
otherwise bias the competition, any mode can win. What 
has actually been observed in the optical ring oscillator are 
mode fluctuations whereby the output wanders, apparent
ly randomly, from pattern to pattern. Sometimes the sys
tem will settle onto one pattern for a length of time, some
times it will undergo continual change. Although mode 
fluctuations are a common phenomena among some types 
of lasers, no current neural network model anticipates this 
behavior. 

Resonator memories demonstrate the principle of asso
ciative recall in an optical system where the physics direct
ly implements the mathematics of a neural network mod
el. However, associative memories based on these simple 
schemes are rather restricted in power. In particular, their 
ability to store certain groups of patterns and classify them 
is very limited. Neural network models exist that have 
more interesting and more sophisticated processing capa
bilities. Among these models are systems that learn behav
ior or gather information about their input environment 
through a teaching process or through some self-organiz
ing mechanism. Resonator memories represent a simple 
example of nonlinear optical implementations of neural 
network models. These models serve as a guide towards 
more complex optical systems that can implement more 
sophisticated brainlike behavior. 

Optical resonator memories. Patterns are stored as ei
genmodes of the resonator. Recall is through a competi
tive process in the gain medium. a) Ring resonator: dur
ing hologram formation the desired pattern provides 
both the object and the reference waves. The optical 
fields representing the stored patterns compete among 
themselves for the energy supplied by the gain medium. 
b) Phase-conjugating resonator: for each pattern to be 
stored the hologram is recorded with a different refer
ence plane-wave traveling a predetermined direction, 
that is, each pattern is encoded by the direction of prop
agation of an associated plane-wave. During recall, the 
plane-waves associated with the stored patterns, rather 
than the patterns themselves, compete for the energy 
supplied by the phase-conjugating mirror (PCM) having 
gain. 
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T he goal of our recent work has been to use optics to 
mimic some aspects of the way in which the human 

brain handles information. The human brain processes 
data in an associative, parallel, nonalgorithmic manner 
that is significantly different and sometimes more desirable 
than the symbolic, rule-based approach of most electronic 
and optical approaches to computing. This sort of ap
proach may be particularly effective when the input data is 
incomplete or fuzzy. The brain is able to recall complete 
and undistorted stored data when prompted only by a 
partial or distorted version of the data. It can generally do 
this independent of the orientation or scale size. 

In addition to this robustness, the brain uses heteroasso
ciation to associate various elements of the stored data in 
an intricate manner. This type of memory is entirely differ
ent from conventional location-addressed memory. Be
cause of the benefits of this type of memory, the study of 
neural network modeling has given an impetus to workers 
in both the fields of electronic and optical data processing. 

At the Hughes Research Laboratories we have devel
oped an all-optical associative memory 1 - 3 that utilizes 
ideas from holography, phase conjugation, and neural net-
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work models. The device has the capability to recall a 
complete image when merely a portion of the stored image 
is input into the system. It can store and recall multiple 
superimposed two-dimensional gray scale images. In addi
tion, the system has demonstrated invariance to transla
tion of the input images and limited rotation invariance. 

A hologram has been chosen as the memory element for 
several reasons. It is capable of storing a large amount of 
information in a global manner that can be processed in 
parallel. Most importantly, there is an inherent association 
between the object beam and the reference beam through 
the gratings formed during the recording process. These 
gratings can be thought of as "link weights" between 
"neurons" in the parlance of neural network modeling. 
Phase conjugation is used to provide nonlinear optical 
gain, regenerative feedback, and thresholding of the opti
cal signals. 

The device (shown in Fig. 1) is an optical resonator 
bounded by two phase conjugate mirrors (PCMs) with an 

intra-cavity hologram. Several different objects are stored 
simultaneously by recording multiple-exposure holo
grams. During the exposure process each object is record
ed using angular multiplexing of the reference waves. By 
utilizing nonlinearities in the reference domain, this tech
nique improves both the signal-to-noise ratio and the stor
age capacity. By utilizing Fourier transform holograms, 
shift invariance of the input image is realized. 

After recording and developing the hologram, a partial 
or distorted version of the stored data addresses the holo
gram. This generates a distorted version of the reference 
beam used during the recording. These distorted beams 
(which propagate to the right of the hologram) can be in
terpreted as the correlation of the input wavefront with 
the stored wavefronts and the result convolved with the 
corresponding undistorted references. This output is col
lected and focused by a lens into the "reference" P C M 
(located to the right of the hologram). The P C M , by virtue 
of a nonlinear interaction, amplifies, conjugates, and re
flects the reference beams back toward the hologram. This 
complex conjugate of the restored references addresses the 
hologram and generates a more complete version of the 
stored object. This reconstructed, more complete, object is 
conjugated by the second P C M located to the left of the 
hologram. The conjugate beam then becomes the "new" 
input to the hologram. If the gain exceeds the losses, and 
the nonlinearities are properly chosen, the system will con
verge to the stored image with the largest correlation with 
the input image. 

