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Abstract. Self-images of a number of spatially periodic (e.g., gratings) and quasiperiodic (e.g., halftone picture) objects have been systematically studied. These
studies indicate that self-imaging techniques could be useful in optical computing
type operations. It is also established that the Rayleigh relation in the context of
self-imaging is quantitatively in error.
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I. Introduction

Self-image method is the simplest of all photographic methods to get replicas of
spatially periodic objects such as gratings. The essential components of a selfimaging system shown in figure 1 involves the illumination of the object transparency
with a collimated beam of suitable light and then catching the image in suitable
plane(s) away from the object.
Early experiments on self-images using line and crossed gratings were carried out
by Talbot (1836). Rayleigh (1881) published tlae results of his quantitative studies on
self-images of gratings using the following relation:
Z = 2d~/h,

(1)

where Z is the distance behind the transparency where the first image occurs, d is the
period of the grating and )t, the wavelength of light used. Rayleigh (1881) emphasised
the need for the deployment of monochromatic and collimated light in order to
obtain self-images. Since the work of Rayleigh several papers on self-images have
appeared (Wolfke 1913; Zernike 1935; Hopkins 1953; Rogers 1962); but interest in
this field was recently renewed by the theoretical investigations of Cowley and Moodie
(1957); Winthrop and Worthington (1965) and Montgomery (1967). The more recent
work on self-images (Denisyuk et al 1971) casts doubt on the validity of the
Rayleigh equation. It also appears that self-imaging techniques would be useful in
image processing operations such as image multiplexing (Bryngdahl 1973)and
restoration of defects in images (Dammann et al 1971 ; Kalestynski and Smolinska
1978). Recently a new name 'autoidolon' was suggested for the self-image
Kalestynski and Smolinska 1978).
299

300

S V Pappu and H R Manjunath

We have undertaken studies on image processing using coherent and noncoherent
optical computing systems. In view of the discrepancy in the Rayleigh relation and
also in view of the possible application of self-image methods in image processing, a
systematic study on the self-images of a wide variety of photographic images has been
made.

2. Formulation of the problem

The possibility of achieving optical computing type operations with self-image method
was considered. The steps involved in this process consisted of (a) generation of an
angular spectrum of plane waves at the object resulting from the diffraction of incident plane waves of coherent light by the resolution elements in the transparency and
(b) propagation of the angular spectrum carrying the object information down the
line. Interference between various portions of the angular spectrum can take place
during propagation and if the distribution in a plane is known, the distribution in
a chosen plane can be determined because of the Fourier transform relationship
between thetwo angular spectraldistributions (Goodman 1968). The self-image which
is a replica of the object is referred to as Fourier image (Cowley and Moodie 1957;
Winthrop and Worthington 1965) and its appearance obeys the Rayleigh-type relation.
In principle the autoidolon formation could be considered as arising out of the characteristic interference of the propagating angular spectrum.
However, a more familiar method of obtaining a replica of an object is by employing a coherent optical computer (Preston 1972) set up as shown in figme 2. Her~ the
final image (i.e., the replica) of the object is obtained via double Fourier transformation with the intermediate stage of Fraunhofer diffraction pattern (FDP).
Here again the propagation and interference of the angular spectrum is involved.
The functioning of a self-imaging system and an optical computer thus appears to be
similar.
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Figure 2.
Figures I and 2. Schematic of 1. Self-imaging set-up and 2. Coherent optical computer
L SpectraPhysicsModel 155,0.5 mW He-Nelaser; BE beamexpander; CL collimating
lens; P object transparency; O replica imageor Fourier imageplanes; Lx first optical

computer lens; F Fraunhoferdiffractionpattern plane; Lzsecondopital computerlens;
I Image plane.
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It is well established that images obtained with an optical computer could be
modified in any desired manner by altering the transmission in the FDP plane. Such
an operation is known as spatial frequency filtering (or modification). In view of the
similarity in the functioning of optical computing and self-imaging set-ups, the question arises. With self-imaging techniques, is it possible to obtain results which are
similar to spatial frequency filtering without using any optical elements in the space
between object plane and replica plane in the self-imaging set-up shown in figure 1.
A number of experiments have been performed and our preliminary results suggest
that the self-image method is indeed a worthwhile effort.
The components involved in a self-imaging set-up are simple and the functioning of
a self-imaging set-up shown in figure 1 is self-explanatory. The experimental procedures are simple and straightforward.

