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Abstract

Nondestructive testing, which can monitor a product’s interior without disas-
sembly, is becoming increasingly essential for industrial inspection. Computed

laminography (CL) is widely used in this application, as it can reconstruct a

product, such as a printed circuit board, into a three-dimensional (3D) high-

magnification image using X-rays. However, such high-magnification scanning

environments can be affected by minute vibrations of the CL device, which

can generate motion artifacts in the 3D reconstructed image. Since such vibra-

tions are irregular, geometric corrections must be performed at every scan. In

this paper, we propose a geometry calibration method that can correct the geo-

metric information of CL scans based on the image without using geometry

calibration phantoms. The proposed method compares the projection and digi-

tally reconstructed radiography images to measure the geometric error. To val-

idate the proposed method, we used both numerical phantom images at

various magnifications and images obtained from real industrial CL equip-

ment. The experiment results confirmed that sharpness and contrast-to-noise

ratio (CNR) were improved.
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1 | INTRODUCTION

1.1 | Nondestructive testing and
computed laminography

Nondestructive testing (NDT) is critical in the quality
testing of various industrial devices [1]. The importance
of NDT increases as products, such as integrated circuit
(IC) packaging, become smaller and the complexity of

their structure increases [2]. In particular, using X-ray
computed tomography (CT) is becoming increasingly
popular, as it can reconstruct and analyze three-
dimensional images (3D) [1–7]. CT operates using the
attenuation coefficient of X-rays transmitted through a
material to form a 3D image. It effectively inspects a
structure’s interior by filtering the projection images
acquired from various directions around the rotation axis
and projecting them back [6,8–10]. However, CT
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equipment has limitations in imaging samples with plate-
like structures, such as ICs and multilayer printed circuit
boards (PCBs) [1–3,6,7]. First, obtaining projection
images by rotating a platelike sample does not provide
sufficient projection information in a specific angular
range according to the shape and thickness of the sample
[3,5]. Additionally, even if the projection images were
acquired using high-energy X-rays with enough flux, dif-
ferences in the X-ray transmission path length and its
effects by scattering, beam hardening, and photon starva-
tion, and so on, would significantly degrade the quality
and spatial resolution of the reconstructed images. Sec-
ond, a sufficient distance between the source and sample
is required to avoid collisions, reducing the magnification
and spatial resolution of the CT images [5,6]. One
approach to overcoming the above limitations is rota-
tional computed laminography (CL) [1–5], which is based
on the relative motion of the X-ray source, detector, and
sample. By tilting the X-ray beam line relative to the rota-
tion axis of a flat sample at an arbitrary angle, the X-ray
beam passes through a similar thickness over the flat
sample. The main difference between CL and CT is the
tilted rotation axis [1]. Using rotational CL, magnification
can be controlled by adjusting the distance between the
source and the object and changing the scan field of view
(FOV) according to the degree of the tilted angle [5,6].
Therefore, improving the spatial resolution and quality of
the reconstructed images is possible using rotational CL,
increasing its usefulness and effectiveness in NDT
[1,2,6,9,11].

To reconstruct projection images into a 3D image,
geometric information on X-ray CT scanners, such as
source and detector positions, that is, (Sx, Sy, and Sz) and
(Dx, Dy, and Dz) (Figure 1), source-to-object distance
(SOD), source-to-detector distance (SDD), and object-to-
detector distance (ODD), is required. This geometric
information is determined before X-ray scanning. How-
ever, when acquiring a projection image, distortions, or

vibrations of the scanning device can introduce errors to
the geometric information, such as the center of rotation
(COR), tilting angle, and SDD. Figure 2 shows errors
caused by geometric misinformation. When the object or
detector wobbles, certain projection images can be back-
projected to a misaligned location (Figure 2B,C). This
is because back-projection is performed according to
the predetermined geometric information. This may
obscure minute defects inside samples or deteriorate
the image quality during quality inspection [1,6–9].
Several methods have been proposed to correct this
geometrical error, but most have limitations requiring a
scanned image for a dedicated phantom. In methods
that do not use a dedicated phantom, only the global
COR is corrected among various causes of geometric
errors.

