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Abstract:

3-D reconstruction is essential for Surface Mount Technology (SMT) solder joint defect inspection. Conventional
vision-based reconstruction methods are very sensitive to the surface reflectivity variation or require sequential images
from multicamera system which would increase calibration difficulty and computation complexity.

To solve the problem mentioned above, a novel shadow based 3-D reconstruction method for solder joint
reconstruction is proposed. A paralleled light casts a joint shadow on PCB (Printed Circuit Board), and then the shadow
is captured by a camera and used to reconstruct the joint. To make a single shadow obtain the 3-D model totally, a joint
shape model is proposed based on consistent joint characteristics which produced by soldering tin surface tension when
the tin is still liquid during the manufactory process. Compare the reconstruction results of this method with that of Shape
from Shading (SFS) reconstruction method, this method can reduce the hardware cost and algorithm complexity
significantly, which at the same time obtains better accuracy and efficiency.
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1 INTRODUCTION

3-D reconstruction is a basic problem in computer
vision and has a wide spectrum of applications, such as
manufactory quality control, object recognition, city
modeling, video games, surveillance and visualization. The
most common reconstruction systems are often built around
specialized and expensive hardware (e.g., laser scanner).
Other methods based on photogrammetry or computer
vision, can instead obtain 3-D models of objects with low
cost acquisition systems.

Solder joints quality of SMT component is very
important for the quality of electronic products. A large
number of vision-based solder joints inspection equipments
have been used in market, but most of them generally only
work in 2-D testing mode [1-4]. Many defects can only be
detected by knowing the 3-D shape of the solder joint, so in
the latest years, 3-D reconstruction methods for SMT solder
joint have been proposed.

High-speed laser scanner [5-8] is a useful method for
reconstruction, however the device is very expensive and
the scanner is slow. X-ray is used by some methods to
reconstruct [9-12], but the methods are sensitive to the
components. A method which uses special structured light
to scan and detect the surface of solder joint was proposed
by Sanderson and Nayar in [13]. However, this method
can’t reduce the time consuming in the light scan process
and the image process is complicated. Some advanced
research in the multilevel modified colorized structured
light to improve the detection efficiency [14-17]. Omron
Corporation used round multicolor LED light to inspect the
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joint, but this method doesn’t provide 3-D reconstruction
information.

Horn proposed a method to reconstruction the surface of
moon called Shape from Shading (SFS) [18-19]. This
method is based on Lambertian surface model or other
surface condition assumptions, so the reflectivity variation
and nonuniformity would have significant effect on the
reconstruction accuracy, especially the specular reflection
from solder joint surface. Many efforts have been done to
improve the quality of the result [20-26], but there is still
not a universal and compatible way to reconstruct solder
joints.

Shadow based reconstruction method is another useful
method which is already used in some areas [27-31]. Rafik
et al, inspired from the well-known Shape from Silhouettes
method, proposed a shadow based method [32] to
reconstruct the given object by shadows. Austin Abrams et
al proposed a shadow tracking system [33] which tracks
thousands of shadows in outdoor images to create a 3-D
outdoor scene. Daniel et al [34] and Daum et al [35]
introduced methods which used moving shadows to
reconstruct. However, these shadow based methods
mentioned above need several cameras or several
sequential images to reconstruct. The multicamera system
can be affected by calibration errors deeply and the system
may be expensive. Sequential images would increase the
computation complexity significantly. Furthermore, the
SMT component size is very small and the height is very
low, so the shadow can only be casted in some specific
directions. The conventional shadow based methods may
not be able to reconstruct when some shadows are missing.

A novel 3-D reconstruction method for SMT solder joint
based on a single still shadow image is proposed in this
paper. A structured light is used to cast a shadow of joint on
the PCB, then a single camera captures an image of the joint
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shadow, finally the shadow is extracted and used to
reconstruct the shape of joint.

Due to this method just requires an image of shadow, the
variable reflectivity of joint surface doesn’t have any effect
in the reconstruction process. Conventional and efficient
image process algorithms are good enough to extract the
shadow from the PCB. Some consistent characteristics of
the shape of solder joint are used to build a shape model to
obtain extra constraint conditions which are used to
reconstruct the joint totally.

Compare the reconstruction results of this method with
that of SFS method, this method can reduce the hardware
cost and algorithm complexity significantly, which at the
same time obtains better accuracy and efficiency.

