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Abstract. An optical-digital technique for restoring defocused images, and based
on the quasi-point source concept, is introduced and compared with two
conventional digital methods. The comparison is performed on the restoration of
defocused microscopy images obtained with a conventional microscope but with
three different numerical apertures. The effects of these techniques on the
aberrated images are shown. We discuss and conclude about the advantages of
our proposed technique.
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1 Introduction

Every imaging optical system (OS) has a characteristic intensity point spread function
(ipsf) associated, this function depends on the illumination wavelength (1), the pupil
function of OS and the numerical aperture (NA). In presence of aberrations of the OS,
or with defocus, the ipsf detected out of focus will contain all this information, that is
why the knowledge of the ipsf allows us to evaluate the quality of the OS, and its use is
widely applied in image formation theory.

Since, the concept of point source is a mathematical abstraction, very useful for
developing theoretical results, but the experimental realizations it is necessary to use a
real point source. We propose to use an object with enough small dimensions that the
OS cannot resolve, this kind of object is commonly known as a quasi-point source (qps)
[1-3].

The detected image of a gps is then an estimated of the ipsf, and can also be used for
generating of out-of-focus ipsf’s. This corresponds with image of a gps when is located
at different distances of the object plane.

Once these images have been detected it is possible to obtain the corresponding
optical transfer functions (OTF's) associated with every defocused position. Then, a
Wiener [4] filter can be constructed with those images. This is in order to realize a
typical deconvolution technique, and that is why we call this an optical-digital
technique.

In this work, a comparison of three different methods of restoration is presented.
That which uses the gps and other two techniques using the digital (OTF's) [5-7].
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2 Theoretical Background

In an aberration-free OS, the intensity distribution (g(x, ¥))in the image plane is related
with the intensity transmittance (o(x, y)) of the object and with the ipsf (h(x,Y)) my
means of the so called image formation equation in intensity

g(x,y) = h(x,y)®o(x,y), €y
where (x,y) are the spatial rectangular coordinates and ® indicates the convolution
operation.

In the Fourier domain the equation takes the form
G(u,v) = H(u,v)0(u,v), 2

where G is image spectrum, O represents the spectrum of the transmittance of the
object,and H isthe OTF; (u,v) are the coordinates in the frequency domain.

When the image of a defocused object is detected, an aberration is introduced this
known as defocus and is denoted by the term w, , of the aberrations polynomial [8].
This aberration can be represented in the pupil function of the OS as

_ exp[ika)z‘o(pz)] if p<R,
Pa(p) = {0 if p>R, ®)

wherek =27/, p=+u’+v* and R is the radius of the pupil. The relation of w,,
with the displacement along the Z axis of the object from the object plane (Az =0) is
of the form [9]:

1
wz‘o = ENAZAZ, (4)

being NA the numerical aperture of the OS.
The ipsf for an object located out-of-focus which is denoted by h, , is the square
modulus of the inverse Fourier transform (3~1) of the aberrated pupil function [10]:

haCe,y) = 137 H{Pa(w, )} ®)

Then, equation (1) containing the effects of defocus and including the noise (n),
which is introduced in the detection process, is expressed in the form

gd(x!y) = hd(x:}’)®0(x:}0 +n(x,y) (6)
This noise can be reduced by mean of an average over a sequence of images captured

for the same defocus position AZ . The image formation equation in terms of this average
image is

g_d(x,J’) ~ hd(x,J’)@)O(x')’) (7)

and its spectrum is rewritten as
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G,(u,v) = Hy(u,v)0(u,v). (8)

In the other hand, the average image () of a gps is expressed in the form

_ . X%+ y?

Ga(x,y) = ha(x,y)®circ (T> ©)
Since R is of very small dimensions, this means that the circ function can be

approximated with a Delta function cirC(\/X2 +y? /R)~5(X, y). i.e the image of the a
gps is approximated to the ipsfq :

qd(x;Y) ~ hd(x;}’) (10)
and, in the Fourier domain equation (10) is expressed as
Qd(% v) = Hy(u,v). (11)

When the Wiener filter is used, the mean square error in the comparison between the
focused image and the restored one is minimum. For this reason we have decided to
use this filter for obtaining the spectrum of the restored image [5, 7]:

Gy(u, v)H}; (u,v)
|Hg(u, v)|? + S, (u, v) /Sy (u, v)’

Gu,v) = (12)

where S, corresponds to the power spectrum of the noise and S¢ is the power
spectrum of the focused image; symbol * indicates conjugated complex.

Usually, in image restoration, when the values of the quotient in denominator of
equation (12) this value is adjusted in an heuristically way for obtaining a good quality
restoration we denote this factor with an e,  and selected the value of &=3x10"7,

Replacing equation (11) in equation (12) for the Wiener filter we have:

A Ga(u,v) Q4 (w,v)
G(u, U) = A N2 Lo
|Qa(u, v)|* + &
and, finally, the inverse Fourier transform of equation (13) is an estimated of the image
of the focused object.

(13)

3 Digital Methods

In the method proposed here, approximated of the defocused ipsf's of the OS are
obtained. However, other authors have used ipsf's numerically simulated [5, 6] and to
obtain them, the equation (3) is used, where the defocus term w,, of the aberration
polynomial is introduced. The defocus amount is calculated according with the equation
(4), from the a priori knowledge of the distance from the object planeAZ=0 at the
moment in which the image is captured.
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Another method with our technique is compared is the so called Blind
Deconvolution Algorithm. This algorithm is used when the amount of defocus in the
captured image is unknown; in this case the ipsf is estimated by means of an iterative
process. This algorithm uses the standard of Maximum Likelihood [7].

