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1 Introduction

Abstract

To acquire more accurate information, such as the existence of discontinuities on an
object from 2D digital radiography images, a reconstructed 3D image using a
tomography technique is needed. In this paper, an algorithm was developed to
determine the discontinuity dimension. The object used in this study is made of
gypsum, which has three types of artificial discontinuities: a 4.80 mm iron ball, an 8.00
mm iron ball, and drill holes. The processes to get projection data consist of
preprocessing to convert the images from red-green-blue to grayscale image format,
segmentation to differentiate the object from the background using the Thresholding
method and Active Contour Chan-Vese model, and morphological operations to
visualize the image into 3D volumetric, followed by determining object dimensions,
and subsequently the reconstruction results. The tomographic image reconstruction
was constructed from 90 images irradiated by an x-ray machine using digital
radiography with constant irradiation parameters and a 2° rotational angle increment
interval from 0°-180°. The error results of 4.80 mm iron balls discontinuity are 1.5%,
8.00 mm iron balls are 4.1%, and drill holes are 7.05%. Moreover, the Misclassified
Area-Mutual Overlap (MMO) method is employed to test the segmentation results,
which resulted in an MMO value of 78.23%.

Non Destructive Test (NDT) is a non-destructive testing technique on objects to determine the
material properties or discontinuities contained in the object [1-3]. In the industrial world, non-destructive
testing techniques are needed to determine what is inside an object. For example, an X or gamma ray with
a high penetrating power technique is widely used in radiography. Nowadays, conventional radiography,
which uses chemicals and old processes, has begun to be replaced by Digital Radiography (DR) [4-9].
Digital radiography is a method in advanced radiography that produces a digital analog signal for easier
processing and interpretation in image processing. The digital image is generated by capturing it on a panel
plate detector rather than on conventional film and is connected directly to a computer for image processing

and analysis [10,11].
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3D radiographic images have been applied in several areas, including electrochemistry [12], Medical
[13,14] and engineering application [15]. A simulation study on multi-stage image registration based on
list-mode proton radiography for small animal proton irradiation has been done by [16] The 3D-CT
evaluation of radiographic images and the effect on diagnostic reliability of the current 2018
“Arbeitsgemeinschaft fur Osteosynthesefragen”/Orthopedic Trauma Association (AO/OTA) classification
of femoral trochanteric fractures have been done by [17]. A comparison of Computed Tomography (CT),
Magnetic Resonance Imaging (MRI), biplanar radiography, and 3D reconstructions with and without
standardized measurement training has been done by [18]. The resulting radiography image usually only
shows a one-sided cross-section [19]. By its nature, one of the drawbacks of 2D radiography imaging is
that it is difficult to determine the thickness or depth of an object, especially for objects with irregular
geometry. Even though 3D radiography images are considered to outperform 2D imaging, they still have
some limitations for specific applications. For example, in [20], the authors stated that the 2D imaging, i.e.,
full-mouth intraoral radiograph, provided a more accurate image for caries diagnosis for dental problems
than the cone beam computed tomography-3D imaging. Furthermore, the techniques to reconstruct the one-
side cross-section radiography images to a 3D imaging may result in incorrectness in some aspects, such
as bias in calculating the dimension of discontinuity in the object. To address this limitation, one of the
techniques that can be employed is the tomography technique, which reconstructs the projection data to
produce 3D image representations. Tomography is a radiographic technique used to view the cross-section
of an object. Data is obtained from the total value of transmission, emission, or reflection from various
points of view. Multiple CT Slices can also be assembled to create accurate three-dimensional CT Slices
that can be used for a variety of different purposes [21].

MATLAB software has used a deep transfer learning network to perform 2D-3D image construction,
which can predict the deformation parameter within a statistical shape model. However, in this study, the
authors emphasized that the performance of the proposed algorithm highly depended on the accurate
alignment of the femoral condyles. Authors in [22] have compared the advanced iterative methods and the
3D filtered back-projection algorithm and claimed that the fast iterative shrinkage/thresholding algorithm
results in a higher spatial resolution of the 3D reconstructed images. Meanwhile, in [23], 3D tomographic
image reconstruction has been carried out using an algorithm program to form a 3D volumetric object as a
solid rocket propellant, and the proposed program only reached the stage of propellant formation. It could
not determine the dimensions and the 3D volumetric if there are discontinuities in the digital radiographic
image. Moreover, the existence of discontinuity, such as localized refractive index, may cause random
spikes, which then contaminate the reconstruction [24].