2 3-D RECONSTRUCTION OF SOLDER
JOINT

There are three steps to reconstruct the solder joint shape.
Firstly, a structured light is used to project a shadow of the
joint on the PCB and the shadow is captured by a camera.
Secondly, the profile of joint and the profile of joint shadow
are extracted by image process algorithms. Finally, a shape
model and the profiles are used to reconstruct the 3-D
surface of the solder joint.

2.1 Shadow Image Acquisition

The first step is to obtain the shadow image. A paralleled
light illuminates the joint at a fixed angle and casts a
shadow on PCB. In this paper, we used 60° angle and a
highlight LED which provided white-light source to
illuminate the joint.

Highlight™>~_ _
LED. )

Shadow.
PCB.

SMT Ca:nnponenb

Fig.1 The structured light schematic plot

After locate each SMT component, the image of each
individual component can be segmented, the original image
is shown in Fig.2.

(b)

Fig.2 (a) Original image of SMT component and (b) Original
image of component with shadow
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2.2 Profile Extraction

Two profiles have to be extracted from the original
image. One is the profile of the joint area. The other is the
profile of the joint shadow.

Due to the image is gained by color camera and the color
of the joint area is distinctive from the PCB background,
conventional and slight computation burden image process
algorithms are good enough to extract the area of the joint.
The distance between color vector Z of the background

and color vector @, of each pixel can be measured by Eq.
(1). a is the uniformization result of a,. And if the
inequation D(Z,a)SDO is satisfied, we can confirm

which pixel is belonged to the PCB. D, is the threshold

value of color distance.

D(zaa)=f-a [ (z-a) (:-a) ]

=[(Gma) +(z-a,) +(z,=a,) [ O

a=a,. Zptzg+z,
Ayp Ty T agp

Some white paintings on the PCB around the SMT
component which interrupted the segmentation process.
However, the painting area was thin and small compared
with the area of SMT component, so the dilation operation
and blob analysis can be used to segment the two areas. The
dilation operation and erosion operation are shown in Eq. (2)

and Eq. (3).

A@B={z\(/§)zﬂA¢¢} o)
AOB :{z | [(fi)z ﬂA} c A} 3)

The result of color segmentation is shown in Fig.3 (a), the
result of dilation operation and blob analysis is shown in
Fig.3 (b). The results showed that these methods can
segment the solder joint area, which at the same time
eliminate noises and interruptions from the white paintings.

5l

(a) (b)
Fig.3 (a) Color segmentation image and (b) Blob analysis image

Because of the noise existed in the edge of the joint area,
the joint profile was rough, so an average filter was used to
smooth the edge of the component area. The average filter

is shown in Eq. (4). 7, is the original position of profile
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points, 7; is the filtered profile points, 7 is the filter
width.

1 i+m
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The joint shadow was difficult to segment for the
difference between the shadow region and outside region
was not distinctive and the white paintings in the
background will disturb the segment process. Furthermore,
the rough surface of PCB produced some light spots around
the shadow, so some steps were required to segment the
shadow region.

The first step was resetting the gray value of each pixel
by using piecewise linear function shown in Eq. (5).

0 S(x,y) < S down
Sew) =1 S)  Scown < S(r) <s,, %)
>
1 ) = Sup

After resetting the gray value, close and open
operation which is shown as Eq. (6) and Eq. (7) were
used to filter the light spots in the image. These
algorithms can eliminate the noise and have only a
little effect on the shadow profile.

AoB=(AOB)® B (6)
A-B=(A® B)OB (7

Finally, dilation strategy in horizontal direction and
threshold method were used to obtain the profile of the
shadow completely. The threshold method is shown in Eq.

(8).
0 Sy <s,
Siey) = | ®)
S(er) > S

The result of each step is shown in Fig.4. The obtained
shadow was consistent with the shadow in the original
image.

(a) (b) © (d)
Fig.4 (a) Original Shadow and (b) Piecewise linear function
and (c) Close operation and (d) Threshold method

The Fig.5 (a) shows the extracted joint area profile and
the Fig.5 (b) shows the extracted shadow profile. These
results illustrate that conventional image algorithms are
good enough to extract the profiles accurately and reliably.

