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Abstract:  This paper presents the construction of two kinds of focusing measure operators defined in wavelet
domain. One mechanism is that the Discrete Wavelet Transform (DWT) coefficients in high frequency subbands
of in-focused image are higher than those of defocused one. The other mechanism is that the autocorrelation of
an in-focused image filtered through Continuous Wavelet Transform (CWT) gives a sharper profile than blurred
one does. Wavelet base, scaling factor and form to get the sum of high frequency energy are the key factors in
constructing the operator. Two new focus measure operators are defined through the autofocusing experiments
on the micro-vision system of the workcell for micro-alignment. The performances of two operators can be
quantificationally evaluated through the comparison with two spatial domain operators—Brenner Function (BF)
and Squared Gradient Function (SGF). The focus resolution of the optimized DWT-based operators is 14%
higher than that of BF and its computational cost is 52% approximately lower than BF’s. The focus resolution
of the optimized CWT-based operators is 41% lower than that of SGF whereas its computational cost is ap-
proximately 36% lower than SGF’s. It shows that the wavelet based autofocus measure functions can be practi-
cally used in micro-vision applications.
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Higher resolution may be required by some manipulation, fluorescence nuclei analysis and
microassembly or analysis tasks, such as hybrid automatic semiconductor mask/wafer alignment™2],
MEMS fabrication, autonomous micro-robotic cell In order to achieve high resolution, higher resolu-
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tion microscope optics, which leads to low Depth of
Field (DOF), can be used in such case. Autofocus
techniques can be used to find automatically the
optimum focus position for small DOF. Focusing
mechanism plays vital role in the machine vision
based Microassembly system. The vision system for
high resolution and throughout is essentially useless
without an autofocus capability™.

In the literatures, many autofocus algorithms
have been proposed and compared for use in optical
microscopic vision. These focus functions can be
classified into two groups: function based on (1)
spatial domain and function based on (2) frequency
domain. Following the literaturest*®!, focus measure
operator base on frequency domain can not be used
to produce fast algorithms for the computation
complexity. Nevertheless, with development of Very
Large Scale Integration (VLSI) and Applica-
tion-Specific Integrated Circuits (ASIC) techniques,
the algorithm constructed in frequency domain can
be realized in hardware to achieve real-time proc-
essing of 2D images!®.

This paper presents an application of the
wavelet analysis tool under the scale-space frame-
work. Some focus measure operators based on Dis-
crete Wavelet Transformation (DWT) are con-
structed in the wavelet transform domain. Another
application of Continuous Wavelet Transform
(CWT) in constructing focus measure is also re-
ported. A CWT-based focus measure operator is
defined under the combination of CWT filter and
autocorrelation. All kinds of the operators have been
realized in micro-vision sub-system of an automatic
microassembly workcell for Polymethylmethacry-
late (PMMA) microfluidic chip packaging, which
shows better performance than some well proposed
spatial domain based focus functions.

1 DWT-Based Autofocus Functions

1.1 Problem and model description

It has been deduced that a well-focused image
contains more details than a defocused image from
Fourier optics. Most of the focus criteria measure

high frequency contents of an image as a measure of
focus degree. Although the autofocus is a long
standing topic in literatures, no such a generally
applicable solution is available. Methods are often
designed for one kind of imaging mode. Wavelets
were first shown to be the foundation of a powerful
new approach to signal processing and analysis
called multi-resolution theory!. Multi-resolution
theory incorporates and unifies techniques from a
variety of disciplines, including subband coding
from signal processing and pyramidal image proc-
essing.

According to Mallat’s multi-resolution theory!”,
as shown in Fig.1, the 2D original input image I(x, y)
is processed by the 2D filters Hy., Hy., Hiy and
Hun and then subsampled by 2 in each dimension,
i.e., overall subsampled by 4. As the result, 1(X, y)
is divided into four subband images Wi, Wiy,
Win, and Whn, . The subbands Wk, Wy, and
Wy, represent the scale wavelet coefficients. To
obtain the next coarser scales of wavelet coeffi-
cients, the subband Wy, is further processed and
subsampled. The process continues until some final
scale N is reached, and 3N+1 subband images con-
sisting of the Multiresolution Approximation (MRA)
component W, ., and the Multiresolution Represen-
tation (MRR) components Wy, Wi nn and Wy, are
acquired. Fig.1 shows the wavelet decomposition
for the scale N=2.
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Fig.1 Wavelet packet decomposition for an image

As shown in Fig.2, the testing image sequence
used is taken from the micro-vision system of a mi-

