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Abstract In order to determine the projected coordinate origin in the cone-beam CT scanning system with

respect to the Feldkamp-Davis-Kress (FDK) algorithm, we propose a simple yet feasible method to accurately

measure the projected coordinate origin. This method was established on the basis of the theory that the

projection of a spherical object in the cone-beam field is an ellipse. We first utilized image processing and the

least square estimation method to get each major axis of the elliptical Digital Radiography (DR) projections of

a group of spherical objects. Then we determined the intersection point of the group of major axis by solving

an over-determined equation set that was composed by the major axis equations of all the elliptical projections.

Based on the experimental results, this new method was proved to be easy to implement in practical scanning

systems with high accuracy and anti-noise capability.
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1 Introduction

With the rapid development of computer technol-
ogy and the wide use of flat panel detectors, three-
dimensional (3-D) CT has recently generated intense
interest from both scientific studies and practical ap-
plications in the non-destructive testing (NDT') field
[1, 2]. Among various 3-D reconstruction algorithms,
the Feldkamp-Davis-Kress (FDK) algorithm [3, 4] has
been demonstrated to be the most effective algorithm
in practical engineering applications from the point of
view of utilizing computing efficiency and complexity
of practical realization. Basically, precise determina-
tion of the projected coordinate origin in the three-
dimensional computed tomography scanning system
is very important in the FDK algorithm. However,
direct measurement of the projected position of the
X-ray focus on the imaging plane of the detector,
namely, the projected coordinate origin of 3D-CT sys-
tem, is difficult to obtain. The measurement error
will decrease the accuracy of the image reconstruction
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and cause artifacts in the reconstructed image. Pre-
vious studies [5, 6] have shown that the measurement
method proposed on the basis of the nonlinear least
square estimation was capable of determining projec-
tion center coordinates of small spherical objects, but
the method had serious limitations because of its sig-
nificant dependence on the initial value of estimated
parameters, in which a small variance in the initial
value would cause a significant change in the results
estimated, and sometimes even abrupt changes were
observed. In subsequent studies, Frederic et al. [7]
proposed an analytical measurement method based
on the assumption that two small spherical objects
moving around in the cone-beam will have their pro-
jection centers tracing two ellipses on the detector. K.
Yang et al. [8] put forward another method, which
used multiple projection images acquired from rotat-
ing point-like objects to derive the geometrical pa-
rameters of a 3D-CT system. Beque [9] used the pro-
jection locations of tomographic acquisition of three
point sources located at known distances from each

* Supported by the National Natural Science Foundation of China (60872080) and Peking Educational Committee Corporate

Construction Project

©2010 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute
of Modern Physics of the Chinese Academy of Sciences and IOP Publishing Ltd



1666 Chinese Physics C (HEP & NP)

Vol. 34

other to estimate the geometrical parameters. Y. Sun
et al proposed an improved method that used one
projection of four phantoms to derive the geometri-
cal parameters [10]. Summarizing, these methods will
result in complex calculations and difficulties in prac-
tical applications, although their mathematical ex-
pression and simulation results are ideal. In addition
to the above analytical methods, an easier method
involving a grid collimator was used to estimate the
projected coordinate origin [11]. The gray level distri-
bution of the Digital Radiography (DR) image of the
grid collimator was calculated by using the method
of Gauss fitting. However, this method will result in
low accuracy because of the non-ideal DR image of
the grid collimator.

In this paper, we propose a simple, feasible and
accurate method to determine the projected coordi-
nate origin based on the theory that the projection
of a spherical object in the cone-beam field is an el-
lipse. We first utilized image processing and the least
square estimation method to get each major axis of
the elliptical DR, projections of a group of spherical
objects. Then we determined the intersection point of
the group of major axis by solving an over-determined
equation set that was composed by the major axis
The in-
tersection point is the X-ray focus projection on the
imaging plane of the detector. Based on the exper-

equations of all the elliptical projections.

imental results, this new method was proved to be |

easy to implement in practical scanning systems with
high accuracy and anti-noise capability.

2 Methods

Figure 1 is an illustration of FDK scanning. Let’s
assume that the central ray (PO) of the cone-beam is
perpendicular to the imaging plane of the flat panel
detector, and the projection of the X-ray focus (point
P) is point O, where the coordinates in the 40424
system are (A,, A.). £q0q24 is the imaging plane co-
ordinate system, which is fixed when the cone-beam
scanning system is assembled. According to the FDK
algorithm, point O is considered to be the coordinate
origin of 3D-CT reconstruction, and its coordinates
(A, A.) should be measured precisely. Our measur-
ing method makes the following assumptions:

1) The cone-beam imaging system is defined in
the zyz coordinate system.