(@) (b)

Fig.5 (a) Extracted Component Profile and (b) Extracted Shadow
Profile

2.3 Shape Model Establish and 3-D Reconstruction

A single still shadow which is casted by paralleled light
from one direction doesn’t provide enough cues to
reconstruct the joint completely. However, solder joints
present some consistent characteristics in the force of the
soldering tin surface tension when the tin is still liquid
during the manufactory process, so we can use these
characteristics to build a shape model to obtain extra
constraint and reconstruct the joint surface completely. The
characteristics are summarized as follows:

1) The longitudinal section of the solder joint is similar
to a parabola or an arc which is axial symmetry.

2) The longitudinal section which is very close to the
component is similar to rectangle and becomes arc or
parabola gradually when the distance from the component
increase.

3) The height of the solder joint in the edge region is
Zero.

Some special situations have been excluded, for example:
component missing, component location or direction
inaccuracy and solder bridged. For these kinds of defects
don’t follow the characteristics and they can be inspected
and excluded by other vision-based algorithms effectively,
this method focuses on this specific situation.

From these assumptions, we proposed that in the middle
region of the solder joint, the section is a parabola. The
parabola figure is shown in Fig.6.

A
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Fig.6 Parabola joint surface and shadow profile

From Fig.6, X,;and X,, are the left and right boundary of

each section of solder joint profile, ki is the boundary of

each section of shadow profile. The expression of parabola
and the light path are shown in Eq. (9).

Vi :ai(x_xu)(x_xzi)

1 1
=— X, + k,
tano tan @

i:laza'“,n (9)

i
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For the parabola and the light path have only one point of
tangency, so Eq. (10) has only one solution.

ax2+ ! —a ()C + X ) X
i tang 1i 2i i

1 =12,
+| ax,.x, —k =0
iMi72i0 ltanO{

N

(10)

In order to make a; has only one solution in Eq. (10), @,
has to be satisfied with Eq. (11)

1 2
—a. |x, +Xx,.
[tana i ( 1i 2i ):l
1
—4aq, (aixlixm' —k, j =0
tan ¢
(11)

For @, should be the smaller one in the two solutions, the

i=1,2,,n

solution of @, is simplified and shown in Eq. (12).

1
_Bi_\/Bi2_4(x1i_x2i)22
a, = 5 tan” & i=12,---.n
Z(x]i—le»)
1 1
B =4 k=2 =X
i tanO( i tana(Xh x21)
(12)

The height of each section of the solder joint can be
obtained from Eq. (9).

However, the structured light can’t project any shadow if

a region of the solder joint is flat or not high enough. This
region we called Undetectable Region is shown in Fig.7.

O
LED. SMT Component.
N Shm[/%%l No hadon:
[ \ ]
\ Undetectable Region.

Fig.7 The undetectable region

This situation is very common at the end of the joint. So
the shape of the region has to be deduced by other regions
which are close to it. We proposed an approach that picking
up several control points in the top of each section which is
outside the undetectable region and also include the point in
the edge of the joint area whose height is zero. Then a cubic
spline interpolation was used to deduce the height in the
undetectable region. The approach is shown in Fig.8.
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Fig.8 Use control points to deduce the undetectable region
Every section is a cubic function like the Eq. (13) S ; (Z ) ,
each function has to be satisfied with the Eq. (14).
S, (z) = aiz3 +bl.z2 +cz+d,i=0,1,---,n=1(13)
5% (z,-0)=5"(z,+0),k=0,1,2

For the solder angle is always in the undetectable region,
we used cubic spline interpolation to obtain the solder angle,
so the cubic spline function is a natural spline. The
boundary conditions are shown in Eq. (15).

(14)

ZO = Zstart
Zn = Zena’
! (15)
S (Zo) =0
5,(2,)=0

When the interpolation obtained the height of every
undetectable region, the parabola of each region has to
be modified and be satisfied with the Eq. (16).

a(x - xli)(x - x2i) = S(Z,‘) |x:x1i+x2i
2

(16)

So the parameter a was calculated and the result
is shown in Eq. (17).

45 (z,)

a=-———->""=
(xu +'x2i)

(17

Fig.9 shows the original height and the spline
interpolation height. The plot shows that the method

can deduce the undetectable region well.
60 T T

e e S

Height

b et Al Original Height

— Spline Interpolation Height
1

200

1 1
150 250
Solder Joint Center

1
0 50 100 300

Fig.9 Spline interpolation height plot
From the third characteristic, the section which is very
close to the component is rectangle and become arc
gradually when the section is further from the component.
So a compensation function was proposed to let the
reconstruction surface follow this characteristic. The
expression of this function is shown in Eq. (18).
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z22z,

(18)

Z,, is the position that at the end of the component or at

the beginning of the solder joint. We used this function to
let the section which is close to the component be rectangle
and the effect of the compensation function would be
eliminated and decreased when Zz increases. So the section
would change from rectangle to parabola gradually.

