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ARTICLE INFO ABSTRACT

Over the past years, many studies have evaluated the performance of nondestructive testing high-energy X-ray
imaging methods. In these high-energy industrial X-ray imaging systems, the noise is very important when
accurately assessing the nondestructive analysis of faults inside the object volume. A common way to improve
the noise performance is the total variation (TV) noise reduction algorithm. Thus, the purpose of this study is to
establish a high-energy industrial X-ray imaging system using 450 kVp energy and to confirm the feasibility of
our designed TV noise reduction algorithm. We used an X-ray generator (including source, power supply, and
cooler) and a flat panel detector made of an amorphous silicon material. In addition, we acquired the X-ray
image for a battery and an air pump and then applied our designed TV noise reduction algorithm to these
images. To evaluate the image performance, we used normalized noise power spectrum (NNPS), contrast to noise
ratio (CNR), and coefficient of variation (COV). According to the NNPS result, the noise performance of our
method was improved compared to conventional noise reduction methods. In addition, the CNR of our TV noise
reduction algorithm was 1.58, 1.30, and 1.26 times greater than that achieved for the noisy image, median filter
and Wiener filter, respectively. We also acquired excellent COV results for the high-energy X-ray imaging system
(about 1.93 times higher than that of the noisy image). Our results suggest that a TV noise reduction algorithm
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can be constructed with an improved image performance in high-energy industrial X-ray imaging systems.

Introduction

Since X-rays were discovered in 1895 by W. Roentgen, X-ray-based
imaging systems have been used widely in medical treatment and in-
dustry [1-3]. Especially, industrial X-rays are a form of nondestructive
testing (NDT) and can be employed to confirm the existence of faults in
the internal structure of specimens and the material composition in the
scanned volume part [3-5]. In industrial X-ray imaging systems, the
most commonly used high-energy X-ray beams have energies of 450
kVp or 3MeV (up to 15MeV) using < 0.5 mm resolving power [6,7].

The image quality is the faithfulness of the representation of the
imaged object and is very important for the improvement of the accu-
racy for internal structure information in industrial X-ray imaging
systems [3]. All industrial X-ray images, including high-energy beams,
contain some visual noise that is significant in this system. Although
noise can degrade the image quality, the most significant factor is that
noise can be reduced in various ways using both hardware (develop-
ment of newly-designed detector materials or acquiring a high radiation
dose) and software [8,9]. With the rapid advance of computer science
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and engineering, software methods with image processing denoising
techniques have been actively used to improve the noise performance.
Recently, many studies have been conducted for the feasibility of the
total variation (TV) noise reduction algorithm based on an iterative
method in the field of medical imaging [10-12]. This algorithm is an
effective noise reduction method for recovering signals and was in-
troduced by Rudin, Osher, and Fatemi in 1992 [10]. In addition, this
algorithm is defined by the minimization of a nondifferentiable func-
tion and is based on a nonlinear filtering method. Although many stu-
dies of the feasibility of TV noise reduction algorithm in medical ima-
ging have been performed, few studies have been conducted to confirm
the application in industrial X-ray imaging. In this study, we establish a
high-energy industrial X-ray imaging system and evaluate the image
performance of the TV noise reduction algorithm in an industrial X-ray
image. For that purpose, we used normalized noise power spectrum
(NNPS), contrast to noise ratio (CNR), and coefficient of variation
(COV) to evaluate quantitatively the image performance in our estab-
lished system with the TV noise reduction algorithm.
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Fig. 1. Photo of our 450 kVp industrial X-ray system. This system consists of a flat panel detector and X-ray generator. Our system has a slide base carrying the X-ray

source and the detector.

Materials and methods
Established high-energy industrial X-ray imaging system

In this study, we focus on the development of high-energy industrial
X-ray imaging system using a 450 kVp beam. Fig. 1 shows the overall
established 450 kVp industrial X-ray imaging system. This system con-
sists of an X-ray generator, a flat panel detector, and a chuck for
mounting a large object.

We used a bipolar metal-ceramic X-ray tube for the 450 kVp X-ray
generator with a high voltage power supply and a cooler. Fig. 2 and
Table 1 show the schematic diagram and specifications, respectively, of
the X-ray generator. In addition, we used an amorphous silicon flat
panel detector with a 200 um pixel size using 2048 x 2048 pixels (total
active area: 409.6 mm X 409.6 mm).

