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For a severely defocused incoherent system, its optical transfer function (OTF) has isolated zeros; therefore,
an exact inverse filtering cannot be performed. Isolated zeros in the OTF can be avoided by choosing an
annular aperture with a proper radius ratio, as the aperture can extend the depth of focus of the system.
However, in the process of increasing the depth of focus of the system, this method results in a loss of image
contrast. A simple hybrid optical/digital image processing system in which a TV camera device is coupled
with an annular aperture is considered. Annular-pass filtering to compensate for the loss of contrast is
performed by a digital computer. Experimental results are presented.

I. Introduction

Throughout the years, different methods have been
considered to reduce the amount of misfocus. The
effect of graded apertures on a defocused system has
been studied.1 The use of Fresnel zone plates has been
shown to improve the optical transfer function (OTF)
and leads to a larger depth of field.2 A number of
methods have been proposed for digitally analyzing a
sequence of images, each of which is composed of in-
focus as well as out-of-focus regions.3 -5 In the context
of hybrid image processing to increase the depth of
field, a two-step method has been introduced.6 In the
first step of this method, the object is moved along the
optical axis through a distance somewhat longer than
the object thickness to obtain the integrated image.
The integration would smooth the OTF of the system,
thereby getting rid of the zeros of the out-of-focus
transfer function. Subsequent conventional coherent
image processing compensates for the attenuation of
high frequency components due to the first step. In
another hybrid method,7 the object is vibrated rapidly
in front of a vidicon camera, and the video output is
highpass filtered by the use of electronic circuitry.
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It has been established that, by using an annular
aperture in an optical system, the depth of focus can be
increased.8 However, the use of annular apertures has
not received much practical consideration in the past.
The first practical hybrid system using annular aper-
tures of high aspect ratios and postcoherent image
processing to increase the depth of field was consid-
ered by McCrickerd.9 Annular apodizers have recent-
ly been studied.10 In this paper, a hybrid optical/
digital incoherent image processing system is consid-
ered in which a TV camera device coupled with an
annular aperture is used. Isolated zeros in the OTF of
a defocused system are avoided by choosing an annular
aperture with a proper radius ratio. The loss of image
contrast is restored by using a computer-generated
annular-pass filter. In the next section, the theory
behind the increase of the depth of focus by using the
annular aperture is discussed, and its effect on the
contrast of the image and the method to compensate
for it are explained. In the last two sections, we
present some experimental results and make some
concluding remarks.

11. Annular Aperture: Depth of Focus, Optical Transfer
Function, Inverse Filtering

A. Depth of Focus

An annular aperture is defined as a clear circular
pupil with a central obstruction. If the aperture is an
annulus with outer radius a and inner radius b, we can
define a central obscuration ratio of e = b/a. Consider
the lens system shown in Fig. 1. We want to find an
expression for the depth of focus z in terms of the
known quantities of the system or quantities that can
easily be measured. A simple quantum mechanical
argument is convenient to use here.' Quantum me-
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chanics relates the minimum uncertainty in position of
a quantum z to the uncertainty in its momentum bpz
according to

5z~p _ h, (1)

where h is Planck's constant and pz is the z component
of the momentum. For the lens system with a clear
aperture with radius a, shown in Fig. 1(a), 5p, signifies
the momentum difference between rays AA' and 00'
and is given by

6p = po - po cos(3/2),

(a)

(2)

where p0 = hX is the momentum of the quantum.
Substituting Eq. (2) into Eq. (1), we have

6z = X/[1 - cos(f/2)],

which can be written as

5z = A/[1 - 1 - sin2(0/2)]

_ 2X/sin2(0/2),

(3)

Z-axis

(b)

(4) Fig. 1. Uncertainty principle used in finding depth of focus: (a)
lens with no central obstruction; (b) lens with annular aperture.

where we have used small angle approximations to
obtain the last expression. Since _ 2a/f, where f/2a
is the f No. of the system, Eq. (4) can be shown to be
approximated by

6z _ 8Xf2, (5)

where Eq. (5) is the well-known depth of focus expres-
sion for a clear aperture lens system.

