
Digital optical computing system 

There is no viable alternative to 
designing and constructing real digital 

optical computing systems. Without 
real systems, digital optical computing 

is a field of limited real usefulness. 

through direct interactions between photon and pho
ton; but it would be good enough to find devices 
which perform wel l in speed, energy consumption, 
and contrast, and are easily manufacturable, even i f 
they work on photon-electron-photon conversion. 

This situation is similar to that for V L S I electronics, 
where its speed would be faster i f it could be made in 
gall ium arsenide. But, it is made in si l icon because it 
is more manufacturable. 

There has been a significant amount of research in 
nonlinear optical devices for logic operations, e.g., 
l i qu id crystal, Pockels readout optical modulator 
( P R O M ) , m i c r o c h a n n e l spat ia l l i gh t modu la to r 
( M S L M ) , s i l i con /PLZT S L M , photorefractive crys
tals, and GaAs mult iple quantum wel l structures. Re
cently, an increasing amount of attention has been 
paid to algorithm and architecture research. 

However, to date there has not been much system 
research reported in the literature. To determine the 
cascadability of devices, the size of required optical 
memory to implement a known algorithm, the stabil
ity or robustness, the physical size and cost of the op
tical system as we l l as to demonstrate the advantages 
of optical interconnect and 2-D optical input/output, I 
believe that there is no viable alternative to designing 
and constructing real digital optical computing sys
tems. Without real systems, digital optical computing 
is a field of l imited real usefulness. 
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Twenty years from now, the central processor of 
the most powerful and fastest computers may 
be filled with optical pulses rather than electri

cal pulses. Already ultrashort pulses are generated 
and transmitted much more easily optically than elec
trically. O f course, plenty of electronics and electro
mechanical peripheral equipment w i l l stil l interface 
to humans, machines, detectors, control equipment, 
and laser arrays. But the heart of the computer— 
where most of the decisions are made, where the 
computations are carried out, where the answers to 
complex problems are found—could very we l l be al l-
optical. 

Al l -opt ical computers w i l l be paral lel machines 
that carry out mil l ions of operations simultaneously, 
thus greatly enhancing the current computing power. 
A 2-D array of optical transistors (an optical chip) may 
contain one mi l l ion transistors in a 1000-row-by-1000-
column configuration. Answers from one decision

making plane (an array of optical transistors or optical 
logic gates) are carr ied to the next plane by l ight 
pulses. The input to a given decision-making pixel on 
a decision-making plane may be light pulses from 
one, two, or hundreds of other pixels and light from a 
laser. 

The laser light is analogous to the direct-current 
electrical power suppl ied to an electronic transistor. 
It injects optical power into the decis ion-making 
pixel so that there w i l l be enough power to actuate 
subsequent pixels in spite of losses in the optical tran
sistor and interconnection optics. 

Qualifying "all-optical" 
However, one must qualify "all-optical computer." 

It could be "al l -opt ical" in the sense that the central 
processing unit operates with laser beams, lenses, 
mirrors, and other optical components, but interface 
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to the outside wor ld may be electrical. Also, lasers are 
opto-electronic devices, that is, hybrids between op
tics and electronics; the "al l -opt ical" central proces
sor has electronics in its sources of laser light. 

Light pulses do not interact wi th each other. This is 
another great advantage over electrical pulses: light 
pulses can cross each other wi th no interaction, no 
crosstalk. A 1000-by-1000 array of data can be imaged 
onto a similar array; l ight carrying information from 
another 1000-by-1000 array can cross through the 
same space with no interaction. A n d since nothing 
travels faster than light, optical pulses are the ideal 
"par t ic les" for communicat ion between decis ion
making planes. 

But i f light pulses do not interact, then a decision
making pixel must be made of something that does 
interact wel l with light. Needed is an exotic materi
al—probably a semiconductor—that serves as an opti
cal transistor or logic gate and that can be placed 
where desired. Except in the decision-making planes, 
the light beams propagate at maximum speed through 
empty space or low-loss imaging optics, such as high¬
quality lenses. 

Thus, our year-2000 "al l -opt ical" computer con
tains electronic laser sources, interconnection-imag
ing optics, semiconductor decision-making planes of 
optical transistors and logic gates, and optoelectronic 
input/output interfaces. 