(é)vision system (b)defocused image (c)in-focused image

Fig.2 Experimental setup
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croassembly workcell. The image is in the bright-
field with cross-shaped feature. A digital CCD cam-
era is used in the imaging unit (A302f of Basler Co.)
with matching lenses. All images are captured by
the digital camera and are transferred to the host
computer through the 1394/PCI adapter (Meteor-
/1394 of Matrox Co.). The lenses (zoom 70> of
Optem Co.) consist of a right-angle TV-tube adapter,
a motorizing 0.75> 5.2> zoom module, a mo-
torizing 3 mm focus module, and a 10></0.28 mi-
croscopic objective (M Plan Apo of Mituoyo Co.).
The optical system can achieve significantly higher
magnification of 3.6>< 25.3><. Taking the N.A. of
the 0.28 Mitutoyo objective into consideration, the
optical system can resolve 0.6 micron max. The
minimum focus motion of the micro-vision system
can reach 0.2 micron/step.

A defocused image and an in-focused image
are decomposed in level-1 by the DWT filters (Haar
basis function) respectively and there are Wi, and
Wy, of defocused and focused images respectively.
As shown in Fig.3, the horizontal detail subband
Wy, and the vertical detail subband Wi, of fo-
cused image contain more energies than that of the
defocused image.
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Fig.3 Comparison of high frequency subbands
between defocused and in-focused images

1.2 DWT-based focusing measure operators

Three basic DWT-based focus measure opera-

1 2 3 H
tors FDWT o FDWT ” and FDWT ,n are defined
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as follows
N M N o
Fowr_» = Z;ZJWHM (i, JX (1)
i=1 j=

) M N o
Four o = E,—ZJWLH” (i, J] ()

3 M N .
Fowr_» = Z;Z‘JWHHH (i, JX 3)

1=l )=

where DWT_2" means the wavelet basis and level-n
decomposition chosen to acquire subbands, which
are necessary for constructing the focus measures.
The discrete wavelet transformed images in the
level-n LH, HL and HH subbands are denoted
Wi, ,» Wiy, and Wyy, respectively. Wy, do-
nates diagonal detail subband.

A sequence of 24 images is captured consecu-
tively at increments of 10 micron as the microscope
objective is moved towards the sample. The focus-
ing performance of FHlaar_zl is compared with those
of FHZaar_zl and Fg. » using the image sequence.
Note that an ideal autofocus curve should reach a
single sharp maximum at the focal position and
decay monotonically both above and below the
optimal focal position!. Three focus measure
curves are shown in Fig.4. The data for each curve
are scaled (normalized) so that all maxima are unity.
It can be observed that the curves of Fiu 2 and
F.faar_zx can reach a single sharp maximum at the
focal position, but they can not give the strictly
monotonical profile on both sides of the focal
position.
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Fig.4 Performance comparison of FHaar A P 2
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Another DWT-based focus measure operator is
given to improve the above Eg.(1), Eq.(2) and
M N [
DWT 2 zz ‘WHL

Eq.(3)
e, 6] @
i=1j=1

As shown in Fig.5, the focus performance of
Fiw 2 is compared with Fie 2 and Fig 2
using the image sequence. It can be observed that
FH‘;ar_zl gives the sharpest focus measure profile,
and more important, the curve of FH‘;m_Zl ascends
monotonically with the increasing focal position on
left side of focal position and decays monotonically
with increasing focal position on right side of
focal position.
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Fig.5 Performance comparison of F; F: . and
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The performance of F; is superior to

aar_ 2"

those that of F; Feaw 2 and RS
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Wavelet-based operators are flexible in that
they can be used with different wavelet bases opti-
mized for different applications!”. Selection of
wavelet bases is an important feature of the
DWT-based focus measure operator construction.

Some commonly used symmetry wavelet bases Haar,

Coiflets, Daubechies and Dmey are chosen to con-
struct focus measure operators. As shown in Fig.6,
the performance of F.faar_zl is compared with those
of Fopo 2, FD484_21 , Fobs_ 2, FC‘:Jif_Zl and FD4mey_21 .
It can be observed that the focus curve of Ff‘aar_zl
gives the sharper and more strictly monotonical
focus measure profile than those of others in
far-focus positions. So Haar base is more suitable

than other wavelet bases in focus measure operator
construction.
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Fig.6 Performance comparisonof  Fog, 51, Fpg, 2

4 4 4 4
FD55721, FCoif7211 FDmey721 and FHaar721

In addition to the selection of wavelet bases,
the selection of wavelet decomposition scale level is
another important feature of the DWT-based focus
measure operator construction. As shown in Fig.(7),
the performance of F haar_22 1S compared with those
FHaar_25 and FHaar_25-
FH“aa,_zn means the operator contructed with Haar
wavelet and 2" resolution level in DWT domain. It
can be observed that FH“aar_zz gives the sharper and
more strictly monotonical focus measure profile
than others in far-focus positions. Then the
optimized focus measure operator Fﬁ,‘aar_zz can be
given by

Haar 22 %i“wm ( 1 ‘WLH Jﬂz (5)

i=1 j=
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Fig.7 Performance comparison of F' F
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2 CWT and ACT-Based Autofocus Functions

2.1 Problem and model description

Autocorrelation Transform (ACT) is the basic
statistical approach to be used for measuring the
degree of edge variation in images. So this tech-
nique based on contrast measurement can also be
used in autofocusing algorithm. The autocorrelation
of an in-focused image gives a sharper correlation
peak than that of a defocused image.