In addition, existing studies have been conducted on
only low magnifications of 2� or below [6–9,12,13].
Recently, the implementation of high-magnification
scans, which can minimize the distance between the

F I GURE 1 Geometry information of X-ray computed

tomography (CT) scanner

F I GURE 2 Examples of errors caused by geometry

misinformation: (A) the exact scan case, (B) the example of an

object wobbling, and (C) the example of a detector wobbling (red

line: detector wobbling error when scanning; red dot: the

predetermined location of the detector)
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source and sample, has become more popular and
allowed for more precise inspections. However, as this
method is sensitive to scanning device distortions or
vibrations, an effective reconstruction method that cor-
rects geometric errors and minimizes the deterioration of
image quality is necessary.

1.2 | Geometric calibration phantom-
based calibration method

Geometric calibration phantom (GCP)-based calibration
methods can be used to correct the geometric motion of
cone beam CT equipment. The GCP-based calibration
method converts the two-dimensional (2D)–3D mapping
relationship between each voxel of the reconstructed
volume and the pixel of the projected image into a
3 � 4 matrix, called the projection matrix (PM). By
scanning a predesigned geometry calibration phantom,
the geometric information of each projection is deter-
mined by utilizing the correspondence between each
feature point in the phantom and the projected image
for each angle. The matrix can be calculated by imaging
the dedicated phantom, composed of multiple metal
beads, and establishing the correspondence between the
3D positions of the metal beads and the projected 2D
bead positions in the radiographic projection
image [14–17]. The PM is expressed as (1). Here, RjTr½ �
is 3� 4 matrix representing the rotation and translation
of the source coordinate relative to the object or recon-
struction coordinate, respectively. u0, v0ð Þ is a detector
offset (in pixels) where X-ray beams are incident verti-
cally on the detector.
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However, there are some limitations in applying the
GCP-based calibration method to a high-magnification
CL scan. First, prior GCP-based calibration information
cannot be made for all possible cases, such as the set posi-
tion of the COR of the sample, tilting angle of the detec-
tor, distance between the source and the detector, and
repeatability of the scanning device movement must be
guaranteed. Second, a special small-scale GCP is required
for image correction at high magnification, and obtaining
an image by precisely set-positioning the phantom and
sample alternately at the same location in the CL device
for actual use is difficult. Therefore, we propose a geo-
metric correction method that does not require a GCP or

its scan. The correction method was developed to mini-
mize geometric errors by comparing the projected image
of each sample angle and the digitally reconstructed radi-
ography (DRR) image generated from the reconstructed
3D image. Compared to the existing COR method, which
finds and corrects only a single global rotational center
position, the proposed method performs correction more
accurately by reflecting the motion caused by the transla-
tion and rotation of the scanning device for each
projection.

2 | MATERIALS AND METHODS

2.1 | Study design

The geometric calibration method (GCM) for the high-
magnification CL system proposed in this paper recon-
structed an image using an updated PM, which was
obtained based on a geometric correction value calcu-
lated using mutual information (MI) between the pro-
jected and DRR images. We calculated the geometric
correction performance using a numerical phantom for
simulations and images acquired from an industrial CL
device to evaluate the proposed method. The numerical
phantom for the simulations took the form of a plate-
shaped substrate in which cylindrical markers were
arranged in 2D. The data acquired from the actual CL
device were images of PCBs.

2.2 | Projection and digitally
reconstructed radiography image-based
geometric calibration method

This paper proposes a projection and DRR image-based
GCM (PDGCM). PDGCM is a method of generating an
updated PM that corrects the geometric information of
the scanning device by comparing the reconstructed CL
image and projection images (P) using the initial PM gen-
erated based on the prior known geometric information
of the scanning device. Figure 3 shows the entire process
of the proposed PDGCM.