The speed of an all-optical computer may be in
credible, exceeding one mi l l ion bi l l ion (101 5) bit op
erations per second. This tremendous processing rate 
originates from the combination of the speed of a sin
gle optical transistor (less than one bi l l ionth of a sec
ond) and parallel operation of a mi l l ion pixels simul
taneously. A Cray computer, todays fastest electronic 
computer, makes perhaps 100 to 1000 bi l l ion (1011 to 
101 2) bit operations per second. Diffraction and ther
mal problems w i l l l imit the density of pixels but, of 
course, there could be many decision-making planes 
in an all-optical computer. 

Global interconnections 
The concept of free-space propagation between de

cision-making planes cries out for a whole new k ind 
of computer approach. O f course, a mi l l ion beams 
could be making parallel computations with very lit
tle intercommunication, but optics affords the possi
bility of global interconnections on a scale unthink
able for electronics. 

The optical-pulse-output answer from a given pixel 
can be spread easily over 100 or 1000 pixels on the 
next plane, and a given pixel on the latter plane could 
have inputs from 100 or 1000 pixels on the first plane. 
This capability for global interconnections may lead 
to a completely new k ind of computer. Instead of 

computing arithmetic calculations to many decimal 
places, it may " th ink" much more l ike a human—by 
an associative parallel-reasoning process that is more 
l ike educated guesses in a feedback situation. 

Sometimes it is better to have a 95% accurate an
swer quickly whi le it is still useful, than a 99.999% 
answer after it's too late. A caveman unable to distin
guish in a split second between his beloved and a 
grizzly bear in his doorway could hardly hope to have 
descendants. A n d yet that k ind of assignment is a for
midable job for the most sophisticated computer to
day. 

A neuron in the brain can only fire several times a 
second, but it is often connected to a thousand or ten 
thousand other neurons—so reasoning is character
ized much more by parallelism and interconnections 
than by digital accuracy. A few computer architects 
are beginning to develop algorithms to take advan
tage of these unique characteristics of optics. 

Who needs such a computer? Many problems with 
a parallel structure tax or exceed present computer 
capabilities. Examples occur in artificial vision, robot 
arm-leg coordinat ion, brain models, meteorology, 
wind- tunnel model ing , f lu id dynamics, radar data 
processing, contrast enhancement, correlations, spa
tial filtering, pattern recognition, medical-image pro
cessing, cel l cytology, and weather forecasting. Most 
of these applications could be handled by stationary 
computers, but one can also imagine guidance com
puters in missi les and spaceships, and col l is ion-
avoidance computers in autos, trains, and airplanes. 

As usual, the military w i l l l ikely be the first buyer 
for subsea surveillance, analysis of satellite data, and 
mult iple "star wars" applications. As with most ad
vances in technology, the most important applications 
are not l ikely to be foreseen. The real excitement is 
that there is the potential for developing machines 
that assist and complement rather than compete with 
present-day electronic computers. 

Optical transistors 
What are these nonlinear optical-decision-making 

planes of optical transistors and logic gates at the 
heart of a revolution in computing? The most promis
ing optical transistors at present are nonlinear Fabry-
Perot interferometers or etalons. They consist of a 
nonlinear material positioned between two partially 
reflecting mirrors forming a nonlinear Fabry-Perot 
resonator. A nonlinear material has a refractive index 
that depends on the laser light intensity. A variety of 
materials exhibit a nonlinear change in refractive in
dex. 

Semiconductor materials have received the most 
attention for etalon applications because they interact 
wi th l ight in short distances. The semiconductors 
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studied included gal l ium arsenide (GaAs), gall ium ar
senide-aluminum gall ium arsenide (GaAs-AlGaAs) 
multiple quantum wells (MQW), and indium anti¬
monide (InSb), ind ium arsenide (InAs), copper chlo
ride (CuCl), cadmium sulfide (CdS), and cadmium 
mercury telluride (CdHgTe). These materials have 
very large nonlinear indices of refraction attributable 
to electronic mechanisms near their absorption band 
edge. The GaAs-based devices are the most promis
ing for applications. They operate at room tempera
ture and are very fast: NOR-gate response in 1 to 3 
psec with <100-psec recovery time. 