4 Experiment

The OS is a bright field Olympus microscope model BX51, used with three objectives,
4X(0.1), 10x(0.3) y 20x(0.5). The image sequences used in the experiment were
captured with a monochromatic CCD with a dynamic range of 0-255. The CCD has a
2448H X 2050V pixels, and a pixel pitch of 3.45um. This Sony model XCL-5000. For
digitizing the detected images a frame-grabber PCI-142924 from National Instruments.

The images introduced in our computing code were a segment of the originally
captured of 512X512 pixels.

Defocus position
—Az
-

A

Optical
axir{\ %
~
s Il
; ~

Kohler

Tlumination *

Focal plane

ccp Y

Fig. 1. Schematic diagram or the optical system.

For reducing the noise and other unwanted effects generated during the detection
process, a series of images were averaged for each defocused position.

Considering that we wanted to keep a minimum capturing time, and after several
proofs for determining the minimum variance in which the noise is reduced, a number
of 20 images was selected for each defocus position.

For the generation of the Ty a pinhole of 1+ 0.5um was used. This was
previously verified that fulfills the requirements to be considered as a gps for the OS
used in this work.

As the object we used a typical resolution test target. A region of the object
containing high frequencies was analyzed.

5 Results

We show the results obtained with our optical-digital technique, and also those obtained
with the other two digital methods.
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Fig. 2. a) in-focus image of the resolution test target detected with a microscopy objective
4X(0.1); b) defocused image of the object which amount of defocus is w,o = 0.65; ¢)
restoration of the defocused using a simulated ipsf; d) restoration with the Blind deconvolution
algorithm, with 100 iterations; e) restoration with our proposed optical-digital technique; ) this
image is showing the transverse section that is used for the profiles plotted in the figure 3.

The results are presented in three groups, one for each objective lens used in the
experiment. The first group is shown in Figure 2, it corresponds to the objective 4X(0.1)
this includes the restoration obtained with our proposed method and also the
restorations obtained with the other two methods. In the same way, the group in Figure
4 is for the images obtained with the objective 10X(0.3) and the group in Figure 6 is
for the objective 20X(0.5).
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Fig. 3. Intensity profiles in the indicated region in Figure 2(f). Optical-digital technique
(continuous red line), using a simulated ipsf (dotted blue line), the Blind deconvolution algorithm
(dotted purple line), also both the profile of the in-focus image (continuous black line), and out-
of-focus image (continuous green line).
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Also we present profiles of the restored images of a selected region in the image
(marked in red), they appear in Figure 3 for the objective 4X(4.1); in Figure 5 are the
profiles for the objective 10X(0.3), and in Figure 7 the profiles for the objective
20X(0.5) are shown.

(a) (b) (c)

= n= n=
i i M FE

|I|I| m= ||| E |l|§||§

T KE
=

i e ]
|IIF:

=TT

1 oll
———

Fig. 4. a) in-focus image of the resolution test target detected with a microscopy objective
10X(0.3); b) defocused image of the object which amount of defocus is w,, = 0.585; c)
restoration of the defocused using a simulated ipsf; d) restoration with the Blind deconvolution
algorithm, with 100 iterations; e) restoration with our proposed optical-digital technique; ) this
image is showing the transverse section that is used for the profiles plotted in the figure 5.

300y
— focuszed image
defocuse image
—— optical-digital restoration
- == digital retsoration 1
----digital restoration 2
—
@ 200)
=4
v
—
g
o
=]
v
=1
k=
100)
pixel L)

Fig. 5. Intensity profiles in the indicated region in Figure 4(f). Optical-digital technique
(continuous red line), using a simulated ipsf (dotted blue line), the Blind deconvolution algorithm
(dotted purple line), also both the profile of the in-focus image (continuous black line), and out-
of-focus image (continuous green line).
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Fig. 6. a) in-focus image of the resolution test target detected with a microscopy objective
20X(0.5); b) defocused image of the object which amount of defocus is w,, = 0.813; ¢)
restoration of the defocused using a simulated ipsf; d) restoration with the Blind deconvolution
algorithm, with 100 iterations; €) restoration with our proposed optical-digital technique; ) this
image is showing the transverse section that is used for the profiles plotted in the figure 7.
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Fig. 7. Intensity profiles in the indicated region in Figure 6(f). Optical-digital technique
(continuous red line), using a simulated ipsf (dotted blue line), the Blind deconvolution algorithm
(dotted purple line), also both the profile of the in-focus image (continuous black line), and out-
of-focus image (continuous green line).

6 Conclusions

Although, for a rigorous comparison is necessary a quantitative evaluation of the
restoration techniques, for the moment we have made only a visual evaluation.
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However with a simple visual inspection of the restoration, is easily appreciated the
differences between our optical-digital method with the only digital. The advantages of
the optical-digital method over the other two are evident in the three groups of images.
Particularly, in the region of the image containing high frequencies, where the edges
are restored in a fair way. However the contrast in the restoration resulted better for the
digital simulated method instead of the other two.

After observing and comparing all the restored images, we can conclude that the
method presented here works for restoring images detected out-of focus for the three
different numerical apertures used in the experiment, and provides some advantages
over the other two methods. Nevertheless a more exhaustive study is necessary for a
complete characterization of our technique.
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