To compare the P and CL images, the CL volume is
forward-projected at the same angle as the P scan angle,
which is used to acquire DRR images (D). In the image
registration step, P(i) and D(i) are compared to find the
optimally matched transformation information T(i), that
is, translation and rotation. Here, i refers to the index of
the projection images. In the image registration step, var-
ious registration algorithms may be used. In this paper,
MI, commonly used for X-ray image matching, was
applied [10,18]. We used the gradient descent method for
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MI optimization. After calculating the corrected PM by
reflecting the calculated translation and rotation informa-
tion against the initial PM, CL image reconstruction is
performed with the corrected PM. After the above process
is repeated several times, either a particular number of
times (Nitr) or until the values converge, a geometrically
corrected CL image is obtained.

2.3 | Simulation study

To quantitatively and systemically evaluate our PDGCM’s
performance, we simulated a platelike sample and used
several numerical phantoms of various magnifications.
To simulate a shape similar to a PCB and ball grid array
(BGA) of an electronic device, a thin plate-shaped space
was created, and cylindrical markers were arranged at
regular intervals (Figure 4).

By adjusting the SOD between the source and the
plate-shaped phantom, forward-projection images of the
numerical phantom were generated at 10�, 25�, 50�,
and 100� magnifications. After generating the initial PM
according to the scan conditions shown in Table 1, the
image was reconstructed to generate ground truth
(GT) volume data.

In addition, the plate-shaped phantom for each angle
was shifted by 0.05 mm in the horizontal (u) direction of
the detector to accommodate the magnitude of vibration
of the industrial CL device. This allowed a simulation to
be performed so that the motion artifacts of the scanning

device appeared in the reconstructed image. The ODD
was fixed at 500 mm, and the SOD was changed to
create numerical phantoms between 10� and 100�
magnifications.

2.4 | Experimental study

Figure 5 is a schematic of the industrial rotary laminogra-
phy system we used. The plate-shaped sample placed on
the stage could rotate around the axis of rotation, and the
axis of rotation passed through a point in the sample per-
pendicular to the stage. The stage could move up, down,
and horizontally to any position, allowing arbitrary mag-
nification and FOV adjustments. The closer the sample
was to the X-ray source, the higher the image magnifica-
tion, where magnification refers to the ratio of the SDD
to SOD. During CL scanning, the tilt angle of the detector

F I GURE 3 Flow chart illustrating the projection and digitally

reconstructed radiography image-based geometric calibration

method (PDGCM)

F I GURE 4 (A) Volume of numerical phantoms and

(B) forward projection images from the numerical phantoms

TABL E 1 Specifications of the numerical phantom used in the

simulation study

Parameter Value

The numerical phantom volume (pixel) 576 � 576 � 20

Detector array size (pixel) 1152 � 1152

Detector pitch (mm) 0.099 � 0.099

Object-to-detector distance (mm) 500.0

Tilting angle (�) 60.0

Magnification 10, 25, 50, 100

Angular interval (�) 1
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was set at a specific value along the C-arm rail (maxi-
mum α = 70�), the plate-shaped sample was rotated 360�

on the stage, and CL images were obtained at 1� angular
intervals.

We verified the performance of the proposed algo-
rithm using plate-shaped sample images acquired from
industrial CL scan equipment. For our experiments, we
obtained data for four different samples, whose magnifi-
cations are listed in Table 2.

When evaluating the actual scan experiment image,
the global sharpness (Sglobal), boundary sharpness
(Sboundary), and contrast-to-noise ratio (CNR) were mea-
sured for quantitative evaluation [11]. To calculate the
sharpness of the volume image, volume data were calcu-
lated for each slice [19].

The Sglobal value is defined as follows:

Sglobal ¼
XM

x¼1

XN

y¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∂I
∂x

� �2

þ ∂I
∂y

� �2
s

, ð2Þ

where I denotes the image of M � N size.

