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ABSTRACT

Inspection and shape measurement of three-dimensional objects are widely needed in industries for quality monitoring and
control. A number of visual or optical technologies have been successfully applied to measure three dimensional surfaces.
However, those conventional visual or optical methods have inherent shortcomings, which are occlusion problem and variant
surface reflection problem. X-ray vision system can be a good solution to these conventional problems, since we can extract
the volume information including both the surface geometry and the inner structure of the object. In the x-ray system, the
surface condition of an object, whether it is lambertian or specular, does not affect the inherent characteristics of its x-ray
images. In this paper, we propose a three dimensional x-ray imaging method to reconstruct a three dimensional structure of
an object out of two dimensional x-ray image sets. To achieve this by this method, more than two x-ray images projected
from different views are needed. Once these images are acquired, the simultaneous algebraic reconstruction
technique(SART) is usually utilized at present. Since the existing SART algorithms have several shortcomings such as low
performance in convergence and different convergence within the reconstruction volume of interest, an advanced SART
algorithm named as USART(uniform SART) is proposed here to avoid the shortcomings and improve the reconstruction
performance. In this method, each voxel within the volume is equally weighted to update instantaneous value of its internal
density, thereby achieving uniform convergence property of the reconstructed volume. The algorithm is simulated on various
shapes of objects such as a pyramid, a hemisphere and a BGA model, then the performance of the proposed method is
compared with that of the conventional SART method.
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1. INTRODUCTION

Three dimensional shape measurement techniques are widely needed in industries for product quality monitoring and
control. A number of visual or optical methods have been developed for that purpose using laser structured light, moire,
stereo vision, confocal microscope and so on. However, those conventional visual or optical methods have inherent
shortcomings, which are occlusion problem and variant surface reflection problem. Thus the applications are restricted to the
special objects as measuring methods'~.

On the other hand, x-ray vision method can be a good solution to overcome these conventional problems, since we can
extract the volume information including both the surface geometry and the inner structure of the object. In x-ray system, the
surface condition of an object, whether it is lambertian or specular, does not affect the inherent characteristics of its x-ray
images. By those advantages, it is frequently used in industries for the quality inspection of electronic goods such as memory
chips, camcorders or cellular phones. In certain applications, three dimensional x-ray imaging techniques are needed for the
precise measurements or inspections. Ball grid array(BGA) and chip-scale package(CSP) which are widely used in high-
density PCB can be good applications of that. In that cases, the lead bumps and solder joints are located underneath its own
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package as shown in Figure 1. To inspect quality of them precisely, whether the solder joints are well attached with adequate
soldering quantities or there are void defects within them, the inspection methods based on three dimensional images of them
are needed®”’.

Lead bump
package Solder fillet
lead ball
solder joints
(a) BGA package (b) a lead bump and solder joint

Figure 1. BGA package and its joint parts

There are a several techniques to acquire a three dimensional information using x-ray images. The most traditional and
the simplest way is to take a series of the cross-sectional images layer by layer and build a three dimensional image with
them. The cross-sectional images can be made by computed tomography, laminography or digital tomosynthesis(DT)
techniques. However, computed tomography requires a hard conditions that each cross-section of the object needs to be
projected from all directions and it can not be possible in many applications®. The cross-sectional images made by
laminography or DT include inherent errors by artifacts or blurring effects, thus the 3D volume built by them will be a
different one” .

Rather than that, another method can be utilized to reconstruct a three dimensional structure of an object directly out of
two dimensional x-ray image sets. To achieve this, more than two x-ray images projected from different projection views are
needed. By using these images, algebraic reconstruction technique(ART), an iterative computation method, is used to
estimate their three dimensional volume. Here, the three dimensional object is represented by finite number of volume
elements, voxels with their own density values. Then, the density values of the voxels are determined from the information
of their projections by the reconstruction algorithms''™"”. Though the reconstruction accuracy is mainly depend on the
imaging conditions, there is no hard restriction to the imaging conditions for this method. Simultaneous ART is one of the
advanced forms of the basic ART, and it accomplished a better convergence and reduced the salt-noise in the reconstructed
volume. However, the SART algorithm also has some shortcomings such as low efficiency in its computation and different
convergence within the reconstruction volume of interest'®.

In this paper, the advanced ART algorithm named as USART(uniform and simultaneous ART) is proposed to avoid
those shortcomings and improve the reconstruction performance. In this method, each voxels within the volume is equally
weighted to update instantaneous value of its internal density, thereby achieving uniform convergence property of the
reconstructed volume. The algorithm is simulated on various shapes of objects such as cone, hemisphere and BGA model.
Also the performance of the proposed method is compared with that of the conventional SART method.