3. Results and discussion

3.1 Verification of Rayleigh relation
Self-images of a number of gratings of different periodicities have been obtained and
in each case the distance Z between the object transparency and the various Fourier
images has been measured. Our results could be adequately accounted for by a
relation,

Z ~ Nd2/h

(2)

where N = 1, 2 ... etc. and ),=6328A. Higher order images beyond N = 2 were not
observed because of the low power of our laser. The measured values of d and the
corresponding observed values for Z along with the values of Z expected from equation
(1) are given in table 1. Our equation (2) favourably compares with the relation
derived recently by others (Denisyuk et al 1971) but not with the Rayleigh equation.
Hence it is concluded that the Rayleigh equation is quantitatively in error.
3.2 Characteristics of'self-images of periodic objects
It is common to designate the space between the object and the first Fourier image
plane in the self-imaging set-up as Fresnel space. We observe that self-'images could
Table 1. Measured values for grating periodicity d and replica self-image distance Z

d (cm)

Z (cm)
first replica Second replica

Z (cm) for
first replica
predicted by
Rayleigh equation

(1)

0-0283

12

23

25-4

0.0345

18

37

38

0.0473

27

68

71

0'071

57

134

158-5
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also be obtained in this space; but these images possess some characteristic features
not present in the object unlike the Fourier images. In what follows we present the
detailed results.
3.2a Frequency doubling effect: When a single grating is used as the object, we
observe a Self-image in the Fresnel space which happens to be a frequency doubled
version of the object (see figure 3). This image is located midway between the object
plane and the first Fourier image plane.
It is well established that the frequency doubling operation could be carried out
with a coherent optical computer by a simple transmission of the first diffraction
orders from the Fourier or FDP plane to the image plane. It is gratifying that an
equivalent operation could also be achieved with a self-imaging system.
A more striking display of frequency doubling with a self-imaging system could be
achieved by using a two-dimensional periodic structure as an object (e.g., a square
array) as shown in figurc 4a. The frequency doubled self-image of this object
is shown in figure 4b and the first Fourier image of the object is shown in
figure 4c. The region circled in figure 4c, clearly shows some defects both in
the periodicity as well as in the structure of the squares. However such defects are
not apparent in the corresponding region of the original object. Self-image methods
could therefore be useful in revealing microscopic defects in objects.
32b Self-images of multiple gratings: The characteristics of the self-images of
composite gratings have been studied for any possible clues which would characterise a realistic photographic transparency (e.g., a photograph of a real scene) as
some sort of a composite grating. This description is usually invoked in object transparency while discussing the functioning of a coherent optical computer.
Two gratings of periodicities d1 (0.047 cm) and d z (0'071 cm) are superposed and
oriented such that the rulings of one grating are orthogonal to the rulings of the
other. With the composite grating as input, the self-images of the two gratings
are formed separately at two different locations as dictated by equation (2). Of
course a bit of cross-talk is inevitable in such self-images (figures 5a, 5b).
However, when the two gratings are crossed at an angle less than 90°, then the
separation of the component self-images could not be achieved. Instead the selfimage is of Moir4 type (see figure 5c) observed at a distance of 131.5 era. The
measured periodicity in the Moir~ type self-image agrees well with the periodicity
calculated by using equation (2) with Z=131.5 cm, thus confirming that the Moir4
type image is the replica of the composite grating.
Since replicas (or Fourier images) of periodic real pictures could be obtained using
a self-imaging set-up, the nature of real picture transparencies could be interpreted as
follows. A real periodic picture could be considered as a Moir6 pattern resulting
from a number of randomly superposed gratings of various periodicities. While
some interesting information has come out of the study of self-images of composite
gratings, it appears difficult to determine the nature of the constituent gratings of a
real picture.
3.2c Self-images ofquasiperiodic objects: Regular continuous tone pictures do not
yield self-images. This is not unexpected since such pictures lack periodicity. In
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Figure 3. Frequency doubling operation using a self-imaging set-up with the input
being a one-dimensional grating, a. original object grating, b. replica of the grating
obtained by self-imaging technique, e. frequency doubled version of the grating
obtained in the Fresnel space of the self-imaging set-up.
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Figure 4. Frequency doubling operation using a self-imaging r~t-up with the input
being a two-dimensional square array, a. original object, b. frequency-doubled
version of the square array obtained in the Fresnel space of the self-imaging set-up,
c. replica of the object obtained by self-imaging.
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Figure 5. Self-images o f multiple gratings, a and b. when the two gratings are
crossed at right angle to each other and the self images separated, a. d~ = 0.047 cm
periodicity b. d2 = 0"071 cm. c. gratings at an angle less than 90 ° and the sclf-ima~
in this case is a Moir6 type image.
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Figure 6. Self-images of a halftone picture and their comparison with lowpass filtering using a coherent optical computer, a. original halftone object, b. replica selfimage of the object, c. self-image of a obtained in the Fresnel space of the selfimaging set-up, d. lowpass image of a obtained with a coherent optical computer.
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order to effectively use the self-imaging techniques for processing images of all
kinds, it is necessary to convert the test picture into a spatially periodic structure by
employing proper sampling techniques.
Of course, this is true even in the case
o f an optical computer.
A half-tone picture is a good example for converting a continuous tone picture into
a periodic structure. Our results on the self-images of a halftone picture are shown
in figure 6. The replica is obtained at a distance o f Z = 1 7 . 5 cm as given by equation
(2) (figure 6b). The Fresnel self-image (figure 6c) is obtained at a distance o f
Z = 5 . 5 c m and figure 6d is the lowpass version o f figure 6a obtained with a
conventional coherent optical computer. Contrast smoothening--a characteristic
feature of lowpass filtering operation--is clearly evident in the self-image shown in
figure 6c (e.g. region indicated with an arrow). A comparison of figures 6c and 6d
reveals that by the self-imaging method it is not only possible to get a lowpass type
image but also an image with better texture.
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