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Abstract: Computed laminography (CL) is an alternative to computed tomography if large objects are to
be inspected with high resolution. This is especially true for planar objects. In this paper, we set up a
new scanning geometry for CL, and study the algebraic reconstruction technique (ART) for CL imaging. We
compare the results of ART with variant weighted functions by computer simulation with a digital phantom.

It proves that ART algorithm is a good choice for the CL system.
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1 Introduction

Computed tomography (CT) is a well-established
technique for non-destructive testing and evaluation.
However, when large objects are to be inspected with
high spatial resolution CT has limitations, especially
for planar objects. CT requires the object to be im-
aged from many directions around a circle. This is
not possible for extended objects either due to geo-
metrical restrictions or high absorption of X-rays in
certain directions. In these cases computed laminog-
raphy (CL) provides a viable alternative to CT [1].
CL has been used for the inspection of printed circuit
boards for several years.

The geometry of tomographic measurements is
different from laminographic measurement. In a to-
mography system, the central X-ray beam is per-
pendicular to the sample rotation axis, while in a
laminography system, the central X-ray beam has a
certain tilt angle with the detector. This scan geom-
etry is suitable for objects with limited access to all
viewing angles, especially for planar objects such as
printed circuit boards. For this reason, CL is widely
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used in non-destructive testing areas. CL was first
proposed in 1916 and has been extensively investi-
gated since then. In China, YANG Min et al. first
introduced the CL method for the Non-Destructive
testing of shell-like or plate-like objects in 2003 [2]. In
2010, FU Jian et al. developed an experimental CL
system, and discussed the two pre-processing meth-
ods for projection to improve the quality of image
reconstructed by ART algorithm, then verified the va-
lidity of the method by experiments [3]. FU Jian et al.
introduced a large field of view computed laminogra-
phy with the asymmetric rotational scanning geome-
try, the filtered back-projection (FBP) reconstruction
algorithm and the data truncation smoothing func-
tions were deduced to reconstruct the images directly
from the data acquired with this asymmetric config-
uration, and the results confirmed that the proposed
method can enlarge the imaging region and improve
the spatial resolution [4].

This paper develops a new CL system with two
rotational stages, which can implement both conven-
tional 3D CT scanning and CL scanning. In addition,
computer simulation of the scanning process of the
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CL system with a digital phantom is performed. The
results show that the ART algorithm can significantly
reduce the overlap artifacts in the reconstruction im-
ages. We also analyze the results reconstructed by
ART with the voxel-driven approach and the ray-
driven approach which are not shown in previous pa-
pers. In Section 2, we describe the scanning geom-
etry and the scanning principle of the method. In
Section 3, we present the process of imaging and the
reconstruction technique. In Section 4 we show the
computer simulation and the comparison of the FBP
algorithm and the ART algorithm for CL. In Sec-
tion 5, we introduce a new CL system and some CL
experiments are described to confirm that the results
reconstructed by the ART algorithm were better than
the results reconstructed by the FBP algorithm. We
give a brief discussion and conclusion in Section 6.

2 Description of the CL scanning ge-
ometry

There are three scanning geometry types for the
CL system:
tively. The planar geometry is conventional laminog-
raphy, not suitable for the inspection of large and
heavy objects. It requires the precise translation of
objects over long distances. The rotational configu-

linear, planar and rotational, respec-

ration has some advantages over the conventional lin-
ear or planar laminography. Only the rotary bearing
movement during the scan has a simple geometrical
structure and the space requirement is not as high
as the other modes. Furthermore, the beam angle of
the X-ray tube does not need to be as wide as the
conventional laminography.
scanning for its short scanning times and improved
reconstructed image quality.

The CL scanning geometry is shown in Fig. 1.

We selected rotational

It consists of three parts: an X-ray source, a two-
dimensional digital flat panel detector (FPD), and a
rotation gantry. X-ray beams penetrate through an
object onto a two-dimensional X-ray detector. By
rotating the scanned object or the X-ray cone beam
defined by the X-ray source and the detector, a set of
projection images are measured and are stored in the
computer.

3 The reconstruction technique

FBP is a simple and fast reconstruction technique
but it has its drawbacks for CL. The FBP algorithm
is suitable for complete projection data. Algebraic

methods have many advantages over FBP, such as
better noise tolerance and better handling of spare
and non-uniformly distributed projection datasets. In
this section, we explain the theoretical basics of the
FBP algorithm [4] and the ART algorithm.
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Fig. 1. The CL geometry layout.

For convenient expression, the coordination unifi-
cation is first executed. As shown in Fig. 1, S is the
focus spot of the X-ray source. ABCD is the actual
detector. SO is the main X-ray. SOY is the main
X-ray plane. The rotation axis Z” belongs to the
plane SOY and intersects with SO at the point O”.
Let f(x”, y”, 2") represent the spatial distribution
of the X-ray absorption coefficient. P(z,y,6) repre-
sent the projection image acquired by detectors as a
function of three variables, which is defined as a line
integral of f(z”, y”, 2’) along the X-ray beam trans-
mission locus 7 specified by X, Y and 6, expressed by
Eq. (1). Parameters X and Y denote the positions
of the detector channel. 6 represents the rotational
angle position with respect to the rotational axis Z"”.
z. is the distance from the X-ray focal spot to the
FPD. 2. is the distance from the FPD to the rotation
center O”.

