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OPTICAL PROCESSING INTERFACES

ARNOLD ROY SHULMAN
Processing and Reduction Section
Advanced Development Division

Goddard Space Flight Center
Greenbelt, Maryland 20771

Summary    A brief introduction to coherent optical data, processing is given. Several
problems are discussed concerning the implementation of coherent optical data
processing for general use. The major problems discussed are concerned with the
imaging qualities of coherent systems and the material requirements for recording these
images. The solution to several problems is presented and the state-of-the-art in other
areas is indicated.

Optical Processing Interfaces    Technology is advancing so rapidly that it is extremely
difficult for scientists and engineers to keep pace with developments in their own fields.
It is reasonable therefore to expect that developments outside their specialty may go
unnoticed or unappreciated. One area in which considerable advancement has recently
occurred is optical data processing. The purpose of this paper is to present a basic
understanding of optical data processing and indicate the present state-of-the-art in this
area. Optical data processing permits, with relatively simple configurations of lenses and
aperatures, the implementation of mathematical functions such as multiplication, Fourier
transformation, correlation, and convolution. Through the Fourier transform operation
the frequency distribution of a signal is represented by a light amplitude distribution in a
plane. Figure 1 shows how the Fourier transform (spectrum) of a uniformly coherently
illumated transmission function located in the front focal plane of a lens is produced in
the back focal plane of the lens. The diffracted wavefronts from the transmission
function are focused in the back focal plane of the lens. The capability of a lens to form
the Fourier transform is the basic operation of most optical computers.

The advantage of optical data processing is its speed and simplicity in performing
computations. It is an analog method of computation which permits a two dimensional
Fourier transform (Figure 1) to be obtained instantaneously, visibly, and without
complex programming or equipment. Filtering signals optically is a simple operation
since it only requires blocking of the light at points corresponding to unwanted
frequencies. Optical filtering techniques require only simple configurations of standard
optical components, while the electronic counterparts performing the same type of 



Fig. 1 - Optical Spectrum Analyzer

operation would result in complex hardware. Figure 2 shows a typical optical filter. The
Fourier transform plane contains a light distribution corresponding to the spectral
content of the input signal. This spectral distribution is easily modified in both phase and
amplitude by inserting spatial filters, (e.g., this can be simple opaque probes,
semitransparent probes, phaseplates, or holograms). It is therefore possible to enhance
various types of degraded images by filtering. Optical filtering can therefore eliminate
undesirable elements in an image or enhance others. Degraded images of various types
can t)e filtered to improve image definition and contrast. In addition certain blurs and
defocusing effects in the image can be filtered.

Fig. 2 - Optical Filter

Figure 3 shows how the optical filter of Figure 2 can be made into an optical correlator
by the addition of a lens. The D. C. value of the Fourier transform formed by lens 3 is
proportional to the correlation between the input signal and the reference signal. Two
dimensional signals such as pictures can be processed as a whole without scanning as in
electronic systems (which is required to reduce them to a single dimension). The two-
dimensional capability of optical systems can be used to provide simultaneous
multichannel operation without significant increase in the optical systems complexity. In



a multichannel optical system the second dimension is used to separate independent
channels as shown in Figure 4. The number of independent channels is limited only by
the resolution of the optical system. Since all of the channels can be processed at the
same time without scanning or time sharing, this optical multichannel capability can lead
to considerable simplification of equipment when many signals are available and require
simultaneous processing.

Fig. 3 - Optical Correlator

Fig. 4 - Channelized Optical Correlator

Several limitations, have prevented the rapid acceptance and use of coherent optical data
processing systems. One basic limitation of coherent optical imaging systems has been
the problem of the introduction of high coherent noise into, the image. Optical imaging
systems using coherent light introduce objectionable noise into the output image because
of the dust and bubbles on and in lenses. This noise usually appears as bull’s-eye



