects could
not be effectively identified, only part of the defects could be
vaguely observed, and the defect edges are blurred, the imaging
contrast is not obvious, and the resolution of small targets is
poor. Theoretically, the color distribution of the background
region of the detection image should be relatively uniform, while
there are differences in the color distribution of the background
region in the actual detection image, with obvious noise
distribution, which affects the quality of the detection image.
The main reason for this phenomenon is that the energy loss of
terahertz wave propagating in the measured sample is serious,

and the effective reflection signal received by the detector is
weak, which leads to the effective signal being submerged by
noise, thus reducing the signal-noise ratio of the detected signal
and reducing the imaging effect. Then observe the results of
Gaussian filtering processing, although the use of this method
can suppress the background noise of the detection image to
some extent and enhance the contrast of the image, but the
denoising is not complete, the background region still exists
obvious noise distribution, unable to accurately identify the
prefabricated adhesive debonding defects. Furthermore, the
problem of signal distortion appears after filtering with this
method, so that the effective defect information has been
damaged. Finally, the results of the method proposed in this
paper show that the recognition effect of the prefabricated defect
region is significantly better than that of other methods. The
prefabricated adhesive debonding defects are all effectively
identified, and the details such as the edge of the defect are
enhanced, and the contrast with the background region is
improved. In addition, the noise in the background region of
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TABLE 1 | Contrast results of image objective indexes between original image and images with different methods (Bold numbers indicate the optimal value for each set of

data).

Detection image Index

SD
Adhesive debonding defect with diameter 10.0 mm (Sample 1) MG
IE
EG
LC
SD
Adhesive debonding defect with diameter 6.0 mm (Sample 1) MG
IE
EG
LC
SD
Delamination defect with depth of 2.0 mm (Sample 2) MG
IE
EG
LC
SD
Adhesive debonding defect with diameter 10.0 mm (Sample 3) MG
IE
EG
LC
SD
Adhesive debonding defect with diameter 3.0 mm (Sample 3) MG
IE
EG
LC

the image is significantly suppressed. Different from the
Gaussian filtering method, the effective defect information is
retained while filtering out the background noise of the image.

Original image Gaussian filtering Method in this paper

3.0047 2.7121 3.6210
0.0459 0.0198 0.0557
6.6520 3.1218 6.7522
2.8653e+04 5.3570e+03 4.2509e+04
36.6725 36.0706 54.6020
2.9775 2.2973 13.9005
0.0264 0.0135 0.0481
6.7008 3.1171 8.9169
2.8306e+04 7.4000e+03 9.4433e+04
9.6327 10.1058 76.1488
6.6101 4.9137 13.3256
0.0618 0.0306 0.1055
7.7592 4.1788 8.6975
6.5960e+04 1.6507e+04 1.9495e+05
2.4933 1.9407 2.7272
2.4363 2.0684 8.7838
0.0275 0.0130 0.0308
5.6032 2.2544 7.3732
2.5453e+04 5.6940e+03 3.1882e+04
24.6274 23.8015 98.5350
1.3442 1.6127 2.6318
0.0067 0.0080 0.0094
5.3768 2.0963 6.2558
6.3414e+03 9.2660e+03 1.2713e+04
356.3572 34.4890 79.1244

Sample2: Imaging Results Analysis
The imaging results of each method of the delamination defects
with depth of 2.0 mm in sample two are shown in Figure 8. Firstly,
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the original detection image of delamination defects is observed. It can
be seen that the prefabricated delamination defects can be identified by
the original detection image, but the edge of the defect is blurred, the
detail resolution needs to be improved, and the background region
also has obvious noise distribution, which affects the quality of the
detection image. After observing the results of Gaussian filtering
processing, it can be seen that this method has a certain denoising
effect, but the denoising effect is not obvious, there is still some residual
noise, and the defect edge is still blurred, and the overall sharpness of
the detection image is poor. Finally, by observing the results processed
by the method in this paper, it can be seen that the overall sharpness of
the detection image greatly improved, and the details such as the edge
of the prefabricated delamination defects have been significantly
enhanced. Moreover, the background noise of the detection image
has been effectively suppressed, and the contrast between the defect
and the background region has been improved, which is helpful for the
accurate identification of internal defects.