P(X,Y,0)= J fa"y" 2", (1)

f@",y",2") = rw rw P(X,Y,0)h(Y —Y")dY dd, (2)

0 oo
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The back-projection addresses of X and Y with all
the rotation angles have been calculated by Eq. (4).
Here we show the procedure to deduce Eq. (5).
Eq. (5) gives the coordinate transform relationship
between XYY" Z"and XY Z. The reconstructed point
(", y”, 2"”) can be represented by (x*,y*,z*) in
the coordinate system XY Z with Eqgs. (5) and (6).

Eq. (7) represents the X-ray beam through the re-
constructed point (z*, y*, z*). Eq. (8) represents the
detector plane. According to Eqgs. (6)—(8), we can get
the back-projection address calculation Eq. (9). Us-
ing Eq. (10) we can simplify Eq. (4). Eq. (2) shows
the FBP algorithm for the geometry. Eq. (3) is the
filter function of the FBP algorithm. Shepp-Logan
function is the common filter for FBP.

The ART algorithm processes one element of
fx”, y", 2"), i.e. f; can be expressed by:

N
R_Zwinfr’f

O,

E 2
win
n=1

where A is the relaxation factor typically chosen
within the interval (0.0, 1.0], but usually much less
than 1.0 to dampen the correction overshoot. wj, is
the weight coefficient which represents a measure of
the influence that voxel f,, has on the ray r; passing
through pixel P;. It is clear that the weight coeffi-
cients bear a crucial role in the solution of this equa-
tion. They are the elements that link the unknown
voxel values to the known detector pixel values. In
order to get the accurate solution, each weight w;;
must accurately represent the influence of a voxel f;
on the ray r; passing through pixel P;. Generally,
the weight coefficients are calculated by the interpo-
lation kernel function, such as box function, bilinear
function, Gaussian function and Bessel-Kaiser func-
tion [5].

Implementations of back-projection for FBP re-
construction usually use a pixel-driven or voxel-driven
approach, while implementations of back-projection
for ART reconstruction can use a voxel-driven ap-
proach and ray-driven approach. Voxel-driven back-
projection works by connecting a ray line from the
focal spot through the center of the pixel of the de-
tector. Once a location of intersection on the detector
is calculated, a value is obtained from the detector by
(typically linear) interpolation, and the result is ac-
cumulated in the pixel. Ray-driven projection works
by connecting a line from the focal spot through the
image to the center of the detector cell of interest.
For every image row (or column), a location of in-
tersection is calculated, a value is obtained from the
image row, typically by linear interpolation, and the
result is calculated in the detector cell [6]. Egs. (4)—
(11) is the process of the voxel-driven back-projection
approach. The following equation gives the process
of a ray-driven back-projection approach. The focal
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spot point in the coordinate X"Y"” Z" is represented
by Eq. (12). The detector cell point (x;, y;, 0) in the
coordinate XY Z is represented by Eq. (13) in the co-
ordinate X"Y"”Z"”. We can get the ray beam point
intersected the object in the coordinate X"Y"Z" by

x) =x;-cosf—y;-sinfh-cosp+ (0—z.)-sinf-sing

y! =x,;-sinf+y;-cosf-cosp—(0—2.)-cosf-singp ,

z!'=y;-sinp+(0—2z.)-cosep

Eqs. (12), (13) and (14). (13)
xl!! = (z.—2!)-sinf-sinyp 2l =0, (14)
y! = —(2.—2.)-cosf-sing , (12)
s | e
2" =z, -sin@-sinp+ (x; -cosf —y;-sinf-cosp —z.-sinf-sinp)-t;
Yy’ =—z.-cosf-sinp+ (z;-sinf +y; - cosf - cosp + 2. -cosf -sinp) - t; . (16)

z" =the i slice

Eq. (14) is used to simplify calculation. Then the
reconstructed voxel point is magnified z./z. multiple.
Egs. (14)—(16) can confirm the reconstructed voxel
point through the projection on the detector.

4 The computer simulation and analy-
sis

In this section we compare the results of ART al-
gorithm with different interpolation methods and the
results of FBP for the phantom in Fig. 2. The phan-
tom consists of a big cylinder and it includes six small
cylinders with different diameter and height. The pa-
rameters of this phantom are listed in Table 1. The
simulation parameters for the scanning geometry are
listed below (unit: pixel);

2 =800, 2/ =200, ¢ =45°,
dd=6°, N=128, AB=128, AD =128.

Fig. 2.
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The simulation phantom (refer to Ta-
ble 1 for the details).