Another group of materials exhibits thermally in
duced changes in both their refractive index and 
physical thickness. Inside an etalon structure, the ef
fects can combine to produce optical bistabi l i ty. 
These materials also include semiconductors such as 
GaAs, ZnS, and ZnSe, and color filters and l iqu id 
dyes. O f particular interest are the ZnS and ZnSe ma
terials. Devices are made from these materials in the 
form of conventional interference filters in which the 
semiconductor forms the spacer layer of the filters. 
Although much slower than the GaAs etalons, the in
terference filters are more easily fabricated and oper
ate with visible light. 

Final ly, there are devices that are not based on a 
nonlinear Fabry-Perot etalon. These, such as the 
S E E D (self-electro-optic effect device), are electro-
optic (hybrid) devices that are based on the increase 
of optical absorption of a GaAs -GaA lAs mul t ip le-
quantum-well structure with application of an elec
tric field perpendicular to its surface. 

Nonlinear Fabry-Perot etalons exhibit a variety of 
operating modes that suggest applications as both an
alog and digital components in optical circuitry. Ana
log operations of nonlinear etalons include differen
tial gain in which the device allows one beam to con
trol a more intense beam. In this and in most other 
applications the nonl inear etalon is operated as a 
three-port device, again analogous to a transistor. 

Another analog-type operating mode is as a limiter; 
a nonlinear etalon operated in the upper branch of 
bistability w i l l maintain an almost constant transmit
ted intensity as the incident intensity is varied. This 
is due to the shift of the etalon transmission. 

Logic-gate operations 
Nonlinear etalons can also be used to perform log

ic-gate operations for digital logic. In this case, two 
laser pulses serve as the logic inputs for the gate. 
Transmission of another pulse, regarded as a probe, is 
the output of the gate. Various logic gates such as 
A N D , OR, N O R have been demonstrated in GaAs 
etalons. A GaAs optical-logic N O R gate has been op
erated at a 1 0 0 - M H z rate w i th a few p ico jou les 

Nonliner optical-signal processing 
should supply answers, not just 
transformed data, to electronic 

peripherals. New architectures should 
lead to wholly new machines that 

"think" more like humans rather than 
"number crunch" like electronic 

digital computers. 

switching energy per pulse. 
The answer to the NOR-gate question is obtained 

in a few picoseconds and can be on its way to the next 
gate long before the first gate is ready to be used 
again. A recovery time as short as 50 psec has been 
demonstrated (corresponding to 5 bi l l ion operations 
per second), but heating effects may l imit the rate to 1 
bi l l ion operations per second or less. 

A disadvantage of this type of logic-gate operation 
is that the input and output signals have different 
wavelengths, compl icat ing the design of a system 
with sequential logic operations. This disadvantage 
can be eliminated by bistable operation of a nonlinear 
etalon. A bistable device can operate as an A N D gate 
in transmission and can also function in steady state 
as an optical-memory device. In both cases, the input 
and output wavelengths can be identical. 

Less than a 10-µm-by-10-µm area is needed for an 
optical transistor or a logic gate; therefore, a mi l l ion 
devices can be placed on one square centimeter. 

Improvements in nonlinear devices are needed. 
The use of 10 pJ or more per pulse requires excessive 
laser power and poses severe cooling problems. L o w 
transmission (10 to 20%) leaves little energy to switch 
the next devices (cascade problem). 

In summary, l inear optical-signal-processing sys
tems in which optical elements perform various trans
formations but electronics performs the decision mak
ing have been explored for a few decades. Nonlinear 
optical signal-processing systems in which nonlinear 
optical devices make decisions (i.e., perform logic op
erations) are now be ing designed and tested. We 
hope this w i l l greatly increase the throughput of opti
cal systems by reducing the rate at which the elec
tronics must accept data. 

In other words, nonlinear optical-signal-processing 
systems should supply answers, not just transformed 
data, to electronic peripherals. N e w architectures 
should lead to whol ly new machines that " think" 
more l ike humans rather than "number crunch" l ike 
electronic digital computers. 
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