We can apply the same principle to derive the depth
of focus of an annular aperture. Referring to Fig. 1(b),
bpz in this case is the momentum difference between
the ray passing the upper part of the aperture and the
ray passing the lower part of the aperture and is given
by

5Pz= Pa- Pb (6)

where Pa and Pb are given by Eq. (2) with and a
substituted into the argument of cosine, respectively.
Hence Eq. (6) becomes

5p = po[cos(x/2) - cos(fl/2)], (7)

and the depth of focus is given by

5z = /[cos(a/2) - cos(3/2)], (8)

which can be shown to have the form

1
X

and assuming f# >> E, Eq. (9) can be approximated by
r z 8\f2/(1-e 2). (10)

- x -

x=Xff,

Fig. 2. Autocorrelation of annular pupil function.

tion, i.e., e = 0.95, we can increase the depth of focus of
a clear lens by more than a factor of 10. It should be
mentioned that as e-1 lateral resolution does not suf-
fer while increasing the depth of focus in an annular
system, as the spread in momentum along the lateral
dimensions is the same as that in an unobstructed
aperture system.13"14

B. Optical Transfer Function

The optical transfer function (OTF) is given by the
autocorrelation of the aperture function. Correlation
of annular aperture function in one dimension can be
visualized by considering Fig. 2. The displacement
between the center of the pupil and the center of its
complex conjugate is denoted X = Xffx. Originally,
when the two centers are overlapped, it gives the maxi-
mum response at zero frequency:

OTF(0) = r(a - b2)

The numerator of (10) is the same as (5) derived for the
depth of focus of the single lens with no annular aper-
ture. Therefore, the depth of focus of a system with a
central obstruction is greater than that of the system
without the obstruction by a factor of 1/(1 - E2). Lin-
foot and Wolf have showed the same expression for the
increase of the depth of focus.12 With 95% obstruc-

= ra
2(1 -2). (11)

This value decreases monotonically for 0 < f < a(l -
E)/Xf. The correlation value then remains about at the
value 2a2( - E)2 for a(l - e)/Xf < f < 2a/Xf. The
approximate cross section along f of the OTF is
sketched in Fig. 3(a), and the normalized OTF is illus-
trated in Fig. 3(b). An exact transfer function for an
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Fig. 5. Optical/digital image processing system.

(b

Fig. 3. (a) OTF of system with annular aperture; (b) normalized
OTF.
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Fig. 4. Annular-pass filter.

annular aperture has been given by O'Neill.15 We can
readily see that such a system will largely attenuate the
high frequency components of the image while passing
the low frequency components (including dc) essen-
tially unattenuated. Thus the detailed information of
the image is embedded in a strong low frequency back-
ground.

C. Inverse Filtering

From the discussion of the last two sections, we can
see that by using an annular aperture in an optical
system, the depth of focus can be increased. By prop-
erly choosing the radius ratio of the annular aperture,
we can entirely eliminate the zeros in the OTF of a
defocused system. However, in the process of increas-
ing the depth of focus, this method results in a loss of
image contrast. Now, suppose we have an object of
which the spectrum FdFi represents a picture taken

with a lens and an annular aperture, where Fi denotes
the ideal image without degradation and Fd a filter
function which expresses the degradation and is shown
in Fig. 3(b). We can restore Fi by using a filter with the
transfer characteristic Fd1. In this specific case, Fd1,
must have the characteristics as shown in Fig. 4. In
two dimensions, this is an annular-pass filter.

Ill. Hybrid Processing System and Experimental Results

The combination of the optical system, digital sys-
tem, and their interface, as applied to image processing
with an extended depth of field, is shown in Fig. 5.
The digital system is a VAX-11/780 computer capable
of running image processing software. Inverse filter-
ing is done by the digital system. The digital process-
ing of the image begins after insertion of the annular
aperture. The process involves taking the FFT of the
image and then applying the annular-pass filtering on
it. The filtered results are then taken through an
inverse FFT, and the final output is displayed. Figure
6(a) shows an in-focus text "Virginia Tech". The out-
of-focus text, as shown in Fig. 6(b), is then processed
using an annular aperture, which resulted in the image
shown in Fig. 6(c). An annulus of E = 0.47 is used to
bring the text back into focus, and the lens is an 8-mm
movie lens with a focal length of 75 mm. Figure 6(d)
shows the digitally filtered image. The restored image
exhibits some edge enhancement, which might be due
to an overcompensation by the approximate annular-
pass filtering. Exact annular-pass filtering can only
be performed if the exact OTF of the whole system is
known.

IV. Concluding Remarks

We have presented and demonstrated the feasibility
of extending the depth of field of an incoherent imag-
ing system through a hybrid (optical/digital) tech-
nique. An annular aperture is put in front of a TV
camera to increase the depth of field of the system.
The loss of image contrast due to the aperture is com-
pensated by the use of approximate inverse filtering in
a digital computer. It should be noted that since the
OTF contains no zeros, an exact inverse filtering can be
performed in principle, whereby precise OTF mea-
surements of the system have to be done. If the re-
stored image is obviously disturbed by noise, we can
take advantage of the computer to improve the SNR in
the restored image by carefully tuning the inverse fil-
tering, i.e., deliberately altering the numerical values
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Fig. 6. (a) In-focus text; (b) severely out-of-focus text; (c) processing of (b) using annular aperture; (d) annular-pass filtered output of (c).

of the filtering. Alternatively, Wiener filtering could
be employed.
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