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T he complimentary properties of neural network mod
els, with their collective, iterative, nonlinear, robust, 

and fault-tolerant approach to information processing, 
and the inherent capabilities of optics (parallelism and 
massive interconnectivity) was first pointed out and the 
first optical associative memory demonstrated in 1985. 1 , 2 

Since then, work and interest in neuromorphic optical sig
nal processing has been growing steadily. Work in this 
area is evolving rapidly enough to make it difficult to be 
aware of all relevant developments and to assess their im
plications for the purposes of this report. Some notewor
thy work may have been left out. For that the author of
fers his sincere apologies and hopes that such work is in
cluded in next year's report. 

Work in optical associative memories is currently being 
conducted at several academic institutions (e.g., California 
Institute of Technology, University of Colorado, Universi
ty of California at San Diego, Stanford University, Univer
sity of Rochester, and the author's own institution, the 
University of Pennsylvania) and at several industrial and 
governmental laboratories (e.g., Hughes Research Labora
tories, Mal ibu, the Naval Research Laboratory, and the 
Jet Propulsion Laboratory). In these efforts, in addition to 
the vector matrix multiplication with thresholding and 
feedback scheme utilized in early implementations, an ar
senal of sophisticated optical tools such as holographic 
storage, phase conjugate optics, and wavefront modula
tion and mixing are being drawn upon to realize associa
tive memory functions. Such functions include auto-asso
ciative, hetero-associative and sequential or cyclic storage 
and recal l 3 - 8 with signal recovery from partial information 
receiving much attention as potential appl icat ion. 5 , 9 , 1 0 

It is gradually becoming clear, however, that associative 
memory is only one apparent function of biological neural 
nets that lends itself to optical implementation. Optics can 
play a useful role in the implementation of artificial neural 
nets capable of self-organization and learning i.e., self-pro

gramming nets. One can safely state that self-organization 
and learning is the most distinctive single feature that sets 
neuromorphic processing apart from other approaches to 
information processing. Learning in these nets is by adap
tive modification of the weights of interconnections be
tween neurons (plasticity). It can be supervised or unsu
pervised, deterministic or stochastic. 

Important progress in multilayered optical learning net
works based on holographically interconnected nonlinear 
Fabry-Perot etalons has been achieved by the Caltech 
group.11 Making use of a deterministic error back-propa
gation algorithm, these nets can learn the connectivity 
weights that represent associations they are presented 
with. The focus in this work is on the use of volume holo
grams formed in photo-refractive media, as opposed to 
planar holograms, for defining and storing the intercon
nectivity patterns between neurons. A clever fractal based 
method for the implementation of arbitrary interconnects 
between input and output planes defined within the net's 
architecture with minimal cross-talk has also been devised 
and verified. 

The effort at Penn focuses on architectures and method
ologies for opto-electronic implementation of stochastic 
learning in self-organizing multilayered nets. This work is 
based on simulated annealing within the framework of a 
Boltzmann machine. 1 2 Stochastic rather than deterministic 
learning is of primary interest because of its physical plau
sibility and because it can shed light on the way nature has 
turned noise present in biological neural nets to work to 
its advantage. The primary result of this work to date is a 
scheme that combines optical random array generators 
with the parallelism of optics to accelerate stochastic 
learning by an estimated factor of 10 5 as compared to seri
al machine executions of the same learning algorithm. The 
scheme basically imparts to the neurons a random thresh
old component that produces controlled shaking of the 
"energy landscape" of the net that can, so to speak, shake 
the net loose whenever it tends to get stuck in a state of 
local energy minimum, thereby accelerating the search for 
the state of global energy minimum that is required for the 
learning algorithm. 

The above work on optical learning nets is helping 
bring into focus the acute need for suitable materials and 
devices for the implementation of programmable intercon
nects and plasticity. Examples are modifiable nonvolatile 
volume holographic materials, spatial light modulators, 
and dense arrays of nonlinear light amplifiers or optically 
bistable elements. 

Biological neural nets were evolved in nature for one 
ultimate purpose: that of maintaining and enhancing sur
vivability of the organism they reside in. Embedding artifi
cial neural nets in man-made systems, and in particular 
autonomous systems, can serve to enhance their sur-
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vivability and therefore reliability. Survivability is also a 
central issue in a variety of systems with complex behavior 
encountered in biology, economics, societal models, and 
military science. One can therefore expect neuromorphic 
processing to play an increasing role in the modeling and 
study of such complex systems especially if optical tech
niques can be made to furnish speed and flexibility. 

Finally, one should expect that software development 
for emulating neural functions on serial and parallel digi
tal machines will not continue to be confined to the realm 
of straight-forward simulation, but, spurred by the 
mounting interest in neural processing, will move into the 
algorithmic domain where fast efficient algorithms are 
likely to be developed, becoming to neural processing 
what the FFT was to the discrete Fourier transform. Thus 
we expect that advances in optical and digital neuromor
phic signal processing will proceed in parallel. 
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T he mathematical description of the laser is of a rather 
universal character that emerges in many fields of sci

ence. 1 , 2 The same mathematics has been applied to the 
interaction among neurons forming a network to model 

brain behavior and cognitive function. 3 - 5 That these two 
systems share a common mathematical heritage leads one 
to wonder whether one can extract useful brain-like be
havior from a laser or a similar nonlinear optical system. 
Some recent work with holographic optical resonators has 
been motivated by precisely this no t ion . 6 - 1 0 

A conventional resonator composed of mirrors and 
lenses supports a set of eigenmodes—optical fields that 
propagate in a self-consistent manner in the optical circuit. 
A nonlinear gain medium internal to the resonator can 
supply energy to these modes. This is the principle of a 
laser or, more generally, of an optical oscillator. These 
modes of the oscillator will compete for the finite energy 
available from the medium. If the medium and optical 
configuration are appropriately chosen, the competition 
can be sufficiently intense that only one mode can survive; 
its presence suppresses the generation of all other models. 
Competition for the energy in the optical resonator can be 
prejudiced by the presence of a signal injected into the res
onator. N o w the competition will be biased in favor of the 
mode that most resembles the injected signal. 

Mode competition in the face of external constraints 
(an injected signal) is a fundamental principle underlying 
many neural network models of human associative memo
ry and other cognitive functions as well. When we hear a 
part of a familiar melody, we can easily complete the tune 
even if the original information comes to us somewhat 
distorted or confused by background noise. Hence, we can 
recollect the entire tune, perhaps the composer, and may
be the place we often listened to the tune in the past, with 
that small piece of information. In these models of memo
ry, the associative recall can be likened to the optical oscil
lator's behavior in the presence of an injected signal. 

The eigenmodes of a conventional resonator are gov
erned by the shape and placement of the mirrors and 
lenses comprising the resonator. With a hologram in place 
of a conventional element, however, one can program the 
set of eigenmodes to carry information in the form of pat
terns or images. Using photorefractive media as a holo
graphic element, patterns can be stored and recalled in 
real-time. The story concerning the gain medium and 
competition remains the same, but now stored patterns 
become the competitors. One can address the resonator 
with a distorted or partial picture and have it recall the 
entire scene of the pattern that provides the closest match 
to the input. 

Holographic resonator associative memories have so far 
been demonstrated using both unidirectional ring resona
tors6 and phase-conjugating resonators7 , 8 (see figure). The 
manner in which the hologram is created differs in the two 
cases, but the principles of operation are very similar. 

The behavior of the optical oscillator in the absence of 
an injected signal is rather interesting. With nothing to 
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