Sample3: Imaging Results Analysis

The imaging results of each method for the adhesive debonding
defect in sample 3 with a diameter of 10.0 mm are shown in
Figure 9, and the imaging results of each method for the
adhesive debonding defect with a diameter of 3.0 mm are shown
in Figure 10. Firstly, the original detection images of different sizes of
adhesive debonding defect in sample 3 are observed. It is found that
the prefabricated adhesive debonding defect with diameters of 10.0
and 3.0 mm could be vaguely identified in the original detection
image, but the edge of the defect is blurred and the contrast with the
background area is low. In addition, the background region of the
image also has obvious noise distribution, which needs further
denoising and enhancement to improve the contrast of the
detection image and enhance the edge of the defect and other
details. By observing the detection image after Gaussian filtering,
it can be seen that the prefabricated adhesive debonding defect
recognition effect has been improved to some extent, the noise in the
background region has been well filtered, and the contrast between
the defect and the background region has also been improved to
some extent. However, the detection image becomes blurred after
Gaussian filtering, and the detail resolution of the small target also
needs to be further improved. Finally, through the observation of the
results processed by the method in this paper, it can be seen that the
detection images of two kinds of adhesive debonding defect have
been greatly improved in the overall sharpness, contrast and defect
edge details. The prefabricated two kinds of adhesive debonding
defect can be well recognized, and the background noise of the
detection image has been effectively suppressed. While filtering out
the background noise, the defect information is effectively retained.
Compared with the original detection image and the image after
Gaussian filtering, the image quality is better.

OBJECTIVE EVALUATION OF RESULTING
IMAGES

In order to accurately evaluate the image processed by each
method, this paper also uses five objective evaluation indexes,

Enhancement of Composite Materials’ Image

namely standard deviation (SD), mean gradient (MG),
information entropy (IE), energy gradient (EG) and local
contrast (LC), to objectively evaluate the image processing
results [25-27].

Standard Deviation

Standard deviation refers to the degree of dispersion of image pixel
gray value relative to the mean value. If the standard deviation is larger,
it indicates that the gray scale in the image is more dispersed and the
image quality is better. Its calculation formula is

1
GR

R
D (F (24)

1 j=1

MQ

i

where G and R represent the sizes of the image, F (i, j) represents
the gray value of pixel F (i, j) corresponding to image F, and u
represents the average gray value of all pixels in the image.

Mean Gradient
The mean gradient represents the ability of image to express
details, which is a measure of image sharpness. Usually, the
greater the mean gradient is, the more the details of the image
are, and the higher the sharpness is. The calculation formula of
the mean gradient is as follows
2
y)] (25)

A%

represents the gradient in the horizontal direction,

1
GR

™o
™M=

MG =

i

1j

where f( )

and %},” represents the gradient in the vertical direction.

Information Entropy

Information entropy is an effective method to evaluate
information content in images. For an image with gray scale
in the range of [0,L-1], the expression of information entropy is

L-1

=-Y p(s)log, p(s;) (26)
i=0

Where p(s;) is the probability of gray level s;, the greater the
information entropy indicates that the image contains more
details.

Energy Gradient

Image sharpness is an important index to measure the quality of
the image, which can better correspond to the subjective feelings
of people. The energy gradient can evaluate the image sharpness
in real time, and the greater the energy gradient value of the
image, the better the image sharpness. The definition of the
function is as follows

+f oy +1) - f(xp)]) (27)
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Where f(x,y) represents the gray value of image f at the
corresponding pixel (x, y).

Local Contrast

The local contrast of the image can reflect the dynamic range of the gray
distribution of the image pixels. The larger the dynamic range is, the
higher the contrast is. The formula for calculating the local contrast is

Imax _ Imm
T+ o +.C @8)
X,y X,y

Where I'7J" and I ?‘}f‘ represent the maximum and minimum
pixel gray values in a sub-block centered on pixel (x, y),
respectively. In this paper, the size of the sub-block is 5 x 5.
In order to avoid the case of denominator 0, C is a smaller
constant with a value of 0.1.

The calculation results of objective evaluation indexes of
different methods are shown in Table 1. It can be seen from
the table that the standard deviation, mean gradient, information
entropy, energy gradient and local contrast of the five objective
evaluation index data are higher than the corresponding values of
the original detection image and the detection image after
Gaussian filtering. It shows that the method in this paper has
obvious advantages in contrast enhancement and level of detail
and sharpness improvement.

CONCLUSION

Aiming at the degradation phenomena of terahertz detection
images, such as low contrast, poor resolution of small targets
and blurred details, this paper proposes a novel method for
the enhancement of composite materials’ terahertz image
using unsharp masking and guided filtering technology.
Through the imaging detection of a variety of composite
materials, denoise and enhance the imaging by using this
novel method, the experimental results and evaluation results
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