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ABSTRACT. To assure the reliability of high-density printed circuit boards (PCB) assem-
blies in electronic device manufacturing, the non-destructive inspection systems of ball
grid array (BGA) connectors are needed. One of many challenges is to detect void defects
occurring inside solder balls during reflow from 2D X-ray images. In this paper, we have
presented the efficient method, which is to firstly apply the conformal mapping (CM)
technique for transforming the circular domain of solder ball, i.e., our region of inter-
est (ROI), to the rectangular domain before computing the well-known Contrast Limited
Adaptive Histogram Equalization (CLAHE) algorithm, which is a block-based processing,
in order to improve local contrast enhancement for the difficult case of images with poor
contrast issue. Our experiments showed that the proposed method can enhance the per-
formance of void defect detection by reducing the number of undetected voids effectively.
An additional processing time due to the incorporation of CM into the void inspection
system is about 3 seconds for one solder ball image with a matriz size 221 x 221.
Keywords: Printed circuit boards (PCB), Ball grid array (BGA), X-ray image, Void
detection, Local contrast enhancement, CLAHE, Conformal mapping

1. Introduction. With excellent efficiency in making high-density printed circuit boards
(PCB), ball grid array (BGA), which is a type of surface-mount packages, has been
increasingly used for integrated circuits in many electronic products. Currently, the need
for higher density is on the increase; it leads to further reductions of solder ball size and
spacing between pitches; consequently, the failures of solder joints assembly become more
of a concern, especially, the high amount of voids may degrade the mechanical strength of
the interconnection potentially causing the poor electrical conductivity in joints and affect
the reliability for long-term use of electronics devices [I], 2]; therefore, many automated
inspection techniques based on X-ray imaging were actively developed in previous studies
[3, 4, [5, [6l, [7] in order to achieve this requirement of quality control in manufacturing.
However, there are several factors which may reduce the accuracy of the inspection
results, for example, occluded solder balls [3],[7], artifacts [3, 5], sizes and positions of voids
[4], and particularly in difficult situations some images show very poorer contrast than
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FIGURE 1. Overview of automated BGA-void defect inspection system

usually and then the local contrast enhancement algorithms, such as Contrast Limited
Adaptive Histogram Equalization (CLAHE), are necessary for improving the quality in
smaller scales.

To the extent of our knowledge, only our previous work in [6] focused on studying
the enhancement of BGA-void detection in case of poor contrast. This work emphasized
that the traditional method using CLAHE with single-block size (BS) could have the
side effect of artificial fluctuations possibly detected as false voids causing a false alarm
problem, see Figure 1 (g, upper row); the number reported in parentheses indicates the
void area to solder ball area percentage ratio, which is a standard indicator of failure
screening in manufacturing Il 2]. To avoid this issue, by using a basic assumption that
true void regions consistently remain in place higher than the artificial fluctuations, we
thus proposed in [0] to average the multiple outputs of CLAHE over different block sizes,
as shown in Figure 1 (g, lower row), which clearly helps to reduce some false voids. This
finding motivated us to pursue further improvement for CLAHE implementation; in this
paper, the problem of preparing a proper domain using the conformal mapping (CM)
technique for CLAHE algorithm, which is a block-based processing, is presented.

The paper is organized as follows. Section 2 presents the proposed approach. In Section
3, the numerical methods of CM are reviewed and chosen to achieve the above proposal.
Results are given and discussed in Section 4. Finally, Section 5 concludes the paper.

2. The Proposed Approach. Two essential processes are briefly described. First is
the segmentation process, and it is required to segment the individual solder balls from
the background images in order to get the regions of interest (ROI); some practical issues
have to be considered, e.g., occluded solder balls issue where other board components
interfere with the solder ball regions, and solder-ball-arrangement patterns issue when a
PCB is rotated purposely for revealing some hidden void defects from different views of a
solder ball. Our novel solution to these issues was developed in [7] using Hough transform,
which is the well-known circle detection algorithm to locate the possible centers of solder
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balls, applied together with the image resizing technique, as the primary detection of
solder balls, as displayed in Figure 1(b). Importantly, in the next step of correcting the
missing solder balls, we calculated Delaunay triangulation from all of the primary detected
ball centers and performed the interpolation inside the yellow region, i.e., non-spatially
periodic region to obtain the missing solder ball centers, as displayed in Figure 1(c).
This proposal yields higher accuracy of segmentation and lower processing time than the
conventional method in [3], which heavily relies on an image intensity distribution not
geometry.

Second, it is the process of detecting voids inside each ball. Our new idea is to ap-
ply conformal mapping for transforming the circular domain of solder ball, that is our
ROI obtained previously from the Hough transform, to the rectangular domain instead,
which is much suitable when computing the CLAHE algorithm in order to improve the
performances of local contrast enhancement and void defect detection, as shown in Figure
2.