From those previous studies, it can be inferred that it is necessary to develop a 3D tomography image
reconstruction system to determine the dimensions of discontinuities and the formation of 3D objects
accurately. In this study, we created an algorithm program with MATLAB software to reconstruct a 3D
radiography image and then determine the dimension of discontinuities in the object. The discontinuity
dimension calculation uses a program algorithm with depth and volume parameters on three types of
discontinuities with different sizes. The images in this study were taken using an x-ray machine and a rotary
table with 2° shift intervals. Then, the resulting image will be acquired using Digital Radiography (DR)
type DXR250U-W.

2 Experimental Methods
2.1 Material

The equipment used in this research is the Rigaku X-Ray Machine [25], Digital Radiografi-
DXR250U-W [26], and Rotating Table (0-180°). The specimen used in this research is a gypsum object
containing artificial discontinuities with an outer diameter of 114 mm and a height of 293 mm, as shown in
Figure 1. Three iron balls with 8.00 mm and 4.80 mm diameters provided artificial discontinuity.
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Figure 1. Specimen of the research

2.2 Method

The method of this research follows the diagram in Figure 2. The process starts with object projection
image processing and will be finished in the testing part. A detailed discussion will be provided in the
following subsection.

Object Projection Image

Capture

3D Tomography Image

Reconstruction

Segmentation and Morphological

Operations

3D Visualisation

Determining Dimensions

of Object Discontinuity

Testing

Figure 2. Experimental method
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Figure 3. Equipment installation scheme

2.2.1 Object projection image capture

The tomography method [27] It was employed to acquire projection images of objects measuring 114
mm in diameter and 293 mm in height. The x-ray machine installation scheme and digital radiography
settings can be seen in Figure 3. The projection data collection process was carried out at the NDT
laboratory of the Indonesian Nuclear Polytechnic using a Rigaku X-ray aircraft with Digital Radiography
(DR) with a DXR250U-W detector. The objects used in this research are gypsum objects that contain
artificial discontinuities created by drilling into the object to a depth of 45 mm. Also, two iron balls with
diameters of 8.00 mm and 4.80 mm are embedded within the objects. The projection data is captured with
the source, and the detector remains in a fixed position. At the same time, the object is placed on a turntable
that is rotated around the y-axis at various angles. The results of this projection data are digital images,
which will be processed in the MATLAB software program to obtain 3D tomographic pictures and can be
used to determine the dimensions of objects with the system.

2.2.2 3D Tomography image reconstruction

The first step in 3D tomography image reconstruction is preprocessing, which involves inputting the
image reconstruction data from 90 digital projection images taken by gamma camera radiography. The next
step is the CT Slice, where the radiographic image projection data is taken one slice at a time for each image
to build the 3D dataset of the photos. Then, the collection of image slices will be further processed using
the i-radon transformation, which will result in a sinogram image, also called an image in the i-radon
domain.

2.2.3 Segmentation and morphological operations

The obtained CT Slice images were segmented using the thresholding method and active contour
Chan-Vase model. This step aimed to differentiate between the object and its background so that only part
of it is displayed in 3D representation. Also. This segmentation process changes the grayscale image into a
binary image, where pixels only have two grayscale values, namely black (0) and white (1).

2.2.4 3D Visualization

The CT Slice segmentation results are compiled into a 3D matrix, namely the matrix for the CT Slice
stack. To display it in 3D volumetric format, MATLAB's VVolume Viewer application is used. The results
from this application enable the analysis and measurement of the full 3D reconstruction derived from the
original CT scan data.
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2.2.5 Determining dimensions of object discontinuity

Determination of the location of the discontinuity is carried out on the CT Slice by observing the
changes in the CT Slice. CT Slices that contain discontinuities are visible by the presence of darker parts
of the object or parts with an intensity value smaller than the average intensity value of the object. This
dark part is called a discontinuity. This process involves determining how many CT Slices contain
discontinuities and applying segmentation to the slices that indicate discontinuities. Determination of the
discontinuity volume is carried out on the segmented images and morphological results by adding up all
the areas of the discontinuity section for all CT Slices where discontinuities are identified.