diffraction patterns in the image. By rotating the lens about the optical axis these
diffraction patterns can be essentially eliminated. This technique does not destroy the
spatial coherence of the light and permits spatial filtering of the input signal plane.
Figure 5 shows a coherent image of girl with a high frequency Ronchi ruling
superimposed. The Ronchi ruling frequency is so high that it does not print. Only the
Moire’ pattern of the Ronchi ruling with the printing dot pattern can be seen. The bull’s-
eye patterns introduced into this image are evident. This coherent noise is objectionable.
Figure 6 shows the same coherent image with the lens rotating so that the coherent noise
is minimized or for practical purposes eliminated. Figure 7 shows the Ronchi ruling
filtered from Figure 5 with the lens not rotating. This is the usual noisy image formed
with highly coherent light. Figure 8 shows the same filtered image of Figure 7 formed
with the lens rotating. It is evident that the coherent noise as well as the Ronchi ruling
has been eliminated, Figure 9 shows an image with a low frequency Ronchi ruling
superimposed. Figures 9, 10 and 11 have been included because the effects are easier to
see. The filtered image of Figure 10 shows the usual coherent noise. Although the low
frequency Ronchi ruling has been filtered out the coherent noise is objectionable. The
fact that the Ronchi ruling is of low frequency means that it will permit only lower
spatial frequencies to pass, and effectively blocks more of the high frequencies causing
the image to degradate. (Sampling theorem states that at least two samples per cycle are
required to detect a frequency.) Figure 11 shows the same filtered image of Figure 10 but
with the lens rotating. The coherent noise has been effectively eliminated by lens
rotation. Figures 12 and 13 show two views of the motorized lens mount used to
eliminate the coherent noise. Thus we see that one of the major problems of coherent
optical data processing has been eliminated.

Fig. 5 - Coherent Image with Noise Fig. 6 - Coherent Image without Noise
(no lens rotation). (lens rotating).



Fig. 7 - Filtered Image (no lens rotation) Fig. 8 - Filtered Image (lens rotating)

Fig. 9 - Image with Ronchi Ruling Fig. 10 - Filtered Image
(lens rotating) (no lens rotation)



Fig. 11 - Filtered Image Fig. 12 - Oblique Front View of
(with lens rotating) Motorized Lens Mount

Fig. 13 - Oblique Rear View of
Motorized Lens Mount

Unfortunately there still is a major problem that has to be solved before coherent optical
processing can be accepted for general use. This problem is the difficulty of introducing
signals (particularly in real time) into the optical system. Photographic films have many
disadvantages when used in a coherent optical system. Among the disadvantages of
photographic film for use in coherent optical systems are:

1) Photographic film must be developed. This usually involves removing the film
from where it was exposed (often undesirable) and using liquid chemicals to bring
out the image. This processing takes time.



2) Photographic processing involves dimensional changes in the film. In addition a
relief image is formed on the surface of -the film which is also often undesirable.

3) High resolution films have low sensitivity.

4) Photograph films usually produce an amplitude transmission function because of
the changes in density. A phase transmission function is often more desirable but
not convenient to produce in film. Phase transmission functions can be produced
in films by either converting the developed silver halide into a transparent salt (by
using mercuric chloride) or making use of the relief image (both awkard to do).

An alternate solution to the use of photographic films is the use of an ultrasonic cell or
acousto-optical modulator. Figure 14 shows an acousto-optical modulator in which the
electronic input is converted into sound waves. The sound wave traveling in the water
changes its index of refraction. This changes the phase of the plane light waves passing
through the acousto-optical modulator. The disadvantages of this type of modulator are:

1) The transit time of a sound wave to travel across the cell is relatively short (50 Fs
for 6"). This means only signals of relatively short duration (50 F s) can be stored
in the modulator. This is usually adaquate for Radar like applications, but is
undesirable where longer storage times are required.

2) Only single channel operation is usually possible.

Fig. 14 - Acousta-Optical Modulator

The advantages of this acousto-optical modulator are that it is simple and reliable. When
two modulators are used in one system, one can be used as a real time input, the other as



a reference signal. Where rapid changing of the reference signal is required this has the
advantage of no moving parts such as film transports and mechanical stability.

A more practical solution to real time optical processing lies in the use of some newer
material. Photochromic materials is one such material that offers some hope of real time
optical processing. The word “photochromic” is derived from two Greek words meaning
light and color. Photochromic materials change color in a reversible way when
illuminated properly. The reversing process can take place either in the dark (under
thermal excitation) or by illumination with light of a specific frequency. Photochromic
materials possess different absorption spectra depending on the conditions of
illumination. Table 1 shows typical characteristics of doped calcium fluoride. Figure 15
shows that a representation of a photochromic material in the unswitched state which has
a transmission of 12%, at 4130D. When light of 4130D is incident on the photochromic it
is absorbed and the material gradually changes color and its transmission properties to
those of the switched state. In the switched state when light of 6006D is incident on the
material it is absorbed which gradually changes the absorption spectrum to the
unswitched state. The different states of the material can be used to “write,” “read” and
“erase.”