The Sboundary is a method of measuring the sharpness
of an object’s boundary. The Sboundary value is defined as
follows:

Sboundary ¼
X

x,yð Þ � Rmargin

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∂I
∂x

� �2

þ ∂I
∂y

� �2
s

, ð3Þ

where Rmargin denotes the object boundary.
The following equation was used to evaluate the CNR

of the image:

CNR¼ IROI� IBG
σBG

: ð4Þ

IROI means the average brightness of the selected region
of interest (ROI), and IBG means the average brightness
of the background. The background was set as the area
around the selected ROI. To select the ROI, the threshold
method was used.

3 | RESULTS

3.1 | Simulation study results

Figure 6 shows three reconstruction images (GT, before
PDGCM, and after PDGCM) and the results before and
after correction according to the magnification at the center
slice of the reconstruction volume. These images confirmed
that the motion artifacts reduced after geometric correction
at all magnifications, resulting in a shape and brightness
similar to that of the GT. In particular, the edge of the cylin-
drical shape, which was blurred before correction, became
sharper after correction, and the contrast was improved.

Table 3 shows the results of the structural similarity
(SSIM) [20] and normalized root-mean-square error
(NRMSE) according to the magnification. To compare
the results based on magnification only, the same ROI in
the image was used, as shown in the red box in Figure 6.
To make the FOV size of the comparison area the same
in each magnification image, the ROI size was set accord-
ing to the FOV size of the 100� magnification image.

F I GURE 5 Schematic of an industrial computed

laminography (CL) scan system

TAB L E 2 Magnification information for each sample case

Data SOD (mm) ODD (mm) Magnification Tilting angle (�)

Case 1 39.20 498.14 13.70 60

Case 2 18.40 495.75 27.94 60

Case 3 13.00 499.02 39.38 60

Case 4 5.42 495.75 92.46 60

Abbreviations: ODD, object-to-detector distance; SOD, source-to-object distance.
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The NRMSE of the ROI is given by the following
equation:

NRMSE ¼ RMSE
xmax � xmin

and ð5Þ

RMSE¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN

i¼1
x ið Þ� x0 ið Þf g2

r
ð6Þ

N :The number of pixels

where x and x0 denote the ROI of GT and the ROI of the
image for evaluation and xmax and xmin represent the
maximum and minimum values of the ROI of GT,
respectively. The evaluation results confirmed that the
SSIM and NRMSE were significantly improved compared
to before the correction for all magnifications. In particu-
lar, the SSIM value was 0.96 or above for the 10�, 25�,
and 50� magnifications; however, at 100�, it was around
0.877, which shows a decrease in performance by about
10% compared to the magnification at 50�. We believe
that the larger magnification led to insufficient image
information for the PDGCM correction, resulting in
decreased accuracy. The root-mean-square error (RMSE)
value also decreased after calibration compared to before
calibration; as the magnification decreased, the RMSE
value decreased. The computational simulation phantom
created motion-induced artifacts in the reconstructed CL
volume image by artificially changing the PM with intro-
duced errors to uoffset and voffset. Therefore, the correction
error was calculated by comparing the previously known
uoffset and voffset information of the GT with the u0offset
and v’offset information for each projection corrected
through the PDGCM. The mean squared error (MSE)
was used to calculate the correction error (7), and Table 4
shows the results.

MSE¼ 1
Nproj

XNproj

i¼1
f u ið Þoffset�u0 ið Þoffset
� �2 þ v ið Þoffset� v0 ið Þoffset

� �2g:
ð7Þ

The results of the simulation study were confirmed to
have an error below 0.01 mm on average, which is 1 voxel
error based on a computational phantom with a voxel

F I GURE 6 Reconstruction images (ground truth [GT], before

projection and digitally reconstructed radiography image-based

geometric calibration method [PDGCM], and after PDGCM),

showing reduced artifacts at all magnifications

TAB L E 3 SSIM and NRMSE results of the simulation image.

