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Abstract:

For a cone-beam three-dimensional computed tomography (3D-CT) scanning system, voxel size is an

important indicator to guarantee the accuracy of data analysis and feature measurement based on 3D-CT images.

Meanwhile, the voxel size changes with the movement of the rotary stage along X-ray direction. In order to realize the

automatic calibration of the voxel size, a new and easily-implemented method is proposed. According to this method,

several projections of a spherical phantom are captured at different imaging positions and the corresponding voxel

size values are calculated by non-linear least-square fitting. Through these interpolation values, a linear equation

is obtained that reflects the relationship between the voxel size and the rotary stage translation distance from its

nominal zero position. Finally, the linear equation is imported into the calibration module of the 3D-CT scanning

system. When the rotary stage is moving along X-ray direction, the accurate value of the voxel size is dynamically

exported. The experimental results prove that this method meets the requirements of the actual CT scanning system,

and has virtues of easy implementation and high accuracy.
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1 Introduction

With the rapid development of computer technol-
ogy and the wide use of flat panel detectors, three-
dimensional CT (3D-CT) has recently generated intense
interest from both scientific studies and practical appli-
cations in the non-destructive testing (NDT) field [1, 2].
3D reconstruction is carried out to get the internal struc-
ture and density distribution of the tested object through
DR projection sequences collected by the detector at dif-
ferent imaging views during the rotation of the tested
object [3-6]. As one important step of 3D-CT, back pro-
jection addresses are calculated in the image geometry
coordinate system with the unit of a pixel, so the recon-
structed data can not reflect the actual size of the tested
object directly. For 3D-CT reconstruction, the tested ob-
ject is considered as a virtual cuboid consisting of a large
number of small cubes with a certain size stacking to-
gether regularly. These small cubes are named as voxels
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and their actual physical size is called voxel size, which is
an important indicator to describe the resolution of the
cone-beam 3D-CT scanning system. A smaller voxel size
indicates a higher spatial resolution of a 3D image. The
accurate value of the voxel size also guarantees the ac-
curacy of data analysis and feature measurement based
on 3D-CT images [7, 8]. However, 3D reconstruction is
realized in image geometry coordinate system with the
unit of pixel, so the original voxel size must be in pixel
unit. Accordingly, after the reconstruction, translating
the original voxel size with pixel unit to the actual phys-
ical voxel size is a necessary step among the calibration
of the cone beam 3D-CT scanning system. Furthermore,
during CT scanning, when the tested object is placed in
different positions between the X-ray source and the flat
panel detector, the voxel size will be changed correspond-
ingly. Therefore, we need to dynamically calibrate the
voxel size complying with the variation of geometrical
magnification ratio (GMR) caused by the alteration of
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the tested object’s imaging position. The existing cali-
bration methods need a special phantom to be scanned
first, then the corresponding GMR and voxel size are
calibrated. These methods are complicated and time-
consuming because when the GMR changes the phan-
tom has to be scanned again [9, 10]. Here, we propose a
new easily-implemented method to calibrate voxel size.
According to this method, several projections of a spher-
ical phantom are captured in different imaging positions
along X-ray direction and the corresponding voxel size
values are calculated by non-linear least square fitting.
Through these interpolation values, a linear equation is
obtained that reflects the relationship between the voxel
size and the rotary stage translation distance from its
nominal zero position, so as to realize dynamic calibra-
tion of the voxel size. The experimental results prove
that this method meets the requirements of the actual
CT scanning system and has the virtues of easy imple-
mentation and high accuracy.

2 Methods

The principle of a cone-beam 3D-CT scanning system
is shown in Fig. 1. The cone-beam X-ray penetrates the
tested object fixed on the rotary stage and reaches the
flat panel detector. The tested object rotates with a cer-
tain angle step at the drive of the rotary stage. The flat
panel detector collects DR projections of the tested ob-
ject at different imaging views among 360°. With all DR
projections, 3D reconstruction is performed and cross-
sectional images are obtained. As shown in Fig. 1, the
imaging coordinate system is X4 Y3 Z4, where 3D re-
construction operation is performed with the unit of a
pixel. When the position of the detector in the imag-
ing system is fixed, the imaging coordinate system will
be determined. The object coordinate system is XY Z
where the actual size of the tested object lies. So, be-
fore the feature measurement and data analysis through
3D-CT images, mapping the coordinate system X, Y
Zq to XY Z is necessary, namely calculating the voxel
size. Furthermore, when the tested object is moving be-
tween the X-ray source and the flat panel detector, the
value of the voxel size will be changed correspondingly,
so the automatic calibration is also needed. For a 3D-
CT scanning system, when the type of flat panel detec-
tor is determined, the physical size of the detection unit,
namely the physical size of one pixel is constant, here we
define the constant value as U. When one voxel unit in
the tested object is projected to one pixel on the imaging
plane of the detector, its projection size will be amplified
by GMR times. Accordingly, the relationship between a
voxel size and a detection unit size is:

Vi=U/M,, (1)

where M, represents GMR at any imaging position, Vj
is the voxel size at M; imaging position. From the ge-
ometrical configuration in Fig. 2, GMR at any imaging
position can be calculated as:

Mi:DFOD/Li; (2)

where Drop is the distance from the X-ray focus to the
imaging plane. When a 3D-CT scanning system is set up,
the value of Drop will be constant and can be measured
by multi-projection methods [11, 12]. L; is the distance
from the rotation center of the rotary stage to the X-ray
focus, which cannot be measured directly. Obviously,
0<L;<Drop- Therefore, the difficulty of the calibration
of M, is how to obtain the value of L; in Eq. (2) quickly
and accurately.
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Fig. 2. (color online) The principle diagram of
voxel size calibration.
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From Fig. 2, L; equals to
Li:D0+Di, (3)

where D, is the distance from the nominal zero position
(also starting position) of the rotary stage to the X-ray
focus along Y-direction. The nominal zero position of the
rotary stage at Y-direction is P, which is designed well
in advance according to the system movement control
requirements. Thus, after the 3D-CT scanning system is
assembled, D, is also a constant value, which unfortu-
nately cannot be accurately measured. When the rotary
stage moves to P, position within the movement range
along Y-direction, its translating distance from the start-
ing position Py can be accurately recorded by the motor
controller, here we define the distance as D;. Combining
Egs. (1), (2) and (3), we have:

D, U
Drop  Drop @
D, .
Let b=U , k= , obviously, b and k are con-
Drop Dron
stant values, then Eq. (4) becomes:
Vi=b+kD:. (5)

The general expression of the relationship between voxel
size and movement distance of the rotary stage is:

V=b+kD, (6)

where V' represents the voxel size, and V; represents a
sampled value of V. D is the movement distance of the
rotary stage along Y-direction and D; represents a sam-
pled value of D.

From Eq. (6), we can find that, if we get the ac-
curate values of b and k, the automatic calibration of
the voxel size is realized. Obviously, Eq. (6) is a linear
equation, so the optimal way to get the accurate values
of b and k is linear fitting. According to the linear fit-
ting method, some discrete values of V and D should
be known in advance. In the practical implementation,
we use a spherical phantom to realize linear fitting. As
shown in Fig. 2, first we get several DR (digital radio-
graphy) projections of the spherical phantom at differ-
ent imaging positions along Y-direction, where the cor-
responding moving distances are recorded by the motor

detection, image thinning and moment match tracing are
applied to each circular projection to obtain one closed
circle contour of the projection [13, 14]. During this step,
a sub-pixel accuracy edge tracing method is applied to
obtain the contour points (as shown in Fig. 3), which is
realized by two kinds of edge detection algorithms. First,
the pixel-level detection by Canny operator is adopted,
which has single-pixel response and good performance
for improving the signal-to-noise ratio and location ac-
curacy. Then, the moment match tracing algorithm is
employed based on the Canny-tracing results. The co-
ordinates of the contour points with sub-pixel accuracy
are acquired by solving the equations derived by an as-
sumption that the ideal mixed moment is equal to the
actual mixed moment of the image [15]. Based on the
coordinates of contour points, the least-square fitting al-
gorithm is used to calculate the diameter of the circular
projection.
The equation of the fitted circle is given as:

(1—20)+(2—20)° =12, (7)

where (z, 2) is the center of the fitted circle, r is the
radius, and (z;, z;) is the contour point of the circular
projection. The error function of the fitted circle can be
expressed as:

E:Z(:cf—2zixo—|—zi2—2zizo—|—k)2, (8)
i=1

where k=12422—r?
Lot 8E_O E)E_O oE
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oF -
9 :2;(xf—2zixo+zf—2zizo+k)(—Qxi) =0

=0, then:

0E O
— :22 (27 —2x;0+2] —22:20+k) (—22;)=0 |, (9)

oE &
— =2Z(xf—2xixo+zf—22izo+k) =0

where n is the number of contour points. By solving the
equations, the diameter value of each circular projection
is obtained with the pixel unit. Here, we define the fit-
ted diameter value as W/, so the corresponding voxel size
value is obtained:
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where W is the actual diameter of the spherical phan-
tom, which can be accurately measured by mechanical or
photoelectrical means such as laser or coordinate mea-
suring machine (CMM). By inputting the discrete values
of V and D to Eq. (6), an equation set is gained:

D 1 Vi
D, 1 Va
1 [k]: = an
D; 1 b Vi
1
L Dn 1] LVa

After solving the Eq. (11), the least-square solutions are b
and k. Thereby, the expression of the Eq. (6) is reached.
In line with the equation, as long as the translation dis-
tance of the rotary stage is imported, the corresponding
voxel size is exported, which enables us to realize auto-
matic calibration of the voxel size of the 3D-CT scanning
system.

3 Results

In order to verify the effectiveness of the presented
calibration method, we used a steel ball with diame-
ter of 19 mm and fixed it on a support frame installed
on the rotary stage of a micro 3D-CT scanning sys-
tem. The micro-CT system employing micro-focus X-
ray source and high-resolution flat-panel detector can
provide micrometer-level spatial resolution. The main
configuration parameters of the micro 3D-CT scanning
system are:

Size of X-ray focus: 5 wm; Size of imaging area:
200 mmx200 mm; Pixel size: 200 pum; Source to De-
tector Distance (SDD): 695 mm.

In Eq. (9), we use the circle fitting to get the diameter
of the projection. But actually, in the cone-beam radia-
tion field, only when the center of the spherical phantom
lies in the central X-ray will its projection be a circle,
otherwise its projection will be an ellipse [12]. So, if we
approximate the elliptical projection to a circle, then the
final calibrating accuracy would be decreased theoreti-
cally. In our experiment, we moved the steel ball away
from the central X-ray to make its projection drop in the
marginal area of the imaging plane on the detector, and
we then captured its projections at different GMR. We
then adopted the elliptic non-linear least-square fitting
to get the lengths of the major axis and the minor axis
of each elliptical projection [16], and finally calculated
its ellipticity (the ratio between the major axis and the
minor axis), as shown in Fig. 4. From which we can find
that, under the imaging geometrical configuration of the
3D-CT scanning system, the projection of a spherical
phantom at any position in a cone-beam field is so close

to a circle that the error of the approximate circle fitting
can be ignored. In the experiment, we first adjusted the
steel ball’s position to make sure that its projection was
located in the central region of the imaging plane, where
the rotary stage lied in the origin of X OZ-plane, namely
X=0 mm and Z=0 mm. Then, we moved the rotary
stage to the nominal zero position P, along Y-direction
and captured a projection of the steel ball. We averaged
64 frames to one frame so as to increase the SNR, (Sig-
nal to Noise Ratio) of the projection image. Next, the
rotary stage was translated to its maximum distance po-
sition P,,, along Y-direction and another projection of
the steel ball was captured. Then, the rotary stage was
moved to different positions between P, and P,.. and
several DR projections of the steel ball were acquired.
After this, the image segmentation, edge detection, im-
age thinning and moment match tracing were applied to
each circular projection to obtain one closed circle con-
tour. According to the coordinates of the contours, the
non-linear least-square fitting method was employed to
get the diameter of each circular projection in pixel units.
The calculation results are shown in Table 1, where the
maximum value of V; is 94.4 pm and the minimum value
is 28.4 um. Meanwhile, we plotted a V;-D, graph, as
shown in Fig.5, from which we can find that a satisfying
linear relationship between translation distance of the ro-
tary stage and the voxel size exits. In order to check the
calibration accuracy when the steel ball’s position varied
along X and Z-direction, we repeated the above oper-
ation under the same GMR when the rotary stage was
moved to the positions where X=150 mm, Z=410 mm
and X =—150 mm, Z=-300 mm. In these two cases,
the projection of the steel ball was close to the margin
of the imaging plane. Fig. 6 shows one DR image of
the steel ball and its edge contour after performing im-
age processing when D;=330 mm, X = —150 mm and
Z =—300 mm. We can see that the projection has an
ideal circular degree. After image processing and the
non-linear least-square fitting, we plot the graphs of the
two groups of V;-D, in Fig. 5, from which we can find that
the three lines are almost same, which further validates
that the final calibration result is not sensitive to the po-
sition variation of the steel ball along X or Z-direction.
According to the three couples of the concrete values of
V; and Dy, the least-square solutions resulted in:

X=0 mm, Z=0 mm:

V'=0.00028705D—-0.03459384

X=150 mm, Z=410 mm:

V'=0.00028785D—0.03449271

X=-150 mm, Z=-300 mm:

V'=0.00029238 D—0.03662287

By averaging the three linear equations, we got the
final calibration equation:

V' =0.00028909D—-0.03523647. (12)
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Fig. 4. The projection ellipticity statistics of a
spherical phantom under different GMR.
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Table 1. The measurement results of D;-Vi.
D;/mm diameter W/ (pixel) GMR voxel size V; (x10~?mm)
220 668.65 7.038 2.84
250 512.25 5.392 3.71
270 443.52 4.669 4.28
300 368.75 3.882 5.15
330 316.16 3.328 6.01
350 284.28 2.992 6.68
380 255.32 2.688 7.44
400 237.10 2.496 8.01
430 214.23 2.255 8.87
450 201.28 2.119 9.44

Finally, Eq. (12) was loaded into the calibration module
of the 3D-CT scanning system to realize the automatic
calibration of the voxel size.

In order to verify the accuracy of the proposed
method, we scanned a standard phantom in the same 3D-
CT scanning system, then loaded all the cross-sectional

(@)

Fig. 6.

Table 2.

images and the voxel size, which was calculated by the
proposed method, into the 3D visualization and analysis
software Mimics10 (Materialise, Belgium), as shown in
Fig. 7. On the base of the virtual 3D model, we selected
several typical dimension parameters indicated in Fig. 7
and measured their value by the software. Table 2 gives
the measurement results. We also measured the typical
dimension parameters by CMM with much higher mea-
surement precision [17]. The type of the CMM we used
is PEARL1066/CP-8 and its measurement accuracy is
2.0 um. By comparing the two kinds of measurement
results, we can find that the proposed method here pro-
vides a voxel size with high precision, which ensures that
the image analysis and feature measurement are more ac-
curate and credible.
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moving distance of the rotary stage (D)

Fig. 5.

Relationship diagram of D;-Vi.

DR projection and contour of a steel ball.

Size measurement results of a standard phantom.

measurement CMM/mm mimics/mm absolute error/mm relative error(%)
Dy 44.992 45.086 0.094 0.21
Do 74.978 75.151 0.173 0.23
D3 9.056 9.093 0.037 0.41
H 49.973 50.040 0.067 0.13
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Fig. 7.
4 Conclusion

Voxel size is an important indicator to describe the
resolution of a cone-beam 3D-CT scanning system. Its
accuracy also guarantees the precision of data analysis
and feature measurement based on 3D-CT images. In
this paper, we proposed an automatic calibration method
to get the voxel size with high precision. In line with this
method, several circular projections of a spherical phan-
tom are captured at different imaging positions along Y-
direction, where the corresponding moving distances are
recorded at the same time by a motor controller. Then,
image segmentation, edge detection, image thinning and
moment match tracing are applied to each circular pro-

CT slices and 3D virtual model of a standard phantom.

jection to obtain one closed circle contour. Based on
the coordinates of the contour points, least-square fitting
is used to calculate the diameter of the circular projec-
tion. Through these interpolation values, a linear equa-
tion is obtained that reflects the relationship between
the voxel size and the rotary stage translation distance
from its nominal zero position. This linear equation is fi-
nally imported into the calibrating module of the 3D-CT
scanning system. When the rotary stage moves along
Y-direction, an accurate value of the voxel size is dy-
namically exported. The experimental results prove that
this method meets the requirements of the actual 3D-CT
scanning system and has the virtues of easy implemen-
tation and high accuracy.
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