2. X-ray image acquisition

2.1 X-ray images from different views

To reconstruct the three dimensional structure of an object, two or more x-ray images which are projected from different
directions are needed. The imaging conditions such as the number of images and their view points for acquiring sufficient
information of the object are problem dependent. There are several choices to take a different view of the object. One is
rotating the object for arbitrary axis within the x-ray imaging area, but it is some difficult to realize it practically and its
application is restricted to the special objects to be handled as that way.

Instead moving the x-ray source and the image plane relatively to the object will be a more general imaging method. In
general the x-ray can be understood as a point light source and an x-ray image is a shadow of an object on a image plane by
a cone beam geometry. Thus, the geometric imaging conditions depend on the relative coordinates of the x-ray source and
the imaging plane with respect to the object. Figure 2 shows a general cone beam x-ray imaging geometry. As the relative
positions of the x-ray source and the image plane to the object are varied, which is represented by the superscript index 1 to
2 in this figure, the images projected from different views can be acquired.
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Image plane 2 A
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Figure 2. X-ray imaging geometry

2.2 X-ray system configuration

Figure 3 shows the structure of the developed x-ray system, which consists of a scanning x-ray tube, an image intensifier,
a rotating prism and a camera equipped with a zoom lens. The scanning x-ray tube is designed to electrically control the
position of an x-ray spot, and to project an x-ray beam into an object from different directions. Attenuated x-rays passing
through the object are collected by an image intensifier, and converted into a visible image on the instrument’s output screen.

image intensifier

Scanning
X-ray tube !
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_W, Zoom camera
Zaom camera Eﬁ_ i
—
(a) A schematic of the developed system (b) Local images acquisition by a rotating prism

Figure 3. The structure of the developed 3D x-ray imaging system
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The object is projected on a circular trajectory on the image intensifier as the x-ray is steered, and eight or more images
are sequentially acquired by the zoom camera through the rotating prism. The prism rotates in synchronization with the x-ray
position to capture the projected images on the screen of image intensifier as shown in figure 3 (b). The images captured at
different positions are saved in the digital memory of a computer, and then processed to generate a three dimensional image
of the object. Practically, image correction processes are needed, since the curved input surface of the image intensifier
distorts the images'"'®.

3. 3D volume reconstruction using UART algorithm

The 3D area to be reconstructed here is represented by finite number of volume elements, voxels. Then an arbitrary 3D
object made with various materials can be represented by the voxels with their own densities respectively. The resolution of
the object by this representation method is depend on the number of voxels. And it is the 3D reconstruction problem that the
density values for the voxels are determined from the projected 2D x-ray images. The simultaneous algebraic reconstruction
technique(SART) is a method to solve the problem. However, the existing SART algorithms have several shortcomings such
as low performance in convergence and different convergence within the volume to be reconstructed, the advanced SART
algorithm named as USART (uniform SART) is proposed here to avoid the shortcomings and improve the reconstruction
performance.

3.1 Modeling of the forward projection process

At first, the image projection process (e.g. a 3D volume into a 2D image plane or a 2D image into a 1D array) needs to be
modeled considering the object representing method. As noted previously, the object is described by a finite number of
discrete elements, pixels or voxels. We assume that the projection image depends linearly on the density of the object and
also the length of intersection of a ray within the object. It is modified later as a non-linear model of the x-ray imaging
process, which is a more close to the practical one. Then, the x-ray projection process is modeled as the equation (1), which
repf??‘e‘:nts the linear combination of the density values and the intersection length of the elements, pixels or voxels, by a
ray .

Y=Yy a G0 M

In this equation y” is a projection value of the j” ray, x, is the density value of the i " element, and af is the intersection length

h

ofthe i" element by the j” ray. The meaning of the equation (1) is illustrated as in the figure 4 for a simplified 2D case.
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Figure 4. A model of the transmission image.

Then, our task is to determine the unknown density values of x, based on the measured values of the transmission g’

And one can assume in this problem that the intersection lengths a/ can be calculated from the known geometry of the
imaging conditions. Equation (1) can be rewritten as a matrix form of equation (2), which includes M linear equations with N
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3.2 Basic ART and SART algorithm

The reconstruction process is to solve the equation (2) and estimate the density values of the object x . The equation looks simple
and easy to be solved. But in practice the size of the matrixes in the equation are too huge to be solved by a direct method (e.g. a
method based on the singular value decomposition of A or a pseudo-inverse of A ). Instead, iterative schemes are used which
avoid the waste of memory and computation time in computer. One of them is a well known algebraic reconstruction
technique(ART) algorithm and a series of its modified versions are available. Using the notation used above, the solution of the
equation (1) can be acquired by recursive computations denoted by the equation (3).