2.2.6 Testing

The segmentation results on the CT Slice were evaluated using the Misclassified Area-Mutual
Overlap (MMO) method to indicate the discontinuity. Testing was done by comparing manual segmentation
results (golden truth) with automatic segmentation. Manual segmentation was carried out using Photoshop
with the author's visual indication of discontinuities, namely by classifying the discontinuity into white or
black parts or as background. Meanwhile, automatic segmentation is an image resulting from segmentation
that has been improved with morphological operations using an algorithm created in the MATLAB program
code.

3 Results and Discussion
3.1 Object projection image capture

Projection data is retrieved using the tomography method, which involves an object image with a
diameter of 114 mm and a height of 293 mm. The object used in this study is made of gypsum containing
artificial discontinuities. These artificial discontinuities are made by drilling into the object with a depth of
43 mm, and there are also three iron balls with diameters of 8.00 mm and 3.80 mm in the object. The
projection data retrieval process is carried out with the fixed source and detector positions. At the same
time, the object is placed on a turntable that is rotated about the y-axis at various angles. Image retrieval
using the tomography method is carried out by rotating the object at multiple angles using a turntable. This
projection data is a digital image that will be processed using MATLAB software to obtain a 3D
tomography image, enabling the determination of the object dimensions within the system.

The projection data retrieval process results are 90 projection images of the object, taken at an angle
varying from 0° to 180°, with an angle increment of 2° for each step. Figure 4 shows the projection image
captured at the 0° angle. The projection image of the object has dimensions of 2048 x 2048 pixels using
Red Green Blue (RGB) color mode, 32-bit color depth, and in the bitmap (*.bmp) image format.

Figure 4. Image angle 0°
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3.2 3D Tomography image reconstruction
3.2.1 Preprocessing

Image reconstruction was performed on 90 digital radiographic image projections. However, the
digital radiographic image has a significant computational file size and needs to provide transparent
information. Therefore, a preprocessing step needs to be carried out. The preprocessing process involves
the following steps:

1. Equalize all projected images' dimensions by initializing the specified crop dimensions.

2. Cropping the projected image of the object to reduce the background area that is not needed for the
reconstruction process.

3. Converting the original RGB image to grayscale.

4. Improving the image quality using automatic contrast stretching.

The cropping step aims to reduce the unnecessary background area for the reconstruction process and
reduce the computations during image processing. This step produces a projected image of an object with
dimensions of 801 x 1751 pixels, which displays only the part of the image needed in the image
reconstruction process.

3.2.2 Formation of CT Slices

Image reconstruction aims to produce a CT Slice from the projected image of the object. Radiographic
image projection data is taken slice-by-slice for each image and then processed into a ‘sinogram’ using i-
radon transformation. The image reconstruction stage aims to get a cross-sectional image of the object,
known as a CT Slice. The tomographic reconstruction algorithm uses the inverse i-radon transformation,
I.e., the i-radon command found in MATLAB. This is considered the most direct approach for 3D image
reconstruction. This i-radon command also includes a filtered back projection transformation. However,
the output of iron usually results in blurred images. A filter provided in MATLAB, i.e., the Hamming filter,
is employed to overcome this. This hamming filter has a slight offset value. Figure 5 shows the results of
image reconstruction on the 369th CT Slice.

Fr ~

.
h

(a) without filter (b) with filter

Figure 5. CT Slice on the 369th

The image used in generating this CT Slice is a projected image that has gone through the
preprocessing stage and consists of 801 columns and 1751 rows. Therefore, the formed CT Slice consists
of 1751 images, each with a dimension of 506 x 506 pixels.

3.3 Segmentation and morphological operations
3.3.1 Object

The segmentation process uses the thresholding method to separate objects from the background in
an image based on differences in brightness or darkness. The MATLAB code used to apply segmentation
thresholding is “otsu thresholding,” a segmentation method by grouping where the threshold value will
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automatically be obtained from the average image intensity value. Figure 6 shows the 300th CT Slice
segmentation result using the thresholding command.