The autocorrelation transform measure can be
given by

Fact = iJCACT (‘9 X (6)

where C,.;(¢) can be represented as

Cocr(6)=2[1(i+2)- 1]/ 21 (OF

iz

The 1-D cross-sectional scans of in-focused,
slightly defocused and acutely defocused testing
images taken by vision system (Fig.2) are used to
measure the degree of focus. As shown in Fig.8, the
acutely defocused scene has more width curve than
other two curves do. But the autocorrelation curves
of slight defocused and in-focused images can
hardly be identified. The conventional autocorrelati-
on technique may cause inaccuracy because the
widths of autocorrelation curves in near-focus re-
gion are approximately the same.

Autocorrelation
<
~
i

0.65 Acute defocus
---- Slight defocus
— In-focus

0.55

0 50 100 150 200 250 300
Pixel index

Fig.8 Autocorrelation computations between acutely defo-
cused, slight defocused and in-focused image

Continuous Wavelet Transform (CWT) filter
can be used to enhance the edge feature (high fre-
guency information) of image before autocorrelation

computation is conducted®®. As shown in Fig.9,

1-D testing image signals are filtered by Mexi-
can-Hat wavelet with 22 scale factor first, and then
autocorrelation computation is conducted. It can be
observed that the autocorrelation profiles of slightly
defocused and in-focused image signals can be ea-
sily identified after appropriate CWT.

Acute defocus
: : ---- Slight defocus
1.2 i : — In-focus
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Fig.9 Autocorrelation computations between Mexican-Hat
wavelet (22 scale) transformed acutely defocused,
slightly defocused and in-focused image

Continuous wavelet processing filters with dif-
ferent wavelet bases may cause different effects in
defocus degree measurement. As shown in Fig.9 and
Fig.10, autocorrelation curves of the 1-D testing
image signals filtered by Meyer wavelet with 22
scale factor are brought into comparison with curves
of signals filtered by Mexican-Hat wavelet with the
same scale factor. It can also be ease to identify the
autocorrelation curves of slightly defocused and
in-focused, but the Mexican-Hat wavelet filter
brings better high frequency enhancement effect
than the Meyer wavelet does in processing the test-
ing images given.

Acute defocus
; ---- Slight defocus
1.4 ; : — In-focus
= -
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o
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Fig.10 Autocorrelation computations between Meyer

wavelet (22 scale) transformed acutely defocused,
slightly defocused and in-focused image
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CWT-based filters with different scale factors
may also cause different effects in defocus degree
measurement. As shown in Fig.10 and Fig.11, the
autocorrelation curves of 1-D testing image signals
filtered by Meyer wavelet with 2 scale factor are
brought into comparison with curves of signals fil-
tered by the same wavelet with different scale factor
2*. It can be seen from the Fig.11 that the autocor-
relation curves of slightly the defocused image and
the in-focused image are approximately the same.

Acute defocus
1.5} - Slight defocus
— In-focus

Autocorrelation

0 50 100 150 200 250 300
Pixel index

Fig.11 Autocorrelation computations between Meyer wavelet

(2* scale) transformed acutely defocused, slightly defo-

cused and in-focused image

2.2 CWT and ACT-based focusing measure
ope-rators

A concision CWT and ACT-based focus meas-
ure operator FQWT » 1S defined as follows

Fowr 2 ZIC ¢) (7)

where C,(s) can be represented as

g)ziMf(s,T‘FS Sr/ZM 5,7)|
W, (s,7)=(f ,y/w>=ﬁjm f(t)-t//*[%jdt

here, W,(s,z) represents the continuous wavelet
transform of f(i)eLl?(R). r is the translation
factor; S is the scale factor. C,(s) donates
autocorrelation computation in CWT domain.

The testing sequence of 24 images mentioned
is first used to compare focus measure the perform-
ance of Eq.(6) with that of Eq.(7). As shown in
Fig.12, three focus measure curves are shown, and
the focus performance of conventional autocorrela-
tion-based F,.; is compared with those of CWT

and ACT-based Fuweer_ 22 and Fy_y 2. It can be
observed that Fyee 22 and Fy.n »2 reach a
single sharp maximum at focal position, but F,.;
can not. This proves that the CWT-based filter tech-
nique can improve the autofocus inaccuracy caused
by conventional ACT-based measure.