NRMSE increased with increasing magnification; conversely, the

SSIM value decreased with increasing magnification.

Data SSIM NRMSE

10� Before 0.2321 20.54

After 0.9962 1.27

25� Before 0.1937 23.59

After 0.9730 3.64

50� Before 0.1796 23.36

After 0.9693 7.26

100� Before 0.3060 19.40

After 0.8770 5.64

Abbreviations: NRMSE, normalized root-mean-square error; SSIM,
structural similarity.

TAB L E 4 MSE results for the simulation image

Method 10 mag. 25 mag. 50 mag. 100 mag.

MSE 0.01 mm � 0.002 0.0086 mm � 0.00085 0.0055 mm � 0.00116 0.0116 mm � 0.01174

MSE, mean squared error.
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pitch of 0.01 mm. The performance was greatly improved
at 10�, 25�, and 50� magnifications, but at 100�, the
performance decreased slightly.

3.2 | Experimental study results

Our experimental study compared the simulated results
with geometric corrections of an actual scan image of the
BGA of a PCB. The performance results were compared
for four cases at different magnifications. Figure 7 shows
the results of the PDGCM, which clearly shows that the
image quality was improved as the edge of the BGA in
the corrected image is clearer than before.

Figure 8 shows the axial, sagittal, and coronal planes
of the red dot area for each case in Figure 7, which shows
that the artifacts were reduced after geometric correction.

For quantitative evaluations of the proposed method,
reconstructed images after corrections are analyzed in
terms of Sglobal, Sboundary, and CNR. The average value of
global sharpness Sglobal was calculated in �5 slices cen-
tered on the central slice. As the Sglobal value increases,
the object’s detail, such as the edge of the bead, is better
reconstructed than that before the correction.

The Sboundary was calculated only in the margin area.
The margin setting was done using the threshold method
and morphology operation. After creating a segmentation
mask using the Otsu method, the margin mask (Figure 9)
was created by performing the difference calculation
between the mask to which the dilation was applied and
the mask to which the erosion was applied.

For the CNR calculation, the ROI mask is selected
on the BGA area using the threshold method, and the

background mask is set around the selected ROI
(Figure 10). A margin was given between the ROI and
background area so they did not overlap. Table 5 shows
the calculated values of Sglobal, Sboundary, and CNR. The
calculation results show that the Sglobal, Sboundary, and
CNR values are improved after applying our method in
all cases. In addition, the improvement rate of our
method showed higher results than the COR method.
In particular, the CNR value improved by 34% on aver-
age. Similar to the simulation results, the effects of the
correction were relatively large at low magnifications,
and the degree of correction tended to decrease at high
magnifications.

F I GURE 7 Images before and after the geometry calibration

of the actual scan images

F I GURE 8 Axial, sagittal, and coronal image results of

computed laminography (CL) volume, which show that the shape

of the bead changed due to the geometry calibration

F I GURE 9 Process of setting the margin in the region of

interest (ROI) part of the scan object

F I GURE 1 0 Area used for contrast-to-noise ratio (CNR)

calculation: White is background and gray is region of interest

(ROI)
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4 | DISCUSSION

NDT using rotational CL produces high-resolution and
-magnification images by reducing the distance between
the source and the object. However, these images are
sensitive to the operational vibrations of the scanning
device, which can result in motion-induced artifacts,
such as blurring or distortion. In this study, we developed
a PDGCM to correct motion-induced artifacts in high-
magnification CL reconstructed images. Various studies
have demonstrated methods to compensate for such arti-
facts, but they require dedicated phantoms, which are
only valid for low magnifications (i.e., <2�) [13,21,22].
Our PDGCM functions up to 100� magnification and
performs automatic geometry corrections based on the
PDGCM, using acquired sample images without dedi-
cated phantoms. The numerical phantom simulations
demonstrated that the error was within an average of
0.012 mm for all magnifications after correction. Next,
the performance of the algorithm was evaluated using
the actual scan image reflecting the physical properties
and shape, among others, of the object to be inspected.
The PDGCM improved the sharpness and CNR of real
PCB images by approximately 16% and 33%, respectively.
Furthermore, the images resulting from geometric cor-
rection also showed improved contrast, clear edge dis-
tinction, and reduced noise and blurring. Our simulation
and experimental studies showed significant improve-
ments in image quality and artifact reduction. However,
the accuracy was reduced at a relatively high magnifica-
tion of 100�. This is possibly because higher