Experimental results from an operating system are 
shown in Fig. 2. This system used a single P C M and was 
not a complete resonator. The object stored in memory 
was the portrait shown in Fig. 2(a). The input to the sys
tem was a partial version of the store data and is shown in 
Fig. 2(b). When this partial input addressed the system, 
the complete image of the entire face was regenerated, as 
shown in Fig. 2(c). 

To prove the system's selectivity between multiple 
stored objects we recorded two separate images. The 
words OPTIC and WAVES were recorded in superposition 
by double exposing the hologram. Each stored image was 
positioned at the same spatial location and was recorded 
with its own reference wave. When a portion of either 
word was input to the system (for example, the WA), the 
entire word WAVES would appear at the output, suppress
ing the word OPTIC. Conversely, when a few letters of the 
word OPTIC was input, the complete word was produced 
at the output. The fidelity of the output demonstrated a 
high degree of crosstalk suppression. In these experiments, 
we were able to fully reconstruct the entire word when the 
system was addressed with only one letter or less than 
20% of the stored information. 

We are also developing a hybrid optical/electronic asso-
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FIGURE 1. Schematic diagram of an all-optical associa
tive memory incorporating holography and phase conju
gation. 
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dative memory. In the hybrid associative memory, feed
back and nonlinear processing of the reference beams are 
provided by vidicon detectors, image processors, and liq
uid crystal light valves. The electronics allows interfacing 
to a host computer that can also program the particular 
associations to be made. Successful operation of the sys
tem as a closed resonator was recently demonstrated.3 The 
error-correction properties of the system were evident as 
the input image could be rotated over a range of 10° with 
no observable degradation in the output image. 

Such optical associative memories, with their high de-

(a) IMAGE STORED (b) INCOMPLETE (c) ASSOCIATED 
IN MEMORY INPUT IMAGE OUTPUT IMAGE 

FIGURE 2. Photographs of experimental results: (a) Im
age stored in memory, (b) Incomplete input image, (c) 
Associated output image (inversion due to mirror reflec
tion). 

gree of parallelism and interconnectivity, have applica
tions in high speed implementations of multi-layer neural 
network models. The use of volume holograms in photo
refractive crystals will permit the rapid updating of inter
connection weights, which is necessary for the implemen
tation of neural network learning algorithms such as back-
propagation. 
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A ccording to current cosmological theories, the uni
verse came into existence some 15 to 20 billion years 

ago. Since then, the large scale four-dimensional fabric of 
the world has continued to drag matter and radiation fur
ther and further apart. The available theories and observa
tional evidence suggest that the recessional velocity of the 
visible and presumably also the invisible features increases 
linearly with the separation between the observer and the 
observed structures. This statement, known as Hubble's 
law, plays a central role in our current interpretation of 
the universe and in our understanding of its distant past. 
The observed red shift of the distant galaxies fits nicely 
with the picture of an expanding dynamical universe. 

While most professional cosmologists appear to feel 
comfortable with the conceptual framework of the stan
dard model and are inclined to seek a resolution of the 
many open problems within the existing theories, forceful 
objections have also been raised. For example, Halton C. 
Arp of the M a x Planck Institute for Physics and Astro
physics in Munich and formerly of Mount Wilson and Las 
Campanas Observatories, views Hubble's law as "the sin
gle, frail assumption on which so much of the modern 
astronomy and cosmology is built" and believes that the 
observed red shift may be explained, at least in part, by 
effects other than recessional motion. 

The replacement of the Doppler hypothesis with an al
ternative explanation would have been viewed as an ex
tremely difficult task as little as two years ago. Now, as a 
result of a remarkable series of theoretical predictions and 
related experimental tests, perhaps this issue can be re
opened with some assistance from the laws of traditional 
optics. 

Emil Wolf of the University of Rochester promoted 
these efforts by questioning the common belief that the 
spectrum of light emitted by a source remains unchanged 
on propagation. General arguments based on the propa
gation properties of the field correlation functions show 
that the spectrum of light in general depends not only on 
the source spectrum but also on the location of the observ
er . 1 , 2 Only under certain conditions on the functional 
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