3. Conformal Mapping (CM). CM is a one-to-one and onto function with non-zero
derivative at every point on a domain (). Since it is one-to-one and onto function, no
information is lost after mapping. There are several kinds of CM such as Mobius trans-
formation, Schwarz-Christoffel mapping and Riemann mapping. Baricco et al. [§] applied
CM onto face representation which improves the results obtained with other eigenface
methods. Wang et al. [9] and Shi et al. [I0] applied CM onto brain surface parame-
terization. Sangawi et al. [I1] and Yunus et al. [I2] have shown some results for image
transformation via CM. A special theorem of CM that established the existence and
uniqueness of a conformal map of any simply connected region onto a unit disk is called
Riemann mapping theorem. Most of the methods to compute CM of bounded simply
connected region rely on this theorem. The proof of this theorem can be seen in [13].

Theorem 3.1. [13] For any bounded simply connected region Q0 which is not the whole
complex plane and o is an element of €, there exists a unique analytic function R : ) —
U={w: |w| <1} that satisfies the conditions

R(a) =0, R'(a)>0
and assume every value in the unit disk U ezxactly once.

Several methods have been proposed to compute CM of simply connected region [9] 14,
15,16, 17, [18]. Integral equation method may give accurate solution with just a few nodes
[15], 16, 19]. In integral equation method, the boundary values of the mapping function
can be computed by solving integral equations. The interior values are then computed via
Cauchy integral formula. Nasser and Al-Shihri [20] have employed fast multipole method
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FIGURE 3. Conformal mapping from the rectangular region (a) and the
image (b) onto two unit disks with a = 0 and o = 2.5 4 0.51

(FMM) for fast computation of CM via integral equation method. Yunus et al. [12]
presented numerical CM of unbounded piecewise smooth region using the discretization
by Nystrom method on graded mesh.

CM of a rectangular region onto unit disk and its inverse is considered in this paper.
Take t as the parameter, and discretize ¢ using Nystrom method on graded mesh (see
[21] for more details), and z(t) as the parameterization of the boundary of rectangular
region, R(z(t)) as the boundary values of conformal mapping of a rectangular region to
unit disk, and 6(¢) as the boundary correspondence function where 6(t) = arg(R(z(t))).
In this paper, the method by Kerzman and Trummer [16] is used to compute R(z(t))
and 0'(t). The linear system that arised is solved by using generalized minimal residual
(GMRES) method [22]. Every iteration of GMRES required matrix-vector multiplication
which can be done using FMM [20]. The interior values of the mapping function and
inverse function are computed using Cauchy integral formula in the form of [I3]

- ([ EEE0) ([ B, e

The denominators in (II) and () both have value equal to one. This approach gives
better approximation for z near the boundary of Q [23]. Formulas (Il) and (2) can be
computed efficiently using FCAU MATLAB function (see [24] for more details). Figure
3(a) shows the CM of a rectangle onto unit disks with & = 0 and a = 2.5 + 0.5i. Figure
3(b) shows the image transformation of rectangle onto the same two unit disks.

4. Experimental Results and Discussion. In this experiment, our objective was to
evaluate the performances of void defect detection between with and without applying
the conformal mapping (CM) technique and the rest conditions in all other processes were
controlled; the comparison results were shown in Figure 4. Firstly, Figure 4(a) presents
how we mapped from a solder ball region to its rectangular transformation before the
local contrast enhancement using the averaged multiple-BS CLAHE method was calcu-
lated, and vice versa. Secondly, in Figure 4(b), we demonstrated two examples, which
confirmed that the CM technique helps to increase the sensitivity of void defect detection
by improving the local contrast effectively inside both solder ball regions and successfully
results in the reduction of undetected cases. The overall processing time of CM stages for
calculating one solder ball image with the matrix size 221 x 221 took around 3 seconds

(on Intel Core i7-2600 3.4 GHz, 16 GB of RAM, Windows 7 64-bit, MATLAB R2010a).



ICIC EXPRESS LETTERS, PART B: APPLICATIONS, VOL.7, NO.1, 2016 109

Mapping

>

02 LAt | € 05
e \ I | /
7/ 1

05

1
08

05 0 05 1 25 2 15 1 2 0 05 1 15 25

(a) Conformal mapping (CM) conditions in this experiment

Enhance global contrast Without CM With cM

Example 1

|
O
Example 2

(b) Compare the averaged multiple-BS CLAHE methods between with and without CM

F1GURE 4. Experimental conditions and results

5. Summary and Outlook. In this paper, we developed the use of conformal mapping
in local contrast enhancement for the circular ROI case and the practical application of
improving standard BGA-void defect inspection was given as an example.

However, apart from the standard X-ray measurement system, there is another new
technique, i.e., OVHM (Oblique Views at Highest Magnifications), which gives better
observation in the different directions by rotating a detector instead of PCB (see [25] for
more details). We simply emphasize here that although OVHM generates more difficult
cases of non-circular ROI, because the conformal mapping grants us the flexibility to map
ROI to a desired shape then in practice our proposal can also be extended to solve these
issues using 26, 27]; we will confirm this remark in a part of our future work.
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