The compensate range would be less than 7, at the end
of the joint. So parameter @ has to be satisfied with Eq.
(19).

7¢(Zend 720)
e <Fon

(19)
The value range of ¢ can be obtained in Eq. (20).
In(r,,)
gz -l (20)
Zemi - ZO

This function can make the reconstruction result follow
the true shape of solder joint.

3 EXPERIMENT RESULTS

To illustrate the advantages of this method, both the
conventional SFS reconstruction method and this method
were used to reconstruct the joint shape and the results are

200 s 100

®

(&)

300

180 50 100 =

(h)
Fig.10 3-D Reconstruction Result. (a) Original image of SMT
component and (b) (f) Conventional SFS reconstruction results
and (c) (g) 3-D reconstruction without compensation functions
and (d) (h) 3-D reconstruction with compensation functions

The result of SFS reconstruction method is shown in Fig.
10 (b). The reconstructed surface was rough and just a small
part of the surface corresponded the true surface, some parts
were totally different from the true surface. For example at
the end of the joint, the height of joint decreased, however,
the reconstruction result showed that the height increased
abruptly. This result demonstrated that SFS method is very
sensitive to the reflectivity of joint surface and the
configuration of structured light. If the assumptions are not
met, the reconstruction result would be totally different.

Before using the compensation functions, the result of
the method is shown in Fig. 10 (c) (g), the reconstructed
surface didn’t like the true surface totally in the end of the
joint. After added compensation functions, the section
region which is close to the component was a rectangle, the
shape became parabola gradually and the height of the
entire edge region was zero.

Compare the true solder joint shown in Fig. 2 (a) (b) with
the reconstructed surface in Fig.10 (d) (h), the reconstructed
surface by this method matched the true surface much
better than SFS method or the reconstruction result before
added compensation functions.

The running time of SFS method and this novel method
were measured for 5 times, each running time is shown in
Tab.1. Tab. 1 illustrates that this novel method just used
less than half time of SFS method to reconstruct.

Tablel. Total Running Time

No. This method SES method
1 0.21s 0.62s
2 0.18s 0.36s
3 0.17s 0.36s
4 0.17s 0.37s
5 0.18s 0.36s
Average 0.18s 0.41s

The experiment result illustrated that this novel shadow
based 3-D reconstruction method is more accurate than SFS
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methods and it is compatible for variable surface conditions.

Furthermore, due to the image process and reconstruction
algorithms have few complicated calculation, this method
is fast and efficient. Only one camera and several highlight
LED structured lights were used in the method, so the cost
of hardware is lesser than other 3-D reconstruction
methods.

Because of the features mentioned above, this method is
suitable for large scale application for SMT solder joint 3-D
reconstruction with low cost.

4 CONCLUSION

A novel shadow based 3-D reconstruction method for
SMT solder joint is proposed in this paper. A paralleled
light casts a joint shadow on PCB and then the shadow is
captured by a camera and used to reconstruct the joint.

Compared with conventional vision-based SFS method,
this 3-D reconstruction method proposed here has
advantages such as the following:

1) Due to the shadow won’t be affected by the joint
surface reflectivity variation, this method is relatively
robust, compatible and accurate.

2) Only a single still image is used in the method. The
algorithm complexities of shadow extraction and
reconstruction are simple so the speed of this method is fast.

3) No special hardware is needed, only a single camera
and several highlight LEDs are used in the method. This
single camera system avoids the difficult calibration
procedure, so the hardware cost is less than other shadow
based methods.

In conclusion, this novel method can reconstruct solder
joint shape simply, effectively, accurately, efficiently with
low hardware cost.

As the method based on a shape model which may not
coincide with the real situation totally, more authentic
model will be developed to improve the accuracy and
determinacy of the reconstruction result in the future
research.

Using different color light source for different color PCB
may also increase the distinctiveness of shadow and
improve the accuracy of shadow extraction.

This method can not only reconstruct SMT solder joints,
but also reconstruct other objects which have some
consistent characteristics to build a shape model and need
to be reconstructed at very high speed with low cost. For
example, some simple shape objects like toy components or
foodstuff. How to use this method in these fields will be
researched in the future.
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