Total variation (TV) noise reduction algorithm modelling

In X-ray-based imaging systems, the main task of the noise reduc-
tion algorithm is to create a clear image from a noisy image. To address
this problem, a variety of techniques have been developed using prin-
ciples that minimizes the gradient of an X-ray image. Among these

Table 1

Specifications of the used 450 kVp X-ray generator.
Parameter Value
Focal spot size (mm) 0.4/1.0
Voltage (kV) 20-450
Current (mA) 0.01-15
Cooling material 0il

principles, the TV regularization technique is widely used in the field of
X-ray imaging and was first researched by Rudin, Osher, and Fatemi for
Gaussian noise reduction. Especially, the TV noise reduction algorithm
based on the regularization technique with the L;-norm estimation was
used in this study because of the easier computation and analysis pro-
cessing. Given a noisy image and a restored image, the TV model
considers the solution for the convex optimization problem.

The basic equation of image degradation process with noise char-

acteristics is calculated as follows:
A(x, y) = h(x,y) =« PSF(x,y) + N (x, y)(x*: 2D convolution) (€))

where A(x, y) is the image after degradation, h(x, y) is the original
image, PSF(x,y) is the shift-invariant point spread function, and

High-voltage power supply
(XRP 450/4500/2)

HV cable

X-ray generator
(MXR-451HP/11)

2

]

Main supply 220/240 VAC

Cooler
(XRC-4501)

_ Warning lamps

Fig. 2. Schematic diagram of the X-ray generator, which consists of a high-voltage power supply (XRP 450/4500/2), source generator (MXR-451HP/11), and cooler

(XRC-4501).
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N (x, y) is the noise. A general method for solving unknown term h(x, y)
is regularization function and basic equation of our proposed noise
reduction algorithm using smoothing function, ug, based on TV is cal-
culated as follows [10]:

Vivlu] = [ 1Vugldxdy(Vu = vu?, +ug) @

where V7 is the total variation, Vu, is the gradient, and u,, and us, are
the 9,,/9, and 9,,/d,, respectively. To cope with “Viy [us] = min” pro-
blem, new equation can be expressed as shown below:

2 —
‘/(; (v—u,)? dxdy = constant 3)

Based on V;y equation, denoising models for rejecting distribution of
Gaussian (ug) and Poisson (ug) noises are calculated as follows:

U = argmin [‘/s; |Vugldxdy

+ % _/;l (v—uxm)zdxdy] (Lagrange multiplier: 1 > 0) @

up = argmin [-/;z IVugldxdy + -/s; Us

—vln(us)dxdy] (regularization coefficient: > 0) (5)

To compare the image performance between TV and previously
developed noise reduction algorithms, we also designed conventional
algorithms using both a median, and Wiener filter with a nonlinear and
statistical method, respectively.

Quantitative evaluation of image performance

The capabilities of the designed TV noise reduction algorithm were
evaluated by applying it to a developed high-energy industrial X-ray
imaging system using a 450 kVp beam and calculating the NNPS, CNR,
and COV. NPS is used to evaluate noise characteristics in X-ray images
and is defined as the variance per frequency in the spatial frequency
domain. NPS is calculated as follows [13]:

NPS(un, vi) = lim  (NeNyAXAY)(IF Tl (x, y)-S(x, Y)12)
Nx,Ny—co

M
= lim lim SV SR I(x, y)-S(x, )P
NxNy—moM—»oo M —
m=1
AxAy

= lim
NxNy,M— oo MNxNy

2 )
nl ©

where u and v are the spatial frequencies in the X and Y directions,
respectively; N, and N, are the pixel numbers in the X and Y directions,
respectively; Ax and Ay are the spacing in pixels in the X and Y direc-
tions, respectively; I (x;, y) is the intensity of the image at the (x;, »)
pixel location; and S(x, y) is the mean intensity. Finally, NNPS is ob-
tained using the above-mentioned NPS equation and is calculated as
follows:

Ny Ny
D0 D) (G, y)—S(x, y)exp(=27i(unx; + viyy)

i=1 j=1

NPS (u, v)
(mean signal of average ROI)? ()

NPS,ormalized (U, V) =

In addition, we used CNR and COV to evaluate the image perfor-
mance between the contrast or signal and noise. CNR and COV are
calculated as follows [14]:

CNR = |St—Sg!

o+ ok (8)
cov=2

St ()]

where St and or are the mean and standard deviation of the target
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(@) (b)

Fig. 3. Photos of the two test phantoms used for evaluating the image perfor-
mances with our X-ray system: (a) battery and (b) air pump.

(a) (b)

Fig. 4. Examples of test phantom images using (a) battery and (b) air pump
with ROIs. NNPS, CNR, and COV were evaluated after setting ROI;, ROI,, and
ROIs.