@
A 4

(b)

Figure 6. (a) Results of the 300th CT Slice segmentation, and (b) Results of the 300th CT Slice
morphological operation

Based on the segmentation results in Figure 6 (a), it can be seen that the object (foreground) is
segmented into white (1) and the background into black (0). However, some background pixels are still
segmented into white and some foreground pixels into black. Then, it is refined by morphological
operations. Figure 6 (b) results from several stages of morphological operations, starting from closing,
dilation, opening, and finally closing.

3.3.2 Discontinuity

1. Iron balls

The segmentation process for CT Slice indicated the presence of artificial discontinuities in the form
of iron balls with a size of 4.80 mm and 8.00 mm using the Chan-Vase active contour model technique.
The segmentation identified the coordinate locations where these discontinuity indications occurred within
the image. This allowed the segmented regions to be isolated to the areas containing the artificial
discontinuities. After that, morphological operations were performed using opening operations with
different elemental structures. Figure 7 shows the segmentation and morphological process on the 1096th
and 848th CT Slice, indicating a discontinuity.

(a) (b)
Figure 7. (@) CT Slice 1096th after segmentation and morphological operation, and (b) CT Slice 848th after
segmentation and morphological operation

The segmented image shows that there are still a few parts of the image outside the segmented
discontinuity. The segmentation results are affected by the grayscale degree of each pixel in the
discontinuity area and objects. When the grayscale values between the discontinuities and nearby regions
are too similar, it is difficult to determine the discontinuity boundaries. Therefore, the segmentation is
carried out only in areas with a striking difference in intensity in the grayscale image.
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2. Drill hole

The segmentation process for CT Slices that indicate discontinuities uses the thresholding method.
This image segmentation method separates objects from the background in an image based on differences
in brightness or darkness. Figure 8 shows the segmentation process on the 400th CT Slice, indicating a
discontinuity.

(b)
Figure 8. (a) CT Slice 400th after segmentation, and (b) CT Slice 400th after morphological operation

The segmented image still contains much noise or a small black area that should be part of the object
(white), which is caused by trapped air during object creation. The image resulting from this segmentation
could be better. Its structure will be corrected so it is segmented only in the discontinuity section using
image morphology operations with complement, open, erosion, and “bwareafilt” operations.

3.3.2 3D Visualization

The CT Slice from the segmentation is made a 3D matrix, namely the matrix for the CT Slice stack.
To display it in 3D volumetrically, this research uses an existing MATLAB application, Volume Viewer.
For the formation of the 3D volume of the object taken from the CT Slice, this research employs the
segmentation and morphological operations to 1751 CT Slice images. The 3D volume object display is
shown in Figure 9.

Figure 9. 3D Volumetric object with several captured angles
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(a) 3D View of discontinuity of the 4.80 mm iron (b) 3D View of discontinuity of the 8.00 mm iron ball
ball

(c) 3D View of discontinuity of the drill hole
Figure 10. Volumetric discontinuity with several captured angle

The formation of 3D volumes of discontinuities from the CT Slice segmentation results and
discontinuity morphology operations involves 39 CT Slice images of 4.80 mm iron balls, 51 CT Slice
images of 8.00 mm iron balls, and 170 CT Slices for drill holes. The volumetric 3D view of the
discontinuities is shown in Figure 10.

Discontinuity

Figure 11. Volumetric object and discontinuity
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The exact number of segmented and morphological images, 1751 CT Slice images, are used to
construct the 3D visualization of the object and all discontinuities. The 3D visualization and discontinuities
are shown in Figure 11.

3.3.3 Determining the dimensions of object discontinuities

The location of the discontinuity is determined on the CT Slice by tracking the changes in the CT
Slice. The discontinuities on CT Slices are identified by the darker parts of the objects or quantified as the
parts with an intensity value smaller than the object's average intensity value. Segmentation was then carried
out on the slices where discontinuities were indicated. This focused the segmentation on delineating the
discontinuities in the areas where they appeared. The next step is to determine the value of the discontinuity
dimension in the form of the volume and depth of the discontinuity. The volume of this discontinuity is
calculated by summing up the entire area of the discontinuity section for all CT Slices identified as having
discontinuities on the segmented and morphological images. The discontinuity dimension generated using
the explained algorithm is still in pixels. Therefore, dimensional validation is carried out to find the
relationship between pixels and units of length (mm). The validation was carried out using an 8.00 mm iron
ball as a reference. The validation of the discontinuity dimensions with pixel size was carried out on four
iron ball CT Slices. Table 1 shows the value of the x-axis and the value of the y-axis length for each iron
ball CT Slice.