2) A spherical object with radius r in the cone-
beam, as shown in Fig. 2.

To simplify the derivation, the X-ray focus F is as-
sumed on the z-axis, and the sphere center C' on the
yOz-plane. Thus, the coordinates of points F and C
are (0, 0, D) and (0, b,, b,), respectively. According
to the actual scanning system, the following formula
is obtained,

|D—=b,|>r>0. (1)
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Fig. 1.

Figure 2 shows that by starting from the focus F
and enveloping the sphere, the surface exhibits a cone
shape, which we defined as {2 with semi-cone angle
«. Intersection between (2 and the spherical surface
is a space curve (defined as 7)), which is proved to

imaging plane

.

d

A schematic of the FDK scanning method.

| be actually a circle centered on FC' with a radius of

r cos a. By taking any point M (z,y,z) orﬂrface
Q_7> the angle produced between vectors of FM and
FC is a. Thus, we have the following equation of
surface {2,
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yb, + (2 — D)(b, — D)

VP9 + (z— D)2, /b2 + (b. — D)?

The intersecting curve of surface {2 and the zOy-

=cosa. (2)

plane is the contour of the sphere’s projection on
the zOy- plane, which is defined as £. According to
Eq. (2), the following equation of ¢ is obtained,

yb, 4+ (z—D)(b, — D)

VB 2+ (2= D)% /b2 + (b. — D)?

i.e.

=cosa |,—,

[yb, — D(b. — D)]?

S @y Dt (b DY

=cosa®. (3)

Eq. (3) can be simplified as
k*(z®+y*+ D?) = (yb, +p)>.
In the case of k% = [b2 + (b. — D)*|cosa? and p =

—D(b.—D), the above equation can further be trans-
formed to

b,p 2
Y

b2p2
k?y_ b2 ' (4)
Yy

—p*— KD+

For any point of N (N €n), the following geometrical
relationship is satisfied,

Egs. (5), (6) and (4) can be integrated as

k*a® 4 [(b. — D) —r?] <y - (b—%ﬁ)

D222
R
ie., )
2 (y_%>
& (b;);r%;_r =1 ()

In accordance with (b, —D)?—r? > 0 shown in (1),
formula (7) is definitely an elliptic equation. That
means contour £ of projection on the zOy-plane is ac-
tually the ellipse with its center on the y-axis. Thus,
we can derive to the following formula:

D2,r,2 k2 DQ,],.Q
=Dy =~ B DP
This means that the major axis of the ellipse ¢ is co-
incident with the y-axis, and also passes through the
coordinate origin. Because the location of the pro-
jected X-ray focus spot is at the coordinate origin,
the projection of the sphere can be concluded to be
an ellipse in the field of the cone-beam X-ray, with

its major axis passing through the projection of the
X-ray focus.

This conclusion can be further expanded. When
two spherical objects are placed in the cone-beam,
two elliptical projections will exist on the projected
plane, and the intersection point of their major axis
must be the projected point of the X-ray focus, as
shown in Fig. 3. These two conclusions are the funda-
mental principles of the measuring method proposed
in this study.

To get the accurate equation of the major axis,
some image and graphic processing methods are nec-
essary. Fig. 4 shows the process of how to fit the ma-
jor axis and the determination of the X-ray focus pro-
jection coordinates. Two elliptical projections of two
spherical objects are captured firstly using a detector,
followed by a series of edge detection, threshold seg-
mentation, contour thinning and tracing to obtain the
contour point coordinates of the ellipses. The least
square fitting is then executed to get the equation
of the major axis of each ellipse. The coordinates of
the intersecting point, namely, the projection of the
X-ray focus, are eventually obtained by solving the
equations of the two major axes.
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Fig. 3. The principle of measuring the focus coordinates based on double-sphere projection.
DR images of two ting. The elliptic equation is [12]
Sphetes r’+az’ +brz+cr+dz+e=0, (8)
v where a, b, ¢, d and e are the elliptic equation param-
edge detection, eters. Based on formula (7), the following function
threshold can be derived,
segmentation
1
z = — {— bx—d
2a
contour thinning and 4/ (b2 —4a)x? + (2bd — dac)x — d? — 4ae | .
traci
. By defining the following error function,
* y Q:Z[Zi_z(xi7a7b7c7due)]27 (9)
=1

contour of contour of where (x;, z;) represents the contour points of the
sllipse | ellipse 2 elliptical projection. And from the non-linear least
v y square solution of Eq. (8), we can indeed obtain the

the least square fitting
to the equation of
major axis of ellipse 1

the least square fitting
to the equation of
major axis of ellipse 2

A

solving equation set to get the
intersection point of the major axis of
the two ellipses