(c) (d)

Fig. 5. Images resulting from using the battery test phantom: (a) original with
noise, (b) median filter, (¢) Wiener filter, and (d) the proposed TV noise re-
duction algorithm.
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Fig. 8. NNPS results (using ROI, in Fig. 4) for the noisy image, median filter,
Wiener filter, and our proposed TV noise reduction algorithm.
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Fig. 6. Images resulting from using the air pump test phantom: (a) original with © 1
noise, (b) median filter, (c) Wiener filter, and (d) the proposed TV noise re- : 10 b
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Fig. 9. CNR results (using ROI, and ROIj3 in Fig. 4) for noisy image, median
filter, Wiener filter, and our proposed TV noise reduction algorithm.
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lished high-energy industrial X-ray imaging system using (a) original with Noise reduction methods
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region of interest (ROI), respectively and Sy and op are the mean and the
standard deviation for the background ROI, respectively. For evaluating
image performances, we acquired two test phantom images using our X-
ray system: battery and air pump, as shown in Fig. 3.

Results and discussion

X-ray detection with the NDT method plays an important role in the
industry to find faults inside objects. The X-ray imaging systems have
gradually achieved higher fault detection efficiency. Among these sys-
tems, the high-energy X-ray imaging system using 450 kVp or 3 MeV is
widely used. However, noise, which results in degradation of the image
performance and fault detection, in the image inevitably occurs in X-ray
imaging systems. To improve the image performance, many researchers
are actively studying the development of noise reduction algorithms
[10-12]. Among these algorithms, the TV-based method based on the
regularization technique with the L;-norm estimation, has a high effi-
cient noise removal ratio. Therefore, the aim of this study is to establish
a high-energy industrial X-ray imaging system using 450 kVp energy
and to confirm the application feasibility in our system for the designed
efficient TV noise reduction algorithm.

Fig. 4 shows an example of the test phantom images with our es-
tablished high-energy industrial X-ray imaging system including ROI
for the calculation of NNPS (ROI;), CNR (ROI, and ROI3), and COV
(ROL,). Figs. 5 and 6 show the images resulting from various noise re-
duction algorithms using the battery and air pump test phantoms, re-
spectively, and Fig. 7 shows the magnified resulting images (ROI,)
using the various noise reduction algorithms. Based on the magnified
images, it is possible to confirm that the noise is reduced from the
image using our TV noise reduction algorithm.

Fig. 8 shows the NNPS result using ROI; with respect to the noise
reduction algorithm. The results of NNPS show that the value of NNPS
for the TV noise reduction algorithm is the lowest (approximately
107 'mm?) and about 10° times lower than for the original noisy
image. We confirmed that our proposed TV noise reduction algorithm
can reduce the noise intensity to a much greater degree and improve
the image performance.

The evaluated CNR results for various noise reduction algorithms
are shown in Fig. 9. The evaluated CNR obtained from the noisy image,
median filter, Wiener filter, and our proposed TV noise reduction al-
gorithm increased in this order. By comparing with the noise reduction
methods, the average CNR result using our proposed TV noise reduction
algorithm was 1.58, 1.30, and 1.26 times higher than that of the noisy
image, median filter, and Wiener filter, respectively. The evaluated
COV result for various noise reduction algorithms is shown in Fig. 10.
The evaluated COV increased for our proposed TV noise reduction al-
gorithm, Wiener filter, median filter, and noisy image. By comparing
with the noise reduction methods, the average COV result using our
proposed TV noise reduction algorithm was 1.93, 1.42, and 1.27 times
higher than that of the noisy image, median filter, and Wiener filter,
respectively. According to the CNR and COV results, our proposed TV
noise reduction algorithm can improve the 450kVp high-energy
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industrial X-ray imaging.

Our TV noise reduction algorithm is the most suitable in high-en-
ergy industrial X-ray imaging systems. It can efficiently reduce the X-
ray image noise compared with conventional filtering methods such as
median or Wiener filters due to the regularized term with the L;-norm
estimation of the constraints of the acquired data. Further, the im-
proved result reflects the correction and iterative steps with the func-
tional space modelling and the integrable functions in our proposed
algorithm. Therefore, these results demonstrate that the TV noise re-
duction algorithm can be used to achieve an appropriate image per-
formance for a 450 kVp high-energy industrial X-ray imaging system.
Moreover, the superior noise performance obtained with the proposed
noise reduction algorithm is expected to achieve short scan times and
low patient doses.

Conclusion

In this study, we have established a 450 kVp high-energy X-ray
imaging system for industrial NDT. To improve the image performance
of this system, we designed a TV noise reduction algorithm and in-
vestigated the efficiency for image restoration using the calculation of
NNPS, CNR, and COV in two test phantoms. The images using our
proposed TV noise reduction algorithm were much more clearly re-
stored and visible compared with the conventional filtering methods. In
conclusion, our results demonstrate that our proposed TV noise re-
duction algorithm offers an appropriate image performance of high-
energy X-ray imaging system in terms of the various image performance
parameters for fault detection in the internal structure of a specimen
and the material composition.
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