A g; —'@ /
> @) ©

x,(t+]) =x,(¢) +

" element x, based on a measurement of the j” ray g’ and its estimation

The equation (3) presents an update scheme for an i
y’ . In this equation, ¢ is the iteration time step and A is an update constant which has the values between 0.8 and 1.2. Considering
lots of equations for all the rays, the equation (3) can be written as a matrix form, which is more compact and easy to be understood.

x(t+1) =x(r) +2 220
o[ @
j=12....M

From the above equation, the estimate vector of the object x = {x, |i =1,2,...., N} is updated when a measurement for each ray is

considered. Thus, one epoch of the update is completed when all M rays are used for the modification of the estimates.
It has been known that a modified version of ART of which the name is the simultaneous ART(SART) gives better results than the
basic ART. In the SART, the error correction terms for all rays are considered simultaneously and the estimates of the object x, are

updated at a time rather than in the sequential fashion. SART is expressed as the equation (5), where all error terms for the rays
g’ —a’x(t) j=1,2,..M areincluded in that'’.

For i" element x,,
M iy
& =y ()
245

=1 Z aij (5)

x,(1+1) =x,(1) +A =

As the number of iterations of the algorithm increases, the error terms gradually go to smaller values thus the estimate
vector of the object x converges to the real one. The convergence will ultimately depend on the accuracy of the discrete
representation of the forward projection process and the accuracy of the measurements.
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3.3 Uniform SART algorithm
In the conventional SART algorithm, the ray geometry vectors a’, j =1,2,...M are calculated in advance based on the

imaging conditions. X-ray is a point light source and modeled as a fan beam or a cone beam in 2D or 3D problems
respectively. There are uncountable rays passing through the object, but only a finite number of measurements are available
in practice according to the resolution of the sensing unit. And the rays considered in the computations depend on it. The
more rays are considered in the update algorithm, the better estimate result should be guaranteed. However, the resolutions
of the measurements are limited practically and considering a large number of rays need also huge memory size and
computation time as well. Thus if we formulate the ray geometry vectors for the rays traced from a x-ray source to the x-ray
image elements, the rays pass through the object un-uniformly within the reconstruction area. Especially, the effect will be
dominant in case of the limited view of projection. The situation is illustrated in figure 5, in which the larger number of rays
pass the elements in the upper or close to the x-ray side of the reconstruction area. It may result in different convergence
within the reconstruction area, and it can not be solved by just enlarging the image resolution and the number of rays'®

X-ray source 2 X-ray source 1
High information \ § /| Reconstruction area
CALA
AVADNDA
X

>(
Low 1nforrr:at17/ x
X-ray image 1 X-ray image 2

Figure 5. Un-uniformly passing rays within the object

Rather than that, more efficient rules for selecting or generating the rays for the updates are needed in the implementation.
Our interest here is focused on an element that is to be updated and then only the rays that passes through the center of each

element are considered. Thus, there are V' rays across the center of the i” element if the number of views for the

projections is V.
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Figure 6. Rays pass through the element in USART
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In this situation, the ray v transmits the i element and the whole reconstruction area with the length of d) and the D)
respectively. And S, is the summation of the d's of the all views for the i element. Then the density value of the i”
element x,(¢) is updated by the equation (6). It is noticeable that the measurements g and the projection of the estimated object
y” for the ray v can not be acquired directly, since the ray v is just a temporarily considered ray for convenience. Thus the

values are replaced to ¢" and ", the interpolation values of the g" and y" respectively.

Vv dV
> L@ -
5+ = (0 +A T ©)

i

i

S, = Zd.V ,i=1,2...,N

3.4 USART algorithm using x-ray imaging model

In the above, the projection process was simplified as a linear combinations of the transmittance length and a density
values of the object for convenience. However, the projections by the x-ray need an exponential model additionally, and the
linear model (1) is modified as the equation (7).

N
¥ =yyexp(=) alx) (7)
i=T

It can be thought that x, is the absorption coefficient of the i” object element and @ is the pass-through length of the

j™ ray within the element. And in that case, the USART algorithm of the equation (6) is simply modified to the equation (8).

14 dv ~v
—’1ng

5 () = (0 +A 2 ®

i

i=1,2...,.N
4. Simulations

4.1 Experimental conditions

We tested the proposed USART algorithm as a simulation study to the reconstruction problems of the basic objects such
as a pyramid, a hemisphere and also a model of BGA joint. All the parameters used in the simulations are selected
considering practical imaging conditions of the 3D x-ray system built in. The main parameters or factors used in the
simulation are listed in Table 1.

Table 1. X-ray DT imaging conditions

Main parameters Conditions
X-ray view angle w.r.t the center axis 30 (degree)
Number of the views 8

Image resolution 80 x 80 (pixel)
Reconstructed volume area 1x1x1(mm)
Number of voxels 40 x 40 x 40 voxel

The application is focused here on the 3D reconstruction of the BGA joint, of which size is within 1x1x1mm volume. The
object models used in the simulation are shown in the figure 7.