magnification increases sensitivity to small movements
and because the amount of information used for the
PDGCM calculations decreases due to small reconstruc-
tion FOV. Furthermore, in the case of multilayer PCBs
with complex structures, although not covered in this
work, there will possibly be restrictions on accurate geo-
metric correction due to complex low-contrast overlap-
ping information from each layer in the projection
image. Therefore, it is considered that additional studies,
such as applying various iterative reconstruction methods
or deep learning [23,24] to improve accuracy in ultra-
high magnification and multilayer geometry correction,
are necessary for the future. We believe that our
method can be useful not only in the industrial field
but also in the medical field. In industrial sites, cone
beam CT imaging systems are used frequently. Our
study can also be applied to electrode separator inspec-
tion of rechargeable battery cells, where accurate geo-
metric correction of CT is important to obtain high-
resolution 3D CT images. In particular, this method can
be applied in the medical field to the geometric infor-
mation correction of the C-arm CT system, which is
expected to be widely used in orthopedics and cerebro-
vascular surgery in the future. However, geometric wob-
bling occurs frequently due to the unstable gantry
structure. In general, this method can be used for X-ray
equipment that requires periodic quality assurance for
geometric correction. In addition, if the movement of
the object can be converted into the movement of the
X-ray source and the detector, the proposed method can
be applied to a patient’s motion correction.

TAB L E 5 Sharpness and CNR results for the experimental images

Data Sglobal Sboundary CNR

Case 1 (13.70�) Input 118.63 � 39.78 3160.37 � 344.08 6.13 � 0.38

COR 1205.81 � 40.79 3651.70 � 453.89 5.71 � 0.29

Our method 1246.56 � 28.34 3752.29 � 461.61 9.64 � 0.81

Case 2 (27.94�) Input 671.21 � 11.36 1808.12 � 401.04 6.16 � 1.17

COR 693.83 � 14.71 1891.43 � 480.14 7.42 � 1.57

Our method 694.58 � 12.10 2238.93 � 528.61 7.84 � 1.81

Case 3 (39.38�) Input 1010.02 � 10.12 2255.68 � 604.48 8.71 � 1.87

COR 1066.01 � 11.629 2362.85 � 648.21 9.46 � 2.09

Our method 1062.55 � 12.95 2518.97 � 775.52 11.45 � 2.83

Case 4 (92.46�) Input 289.45 � 2.78 2129.62 � 230.16 4.69 � 0.40

COR 285.23 � 2.48 2412.23 � 277.84 5.07 � 0.26

Our method 296.19 � 4.01 2349.64 � 305.60 5.65 � 0.43

Note: Boldface data show the best performance.
CNR, contrast-to-noise ratio.
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5 | CONCLUSION

In this study, we developed a PDGCM to compensate for
motion-induced artifacts due to scanning device vibration
during scanning in a rotating CL system. The method
corrected mechanical errors without using a dedicated
geometric correction phantom, and through simulated
and experimental data, we confirmed that it was effective
at performing geometric corrections. By avoiding the
requirement for a dedicated phantom, we anticipate that
this PDGCM will simplify the geometric correction pro-
cess. In addition, by applying the process to high-
magnification CL scan images, we confirmed that it had
good accuracy and robustness. In future research, we
plan to combine artificial intelligence methods to
improve geometric correction performance of the
PDGCM at high magnifications of 100� or above.
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