Normalized focus measure

ML
0.5} — Fuieyer_2?

0 5 10 15 20 25
Image index

Fig.12 Performance comparisons of F,.;,

= and F!

M-H_27? Meyer_ 272

Note that different scaling factors must be op-
timized for images with different features. Mexi-
can-Hat wavelet filter with scaling factors from 2°
to 2% are conducted in focus measure algorithm.
Fig.13 and Fig.14 show that the focus measure per-
formance improvements become much more sig-
nificant when s > 2> where s means the scaling
factor.

For further improving the focus measure per-
formance of Eq.(7), another operator is given by

CWT 2“_2[ ( )2 (8)

0.9

0.5

Normalized focus measure

E-r':r-JI-JI-JE-:"I-JI-!r-JI-u:

0.3
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Fig.13 Performance comparisons of F“LH e

with scaling factor from 2° to 2°
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Fig.14 Performance comparisons of FM W2

with scaling factor from 2 to 2%

It can be seen from Fig.15 that the experimental
curve width of Fhﬁ_H_zfz is sharper than that of

1
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Fig.15 Performance comparison of F&iH ,» and
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3 Quantitative Evaluation

Varieties of focus measure operators based on
spatial domain have been proposed®. Two
classic operators, Brenner function (Eg.(9)) and sum
of squared gradient function (Eq.(10)) were reported
to be the most effective. So a DWT-based focus
measure operator Fi. »» (Eq.(11)) and a CWT
and ACT-based operator FMZ,H_Z—S (Eq.(12)) are
constructed to compare to those two spatial domain
based operators through quantitative evaluation.

The normalized focus curves of the following
measures are shown in Fig.16.
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Fig.16 Performance comparisons of F:aar

_22 1
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M-H_275"

F and Fg g

Brenner

(1) Brenner function™"
512510

Brenner ZZ[f( J+2)_ f(I’J)]2 (9)

i=1j=1

(2) Sum of squared gradient function™”!
511511

Foe =2 215+ 16 (11 0)-103)T)
(10)

(3) DWT-based operator
Haar 2? _HZE:;%BH ( ! JX +‘WLHZ (I’ JX]Z (11)

(4) CWT and ACT-based operator

150
M H_2®° ™ Z|C l (12)

Qualitative evaluations of DWT and CWT and
ACT based focus operators previously constructed
in this paper allow selecting the most appropriate
function for the application in a visual and intuitive
form. Sometimes qualitative evaluation is important,
but sometimes quantitative evaluation is necessary
to give a more detailed study in selection of focus
measures. Two features of focus performance are
quantificationally evaluated through experiments.
One feature is the commonly used execution time t,
and the other is the focus resolution o?.

According to Heisenberg Uncertain Principle
(HUP) and Autofocus Uncertain Measure (AUM)!12,
focus resolution can be defined by™!

2
7' =y Lol ) o6

The form in discrete domain is given by
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ot =3 fi-i,) 1) (13)
=

where f (i) donates the computed focus measure op-
erator in position i and i, donates the in-focus posi-
tion.

The evaluation results of t and &* for focus
curves in Fig.16 are listed in Table 1 and Table 2.

Table1 Computed execution time for Fig.16

Focus F 4 2
measure Brenner S-G Haar_2° M-H_27°
Window 512x512 512x512 128>=<128 150x1

t/s 1.27 2.12 0.61 1.36

Table 2 Computed focus resolutions for Fig.16

Focus E 4 2
measure Brenner S-G Haar 22 M-H_27°
o’ 8.43 18.79 9.81 13.25

4 Conclusions

Two methods of focus measure operators con-
struction in wavelet domain have been reported.
These operators can be optimized according to the
selection of wavelet base and scaling factor.

According to qualitative evaluation on experi-
mental focus curves, a DWT-based focus measure
operator Ry, ,» and a CWT and ACT-based op-
erator Fy_n o+ are selected. To compare with two
well proposed spatial domain operators, the quanti-
tative evaluation is executed.

(1) The focus resolution of Fi. ,2 is 14%
higher than that of Fg..., and the computational
cost of Fiw 2 IS 52% approximately lower than
that of Fgrenner -

(2) The focus resolution of Fy_y o is 41%
lower than that of F; ; whereas the computational
cost of Fhf,_Hfzfs is approximately 36% lower than
that of F .

Experimental results show that the wavelet
based autofocus measures possess high performance
in high-frequency information sensitivity and the
techniques can be practically used in micro-vision
applications.
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