Fig. 4. The flow process of ellipses major axis
fitting and the determination of the X-ray fo-
cus projection coordinates.

Note that the equation of the major axis is ob-
tained via the method of nonlinear least square fit-

values of the parameters of a, b, ¢, d and e. Thus, the
elliptic geometric parameters can be presented in the
following equations,

_ bd—2ac _bc—2d
Lo = 4a—b2"’ 26_4(1—62’
—1=+/(1=a)2+b2

1 = (1-a)*+

b 5
where (x., z.) is the ellipse center coordinates and
tgh is the slope of the major axis of ellipse.

The high accuracy of this method has been
demonstrated by results from the computer simula-
tion. However, for the actual CT system, the X-ray
Due to the in-

fluences of scatter, dark current and non-uniformity

focus is not an ideal point source.

in pixel response, the DR image edge was observed
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to be blurry and noisy [13-15], thus resulting in in-
creased error of fitting the major axis. We indeed find
that the final results are very sensitive to the error of
fitting the major axis. When two ellipse projections
are used to calculate the projected coordinate origin,
even in the case of a tiny fitting error from either of
the two major axes, a remarkable deviation could be
observed compared with their true values that come
from the coordinates of the intersecting point. From
a practical application point of view, we found that it
is very difficult to get the high reproducibility of cal-
culating results from only two elliptical projections.

To resolve this problem, we further propose an
improved four- step method, as follows.

Stepl: A supporting frame with one spherical
object is fixed on the scanning stage. Then the scan-
ning stage is adjusted to a suitable location, and the
distance between the X-ray source and the detector
is adjusted to a suitable value, which can ensure that
the projection of the spherical object is an ideal el-
lipse.

Step2: Move scanning stage along the x, direc-
tion (see Fig. 3) and DR projections are captured.

Step3: By repeating step 2, a series of elliptical
projections of the spherical object along the x; di-
rection at different positions are collected. All of the
projections are composed of one image.

Step4: Follow the process of Fig. 4 until each
major axis equation is obtained. All of the equations
compose one equation set,

ax+z=>b
Q2T+ 2 = by

,namely, Ap=>b,

anT+z=by

where
aq 1 b1
A— Qo 1 , p— l x ] 7 b— b2
...... Z
any 1 by

The solution of the equation set is the final re-
sult we needed. Obviously, Eq. (10) shows that the
number of equations is bigger than the number of
unknown parameters. This means that we have an
over-determined linear equation set. Typically, the
over-determined equation set has no unique solution,
meaning that we can only find the most approximate
solution. The error function is defined as

r=>b— Ap.

The solution p*, allowing |r||2 to reach its mini-

mal value, is the least square solution of the over-
determined equation set. Thus the method to find
the intersecting point of two lines is transferred to
a group of lines, which can effectively guarantee the
high accuracy of the solution.

3 Experimental results

To verify the feasibility and accuracy of the
proposed method, we performed experiments in a
225 kV Micro-CT system. The system is equipped
with a micro-focus X-ray tube, and a Flat panel
detector (PaxScan4030CB) with a image area of
400 mmx 300 mm and a pixel size of 0.194 mm. The
spherical object is a steel ball with an outer diameter
of 10 mm, which is fixed on the supporting frame and
projected onto the imaging plane with a good ellipti-
cal shape. The supporting frame is made of plastic so
as to make its projection onto the DR image almost
invisible at a suitable X-ray energy. The intersection
point of all the major axes is the projection of the
X-ray focus. Fig. 5 shows an image composed of six
projections of the steel ball captured along the x4 di-
rection with an interval distance of 11 mm. In order
to get ideal elliptical projections, we ajust the detec-
tor close to the X-ray focus, which can enlarge the
cone-beam angle. We also adjusted the steel ball far
from the central X-ray beam and the imaging plane.
The distance between the X-ray focus and the imag-
ing plane was 420 mm, and the distance between the
steel ball and the imaging plane was 340 mm, which
meant that the imaging magnification ratio was 5.25.