Table 1
Calcium Fluoide (CaF2) Photochromic Materials Rare-Earth Dopant

Notes: 1. Sodium (Na) compensation allows more otoc rom c cen rs e produced in
Lanthanum doped crystals.

2. Kiss, Physics Today, January 1970, - CaF2 materials require about 50mj/cm2

for O.D. = 1.

3. Materials cycled up to 106 times with no appreciable decay.



Fig. 15

Photochromic materials can be either inorganic or organic materials. Organic
photochromics are usually more sensitive than inorganic photochromics but have a
limited life in regard to their reversing capabilities. The sensitivity of photochromic
materials, unlike photographic film is a medium without gain, i.e. , the best that can be
expected is that for each photon absorbed there will be induced a change of one
photochromic center in the material. The resolution of photochromic materials is
basically the separation between atomic centers. Therefore the resolution can be
considered limited b the diffraction limit of the incident light beam. As a comparison,
computers can store up to 107 bits in magnetic-core memories, while the resolution
capabilities (if it were possible to fully utilize them) of photochroraics is such that 3
micron x 3 micron recording elements would provide 107 bits/cm2 . In addition while a
magnetic-core memory provides only binary information, photochromic materials can
provide a grey-scale capability for each bit. Although this large storage capacity is
available in photographic film (as a permanent memory) and photochromics, they have
not been successfully used coupled to existing systems.

In display systems a cathode-ray tube (CRT) has been made (by RCA) using a
photochromic type material on the face plate which when bombarded by the
electronbeam causes a color change in the face plate. In this CRT the photochromic
powder replaces the phosphor (or can be mixed with the phosphor) and can be used as a
reflective storage tube. Figure 16 shows a representation of a cathodochromic storage
device and display unit. The cathodochromic material changes color when bombarded
with electrons. It can be restored to its original color by either heat or exposure to light
of an appropriate frequency. The induced color change is proportional to the electron 



Fig. 16 - A schematic representation of the
face plate layers of a cathodochromic storage
device tube; the readout detection system is

shown schematically on the right

beam exposure and the coloration persists after the electron beam is removed. The CRT
electron beam modulated by a video signal can be made to scan a normal TV raster, and
store an image in the cathodochromic layer. Viewed by reflected light the stored image is
highly visible. The presence of a fast phosphor layer (which emits the wave-length
absorbed by the cathodochromic) makes possible to recover the stored information in the
form of a reconstructed electronic video signal. A small constant current electron beam
scans the stored raster with its image. The phosphor layer emits uniformity when scanned
by the electron beam. At any point on the screen the light from the phosphor is absorbed
by the cathodochromic layer in proportion to the stored image at that point. The light
reaching the external photodetector produces an electronic signal directly related to the
stored video signal. Thus a photoerasable display and storage device with electronic
readout is available. Operations such as scan rate and line conversion is easily available
from this tube as well as a computer interface. Presently work is underway to transfer the
temporary image on the face plate to a permanent storage, after the raster lines have been
filtered out.

In coherent optical data processing photochromic materials offer an attractive means for
providing a continuously changeable input plane and filter plane. Some of the
advantages of photochromics for this purpose are:

1) No wet processing is required to bring out the image (they are self developing)
2) Dimensional stability of the film is maintained
3) Position integrity is maintained
4) Amplitude changes in the incident light can be made
5) High resolution

Although photochromic materials are useful as a reusable medium, there are other (non-
silver) mediums available (e.g., photopolymers and matrix dye transfer films) with some
or all of the advantages of photochromics. In addition, some of these newer materials



have high sensitivity and can produce phase changes in the incident light which is a
decided advantage in certain applications. Thus we see that the problems which have
prevented wide use and acceptance of coherent optical data processing have either been
solved or are on the verge of being solved. We can therefore expect coherent optical data
processing systems to start being in vogue in the near future.