Table 1. The parameters of the phantom.
No. center coordinates (z, y) height(2) radius attenuation
start end coefficient /cm 1
1 0 0 0 20 40 0.2
2 —20 0 10 20 6 0
3 0 0 10 20 10 0
4 0 20 10 20 6 0
5 —-20 10 4 0
6 0 10 6 0
7 0 20 10 4 0
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With the above geometry, the projection data is
firstly generated by the discrete implementation of
Eq. (1) based on the X-ray attenuation Beer-Lambert
law of the materials and the simulation parameters.
The implementation includes the following steps. (1)
Construct the mathematical models of the cylinders
and the X-ray beam in the 3D space. (2) Solve the
intersection points between cylinders and the X-ray
beam according to the models. (3) Calculate the X-
ray path length through the cylinders according to
the intersection points. (4) Get the projection data
by multiplying the length with X-ray attenuation co-
efficient of the cylinders.

Figure 3 shows the image reconstructed by
Egs. (2) and (11). From Fig. 3, we can find the
FBP algorithm brings obvious overlap artifacts. The
results reconstructed with ART algorithm are much
better than the results reconstructed with FBP al-
gorithm. While the gray value of the image recon-
structed by ART is closer to the actual value than
it reconstructed by FBP because the image recon-
structed by FBP is accumulated by all projection. CL
can not meet the necessary and sufficient condition
for the conventional CT reconstruction proposed by
Tuy [7]. The number projection which FBP needed
is twice that of ART [8]. ART can add prior infor-
mation in the correction.

Fig. 3.

Results of variant methods. (a) FBP;
(b) ART with box function; (¢) ART with bi-
linear function; (d) ART with Gaussian func-
tion; (e) ART with Bessel-Kaiser function.

In order to verify the effect of the accuracy of
the interpolation function on the reconstructed im-
ages, we compare the various over-sampled box func-
tions for ART. Fig. 4(a)—(d) shows the results of ART
with different over-sampled box functions. From the
results, we can deduce that the more accurate the

weighted value, the better the image reconstructed
with ART.

(e) — box function
0.45 —— 2x over-sampled
- 0.40 ~e- 3x over-sampled
|
g 035 | 4x over-sampled
5 030 | b
Q f
£ 025 ¢ }}% % i o
8 f b ! ﬁﬁ
g 020} a -
'E 0.15 { } VV\E ! ; 4‘ VE
g 05 ey
5 010 [ RN
= 4 ‘ Vo N ‘:
0.05 s R\
oo
0 o v Y
—0.05

pixel

Fig. 4. The comparison of the reconstructed
image by the ART algorithm with various
over-sampled box functions. (a) Box function;
(b) 2x over-sampled; (c) 3x over-sampled;
(d) 4x over-sampled; (e) The comparison of
the corresponding gray value curves at the
same row of the image reconstructed by ART
with various over-sampled box function.

5 The system and experiments

In this section, we check the validity of the advan-
tage of ART algorithm with experiments. We have
developed a CL imaging system on the basis of a con-
ventional cone-beam CT system. We have added a ro-
tation stage in which its center axes are perpendicular
to the former rotation stage center axes. The geom-
etry ensures that the conventional scanning function
and the CL scanning could be carried out. It consists
of a 225 kV X-ray source from COMET Company,
a FPD PaxScan2520 from Varian Company (USA),
an optical table and two rotation stages. The size of
the detector pixel is 0.127 mm and the length of the
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detector is about 250 mm and the height is 200 mm.
Fig. 5 shows the CL system.

Fig. 5. The developed CL system. Fig. 6. The photo of a circuit board.

A circuit board is selected to be the test speci-
men. The imaging conditions for the circuit board
are listed below:

Z.=1260 mm, Z'=600 mm, ¢ = —45°, df =1°,
N =1024 pixels, AB = 1920 pixels, AD = 1536 pixels.

Figure 6 is the photo of the circuit board. Fig. 7

-

shows the projection images with different scan an- Fig. 7. The projection images of the circuit
gles. Fig. 8 shows the CL slice images reconstructed board with different scan angles.
by the FBP algorithm and ART algorithm.

Fig. 8. The CL imaging results of the printed circuit board. (a) FBP (slice 1); (b) ART (slice 1); (c) FBP
(slice 5); (d) ART (slice 5).
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For convenient display, the background area of all
the reconstructed images have been cut off and the
gray level has been adjusted to the same level com-
pared. From Fig. 8 (¢) and (d), we can find the im-
age reconstructed by FBP is much smoother than by
ART, but the detail in the image reconstructed by
ART is clearer than by FBP. On Fig. 8 (c), the in-
formation of another slice is shown at the edge of the
image reconstructed by FBP. From the results, we can
see that the reconstructed images by FBP algorithm
have more overlap artifacts than by the ART algo-
rithm. So the ART algorithm is more advantageous
for CL system imaging.

6 Discussion and conclusion

In this paper we have developed a new CL scan-
ning system. In addition, we have compared the ART
reconstruction algorithm and the FBP algorithm with

numerical studies and experiments. Compared to
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