Table 1. The value of the length of the x and y axes on the CT Slice of the iron ball

CT Slice X-Axis Length (Pixels) Y-Axis Length (Pixels)
1 48.4927 42.4075
2 47.8092 42.7426
3 47.6411 43.2932
4 46.8258 43.2207

From Table 1, the average length of the x-axis and the length of the y-axis are 47.6922 pixels and
42.9160 pixels, respectively. Therefore, the size of the depth or diameter of the iron ball obtained from the
average value of the x and y-axes is 45.3041 pixels, where the value is equivalent to 8.00 mm. Thus, it is
known that 1 pixel is equal to 0.1766 mm. The results of the volume determination program code show that
the discontinuity volume of the 4.80 mm iron ball is 57.79 mm® and its diameter is 4.94 mm; meanwhile,
the discontinuity volume for the 8.00 iron ball is 251.6 mm?® with the 8.20 mm diameter; lastly, the
discontinuity volume for the drill hole is 1,128 mm? with a depth of 39.97 mm. These discontinuity volumes
and depths are then compared to manual measurements. The percentage errors between the program
algorithm results and the manual calculations were 1.5% for the 4.80 mm iron balls, 4.1% for the 8.00 mm
iron balls, and 7.05% for the drill holes.

3.3.4 Testing

The test uses the Misclassified Area-Mutual Overlap (MMO) method. This method compares the
results of manual segmentation (golden truth) with automatic segmentation. It identifies the area of objects
that coincide in the image resulting from manual segmentation and automatic segmentation images.
Automatic segmentation is a segmented image that has been improved by morphological operations using
the proposed algorithm created in the MATLAB program code. The image from manual segmentation is
created by manually segmenting the foreground using Photoshop software. The iron ball part is made of
white color, and the other colored part is made of black color. Tests were carried out on 85 CT Slices
representing all CT Slices resulting from the segmentation and morphological operations with discontinuity
indications. Table 2 shows MMO data from several CT Slices, which indicated discontinuities.
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Table 2 shows several results for calculating the MMO value of each tested CT Slice. The average

value of MMO for all CT Slices is 78.23%. Based on the test results, there is a difference of about 12%
between the results of automatic segmentation and manual segmentation. Therefore, the determination of
the dimensions for the three types of discontinuities has been validated with an MMO value of 78.23%,
which is declared to have passed the criteria for receiving segmentation results based on literacy from [29],
which stated that MMO value should be more than 50%.

Table 2. MMO value data from the test results for each CT Slice

CT Slice MMO (%) CT Slice MMO (%)
330 70.35 459 60.69
345 79.24 844 94.90
360 62.10 854 95.21
375 68.77 864 91.87
390 87.40 874 87.54
405 87.33 1095 92.77
420 90.39 1105 85.75
435 83.29 1115 88.88

Average 78.23%

4 Conclusions

Based on the results of the 3D tomographic image reconstruction process and the determination of

discontinuity dimensions, it can be concluded:

A 3D object tomography image is generated as a stack of 1751 CT Slices displayed volumetrically.
The resulting 3D tomography image of 4.80 mm iron ball discontinuity in the form of 39 CT Slice
piles, 51 CT Slices of 8.00 mm iron balls, and 170 CT Slices drilled displayed volumetrically

The proposed algorithm for determining discontinuity dimensions results in the iron ball’s volume
being 4.80 mm of 57.79 mm? and the depth or diameter being 4.94 mm, with an error percentage of
1.5%. The volume of the 8.00 mm iron ball is 251.6 mm? with a diameter of 8.2 mm, and the error
percentage is 4.1%. The drill volume is 1,128 mm?, the depth is 39.97 mm and an error percentage of
7.05%.

The value of MMO for testing the results of image segmentation of all discontinuities is 78.23%.

In the following research, image reconstruction is needed to determine the dimensions of natural
discontinuities.
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