
program wi l l make such systems more viable and w i l l 
reduce the number of A / D conversions required per 
multiplication. 

Such systems and architectures are also most ap
propriate for optical interconnections and the ad
vanced artificial intell igence, symbolic, and neural 
optical processors that are the present major effort by 
this community. Increased attention by universities 
to laboratory hardware and demonstrations is needed 
to effect the necessary industry reaction to these con
cepts. 

I foresee that optical computing w i l l make a signifi
cant impact in the areas of: artificial intell igence, in

terconnections, pattern recognit ion, robotics, S D I , 
and other applications. This appears to be the proper 
technology that is available at an opportune time and 
with many components available and suitable for fab
rication of systems. I see a bright future for this disci
pl ine, am pleased to be a part of its past, and look 
forward to being an active contributor to its future. 
Our C M U program is at the forefront of the major ar
eas in which advances are foreseen. 

Increased industry participation and increased gov
ernment funding w i l l be required to move this tech
nology into practice in a timely manner. I hope that 
this w i l l occur. 

Optical Computing Research at 
the University of Dayton 

B Y STEVEN C . GUSTAFSON AND 
DAVID L. FLANNERY 

UNIVERSITY OF DAYTON RESEARCH INSTITUTE 
DAYTON, OHIO 

O ptical computing and processing research at 
the University of Dayton Research Institute 
(UDRI) was significantly expanded and in

tensified in the past year. The major focus of this re
search (which was supported by the Innovative Sci
ence and Technology Office of the Strategic Defense 
Initiative Organization and managed through an Of
fice of Naval Research contract by Keith Bromley of 
the Naval Ocean Systems Center in San Diego), was a 
broad and fundamental investigation of thresholding 
operations in optical computing. 

T h e object ive was to pursue research break
throughs necessary to realize the now-widely-recog
nized potential of optical computing for multiple-or¬
der-of-magnitude increases in speed, power con
sumption, size, and reliabil ity, compared to current 
and projected all-electronic computing technology. 

In the six months since June 1985, the University of 
Dayton effort involved six senior researchers and five 
graduate students and resulted in ten papers pub
l ished or prepared for publication. Some key features 
of this research are addressed here. 

All-optical threshold elements and networks 
Concerning all-optical threshold elements and net

works, analysis was initiated of the potential of optics-

based technology for performing the basic decision 
and interconnection operations required in any com
puting system. 

Threshold logic designs for elementary operations 
were developed, including 2- and 8-bit multiply-add 
designs and designs for signed-digit arithmetic. A n 
example is shown in F ig . 1. Threshold logic is a gen
eralization of conventional Boolean logic in which 
each logic element mult ipl ies binary inputs by analog 
weights , sums the resul ts, and compares w i th a 
threshold so that the output is 1 i f the threshold is 
equaled or exceeded and 0 otherwise. 

Because threshold logic involves digital inputs and 
outputs but analog internal operations, it may be par
ticularly appropriate for optical implementations. If 
the analog weights and thresholds have sufficient er
ror tolerance, threshold logic is desirable because 
considerable reductions in the number of logic levels, 
elements, and interconnections are generally possi
ble. 

Circulat ing packet and lock-and-clock architectures 
suitable for current and projected bistable optical de
vices were identified. A n example is shown in F ig . 2. 
Circulat ing packet architectures may take advantage 
of bistable or related optical devices with optical in
puts and outputs that switch faster than the time re
quired for light to transit the system optical loop. If 
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FIGURE 1. Threshold logic design for a simple 
multiplier-adder. Two 2-bit inputs are multiplied 
and the result is added to a 5-bit input to form a 5-
bit output. For each threshold element (semicircle) 
the weights (left) and threshold (right) are 
indicated. The design is superior by roughly a 
factor of 2 in logic levels, elements, and 
interconnections when compared with conventional 
Boolean logic designs. 

FIGURE 2. All-optical circulating packet 
architecture for a standard J-K flip-flop. The 
interconnection array weights and the 
thresholding/gain array thresholds are indicated 
and might be implemented using holograms and 
bistable optical devices, respectively. The response 
time of the thresholding/gain array elements is 
generally less than the time for light (in 
"circulating packets") to complete the system 
feedback loop. 

optical swi tch ing times are longer than such loop 
times, lock-and-clock architectures which use clock-
synchronized latching and isolation may be appropri
ate. 

Both architectures make use of the inherent paral
lel ism and noninterfering nature of optical intercon
nections to implement digital processors that are po
tentially greatly superior to their all-electronic coun
terparts. 