Fig. 5.
images at different positions.

The image composed of elliptical DR

1.4492 4 2z = 2141.436
0.903z 4 z = 1722.373
0.358z4 2z = 1303.371
—0.185x+ 2z =884.944
—0.7292+ z = 466.107
—1.268x + 2z =48.346
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Following the process of Fig. 4, every equation of
the ellipse’s major axis was fitted, and that produced
an equation set (11). By solving the equation set us-
ing the MATLAB function, the least square solution
of the over-determined equation set was determined
to be (1026.698, 770.071). The initial value of (A, A,)

el

Fig. 6. Reconstructed image when (A,
(1026.698, 770.071). (a) Whole CT image; (b)
ROI CT image.

bl

s (1022, 777) when the 225 kV Micro-CT system
We used a dif-
ferent value to reconstruct the central slice of the
object by the FDK algorithm. The reconstructed
whole and Region of Interest (ROI) images when
(A A.) are (1026.698, 770.071) and (1022, 777) are
shown in Fig. 6 and Fig. 7, respectively. It is obvious
that the reconstructed image based on the (A, A;)
value we calculated is of high contrast and has sharp
edges.

was produced by the manufacturer.

4 Summary

We have successfully developed a method to de-
termine the projected coordinate origin with high
accuracy. Through computer simulation, we found
that the errors of (\,, \,) created by this method
were within 1 pixel, which were allowable in a prac-
tical cone-beam CT system. This method is feasible
both practically and theoretically, simply by putting
one spherical object in the cone-beam field and ad-
justing the magnification ratio to ensure an ideal
elliptical projection. In reality, the practical way is
to locate the spherical object far from the central
X-ray beam, and to select a high magnification ratio.
In addition, to make the detector close to the X-ray
focus is also necessary, which can enlarge the cone-
beam angle. The experimental results proved that
this method can improve the reconstructed image
quality effectively (see Fig. 6).

Fig. 7. Reconstructed image when (Az, A:)=
(1022, 777). (a) Whole CT Image7 (b) ROI
CT Image.
References

1 Ritman E L. Annu. Rev. Biomed. Eng., 2004, 6: 185-208

2 Lee S C, Kim H K, Chun I K et al. Phys. Med. Biol., 2003,
48: 4173-4185

3 Feldcamp L A, Davis L C, Kress J W. Opt. Soc. Am. Al,
1984, 612-619

4 SHU X, Bresler Y. Fast Feldkamp Algorithm for Cone-
Beam Computer Tomography. Proceedings of International
Conference on Image Processing, 2003, 819-822

5 Gullberg G T, Tsui B M W, Crawford C R et al. Med.
Phys., 1990, 17: 264-272

6 LI J, Jaszczak R J, WANG H, Greer K L et al. De-
termination of Both Mechanical and Electronic Shifts in
Cone Beam SPECT. IEEE Nuclear Science Symposium and
Medical Imaging Conference, 1992, 2: 1062-1064

7 Frédéric N, Rolf C, Catherine M et al. Phys. Med. Biol.,
2000, 45: 3489-3508

8 YANG Kai, Kwan A L, C, Miller D W F et al. Med. Phys.,
2006, 33: 1695-1706
9 Beque D, Nuyts J, Bormans G, Suetens P, Dupont P. IEEE
Trans. Med. Ima., 2003, 22: 599612
10 SUN Yi, HOU Ying, ZHAO Feng-Yong et al. NDT&E Int.,
2006, 39: 499-513
11 ZHANG Quan-Hong. Optimization Research on X-ray In-
dustrial CT Imaging. Beijing Univ. of Aeronautics and As-
tronautics, 2005. 4044 (in Chinese)
12 YAN Bei, WANG Bin, LI Yuan. Journal of Beijing Univer-
sity of Aeronautics and Astronautics, 2008, 34: 295-298
(in Chinese)
13 Kwan A L C, Seibert J A, Boone J M. Medical Physics,
2006, 33: 391-340
14 Altunbas M, Shaw C, CHEN L. Medical Physics, 2006, 33:
2287-2295
15 Richard Van Metter, John Yorkston. SPIE, 2001, 4320:
244-255