Proc. SPIE Vol. 4190 187



Lead ball

Solder fillet

300

600

(a) pyramid (b) hemisphere (c) A BGA joint
Figure 7. Objects used in the simulations ( unit : micrometer)

4.2 Evaluation of the reconstruction error

The performance of the ART algorithm can be evaluated based on errors of the reconstructed volume. And it is defined as
an error between the reference volume and its reconstructed one. Since a three dimensional object is represented by a finite
number of volume elements in this research, the volume error can be evaluated by a direct comparison of the corresponding
elements between the two volumes. As a form of root mean square(RMS) error, it is defined as the equation (9). In the

definition, 0, and X; are density values of the i" element in a reference volume and in a reconstructed volume respectively.

L < (0 _xi)z
N & 0?

i

x100 (%) )

The above volume error can be evaluated only to the known object, and it is just a measure of the performance of the
reconstruction algorithm. From the view-point of the evaluation of the iterations, whether these process is being converged
to a desired volume, another definition of the process error needs to be considered. In the recursive processes, the error

terms which drive the estimated volume x(¢) to a modified one x(¢+1) are g/ —y’(¢) and g’ —7/(¢) terms in the equation
(5) and (6) respectively. Their physical meanings are the errors of a projection y(¢) of the estimated volume x(¢) to the
measured projection g at an iteration step ¢. By using these error terms, the projection image error is defined as the equation

(10) and it represents the averaged intensity error of the estimated image. There is no update to the volume if there is no
meaningful projection image error in the reconstruction process.

1 2
=\/mllg-y<t>ll (10)

E
R : number of pixels of a projection image

V' : number of views

4.3 Simulation results

Figure 8 illustrates the processes of the volume reconstruction by using USART algorithm for a BGA joint model. As the
iterations proceed, the volume was updated and converged to the close to the reference one. After 60 iterations, there was no
remarkable change in the volume. The initialized volume for the recursive calculations was made by the digital
tomosynthesis technique which can generate a series of cross-sections roughly from the given x-ray images'® '#°,
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Figure 8. The reconstruction results for the iterations

Figure 9 shows the error convergence in the reconstruction of the BGA joint by SART and USART methods. Figure 9. (a)
and (b) represent the convergence of the volume error and that of the image error respectively. From the error plots, we can
argue that the USART method is superior to the conventional SART method in that the errors of the USART was converged
faster and also their final values were smaller than those of SART.
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Figure 9. Comparison of the error convergence between SART and USART
Figure 10 shows the reconstructed three dimensional volumes for the objects, pyramid, hemisphere and a BGA joint, used in the

simulations. The results show that the surface shapes and also their inner structures were well reconstructed and their volume errors
were 5 ~ 7 %. And the image errors converged to 5 gray value in case of 8 bit images.

Proc. SPIE Vol. 4190 189



Pyramid

o n

BGA joint

Surface Vertical cross-section Horizontal cross-section

Figure 10. Results of the 3D reconstructions

5. Conclusions

In this paper, USART algorithm for reconstructing the 3D volume of an object was proposed and its advanced
performances were compared to that of the conventional one by simulation studies. In this method, the three dimensional
volume, the surface and inner structure as well, of an object is reconstructed by a recursive computation method.

In the simulations, 3D reconstruction tasks were conducted on a series of basic objects, a pyramid, a hemisphere and a
BGA joint model. The imaging conditions used in the simulations are same as the ones used in the developed x-ray digital
tomosynthesis system which can take projected x-ray images from different directions. The objects considered here are
within the volume size of 1x1X1mm and they are represented by the digitized 40x%40 x40 volume elements, voxels.

For the evaluations of the reconstruction process, two different errors were defined. One is the measure of the
reconstruction error, which is defined as RMS errors of the reconstructed volume to the reference one. And the other is an
image error, which is for the measure of the convergence in the middle of the reconstruct processes.

From the simulation results, USART method was superior to the conventional SART method in that the errors of USART
were converged faster and also their final values were smaller than those of the conventional one. The reconstructed volume
errors were about 5 ~ 7 % for the objects, which depend on the complexity of the volumes at the same imaging conditions.
The calculations for the convergence need about 50 iterations, and after that there was no meaningful change in terms of the
image error. It takes approximately 1 second per one update of the whole volume, thus the volume were reconstructed within
1 minute.

The three dimensional imaging technique is useful to the quality inspection or monitoring of tiny electronic parts. Though
the resolution of the reconstruction is some low at now for the limitation of the computation time and computer memories, it
could be expanded to precision 3D measurements and inspections with the advance of the computer technology and
modifications on the algorithm.
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