Electro-optically implemented Grossberg neural 
network models for adaptive pattern recognition were 
considered. These networks can perform adaptive 
pattern recognition using both short- and long-term 
memory. Long-term memory stores feature vectors 
corresponding to many target patterns; short-term 
memory adaptively tracks the evolution of these fea
ture vectors. 

Compared with current processors based on Kal¬
man filtering or related techniques, this type of net
work should form the basis for adaptive processors 
having a higher order of " intel l igence" for pattern 
recognition and tracking tasks. 

Holographic weighting 
for threshold systems 

In the area of holographic weighting for threshold 
systems, optical processing systems were investigat
ed that are characterized by thresholding operations 
concentrated at one functional location. 

Decis ion or thresholding operations in any process
ing system may be widely distributed (e.g., associated 
with each of a large number of logic elements) or con
centrated (lumped) at one or a few functional loca
tions. The case in which such operations are restrict
ed to the optical-electronic output interface (e.g., at 
thresholded photodetectors) is of special interest. In 
this case, the massive parallelism and noninterfering 
interconnection advantages of optics may be realized 
without bistable or other al l-optical nonl inear de
vices, at the expense of reduced but often acceptable 
processor flexibility. 

To investigate this case, a complete coherent optics 
design for a lumped threshold 2-bit mult ipl ier was 
developed. This design used only optical phase varia
tions to implement the 16 (generally complex-valued) 
weight factors and thus showed a potential suitability 
for low power consumption systems. The design also 
displayed acceptable analog weight and threshold to
lerances that generally exceeded 10%. 

A 4-input-bit breadboard experimental system was 
built to investigate holographic weighting techniques 
as shown in F ig . 3. A precise phase stabilization and 
control design was developed and used in this sys
tem. A functionally similar design would probably be 
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Optical computing research at the 
University of Dayton indicates that 
real-time adaptive matched spatial 

filtering and related techniques have 
potential for immediate practical 

importance. 

required in integrated optical implementations nec
essary for practical (e.g., small size and low power 
consumption) coherent lumped threshold systems. 

Cohe ren t (as opposed to incoherent ) l u m p e d 
threshold systems have process ing-power advan
tages: the 2-bit mult ipl ier, for example, cannot be im
plemented using incoherent (noncomplex weight) 
single-level threshold systems. Experimental investi
gations of optical phase conjugation techniques for re
alizing further—perhaps very substantial—process
ing power increases are planned. 

Adaptive matched spatial filtering 
and coherence theory 

The area of adaptive matched spatial filtering and 
coherence theory included theoretical work on corre
lation and coherence theory and experimental inves
tigations of a novel correlator that used two magneto-
optical spatial light modulators (SLMs) to achieve 
real-time operation. 

The laboratory correlator used one Lit ton L I G H T -
M O D S L M for the image input and another as a bina
ry phase-only filter. This Fourier-plane filter can be 
programmed in real time, and the resulting adaptive 
matched spatial filtering concept based on rapidly se
quenced filters has significant potential for real-time 
image processing for recognition, discrimination, and 
tracking tasks. 

Image coding was assessed using pseudorandom 
shift register sequences; and coherence theory design 
techniques were assessed using the cross-spectral 
density functions. Both may be valuable in determin
ing optimum correlator aperture patterns. 

A somewhat surprising advantage of binary phase-
only spatial filtering is that sharper correlation peaks 
can be obtained, as shown in F ig . 4. The adaptive cor
relator concept makes use of such filtering in conjunc
tion with rapid programmability and adaptive filter 
selection to implement a system capable of handling, 

in real time, complex scenarios which may require 
hundreds or thousands of reference images. 

Optical computing research at the University of 
Dayton indicates that real-t ime adaptive matched 
spatial filtering and related techniques have potential 
for immediate practical importance. The research also 
indicates that further efforts in the areas of (1) all-opti
cal bistable or related threshold elements and net
works and (2) nonlinear techniques such as optical 
phase conjugation for holographic weight ing and 
thresholding w i l l provide some of the best opportuni
ties for long-range developments of fundamental im
portance. 

FIGURE 3. System for investigating holographic 
weighting techniques. There are four input and 
four output bits, and thresholding is performed at 
photodetectors D5 to D8. Photodetectors D1 to D4 
are used for precise phase stabilization and control. 

FIGURE 4. Computer model results for correlation 
using a binarized image of the NASA space 
telescope. (a) Binary image. (b) True 
autocorrelation, (c) Binary phase-only filtering 
(BPOF) autocorrelation with no input noise. (d) 
BPOF autocorrelation with 50% input noise. 
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