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Abstract : The well-known advantages and dis-
advantages of optics relative to electronics are re-
viewed and found to contain useful insights but
to be based largely on a false rivalry. The view is
presented and defended that future computer design-
ers will regard that rivalry with amusement be-
cause optics and electronics both will have unique
and valuable roles in all computers. The field is
not “optical computing” but simply “computing.”

1. Introduction

Optical computing is the use of light in making
numerical calculations. Although analog optical
computing has been discussed for many years,?
it was only in the 1980s that numerous research
effort were devoted to this effort. In this paper
1 will offer one person’s perspective on optical com-
puting, why it is important and where it is going.
I will not attempt to either review the field or
give specific credit to the large number of people
who have made important contributions to the
field in the last few years. Readers desiring that
information may wish to look elsewhere for it.2™#

2. Why Use Optics ?

There are many reasons to consider using optics
in computing. Some of these reasons are very

persuasive. Some are not. Let us examine those
reasons here.

First, optics allows massive parallelism.  Since
it is the number of operations per seconds (OPS)
that counts, doing many operations in parallel
increases the OPS.
partially true but it is also misleading. Electron-
ics, too, can achieve high parallelism. It is true

that most electronic circuits are essentially planar,

This argument is at least

but so are many optical systems such as integrated
optics and acousto-optic cells. Acousto-optic cells
can be “stacked” into multicell arrangements

but so can VLSI chips. If optics has an advan-

tage here it must be one in current practicality.
Two dimensional spatial light modulators can uti-
lize their roughly 10° channels in parallel® or
systolically.®*™ This many channels would not be
easy electronically but it could be achieved.

Second, optics offers easy and flexible intercon-
nects through the air. A good lens can connect 10%
channels to 10® channels without substantial cross
talk. Furthermore, the connections need not be
regular or even fixed. Deflectors and/or holograms
can rearrange and/or combine patterns quite arbi-
trarily and, if desired, quite rapidly. Free space
and the ability of light rays to cross in space
without degradation provide this real and continu-
ing advantage.

Third, optics provides the fastest possible com-
munication. Because of capacitive effects speed
through closely-packed electrical interconnects may
be roughly 100 times slower than the speed of
light This slow speed forces
supercomputer designers to very short “wires.”
Furthermore those wires must be of substantially
equal length to allow for synchronicity through
the computer. With optics, the “wires” (light
paths) can be substantially (the same factor of 100)
longer and path matching requirements are greatly
relaxed (again by the same factor). This offers
much greater flexibility to the computer architect.

through air.

Fourth, optics offers electrical isolation for pre-
vention of “ground loops” or even more destruc-
tive effects due to electrical “shorting to ground.”

Fifth, some operations are very easy in optics.
The main two easy analog operations are multi-
plication and addition. Multiplication is simply
variable attenuation or, as it is usually called in
optics, modulation. A detector can sum (or inte-
grate) multiple optical signals in parallel (space
integration) or in sequence (time integration) or

both.
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3. Some Advantages of Optics

Some of the widely known disadvantages of
optics are real. Others are simply the result of
misunderstandings. I will review some of these
here.

First, optics is inherently analog. As we will
show later, it is not clear that this is a disad-
vantage. Likewise most digital electronic opera-
tions are based on thresholding analog signals.
Thus, whatever problem analog operation offers is
a problem shared by electronics. Both can operate
in a digital mode if utilized properly. Both work
faster in analog mode.

Second, optics requires conversions (electronic-
to-optical and optical-to-electronic) which consume
power, space, and money and which can be avoided
in electronic computers. One presumption in
this argument is that electronics will be used for
both input and output. There is no advantage in
speed if the optical computer needs data at rates
faster than it can be input or provides data faster
than it can be used. This problem is quite real
and has been called the “wall of silicon.” On the
other hand, in many cases the price has already
been paid and the information is provided in the
optical domain. This is true because optical com-
munication (within and between computers) and
optical electrical isolation are already in routine
use. Furthermore, the necessary optics-to-electron-
ics and electronics-to-optics transducers are improv-
ing immensely and, themselves, add many useful
nonlinearities to optical computing.®*’

Third, light does not act on light. For all
Indeed this inter-

ference is part of the previously discussed inter-

practical purposes this is true.
connect advantage. Thus to control light we need
something beyond light.
use no external power are said to be passive. Light

Light controllers which

controllers which use external power are said to
be active. Active controllers may be directed,
triggered, or addressed either optically or electroni-
cally. Optically addressed controllers may slow
down the system but they involve almost no
sophisticated electronics. Much current research
is aimed at speeding up these systems even letting
the electric field vector of one light beam provide
the. electrical field to cause an electro-optic ma-
terial to modulate another light beam. This may

be as close as we ever come to light operating
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on light.

4. A Balanced View

With optics having real advantages and dis-
advantages relative to electronics, where does this
competition stand? My answer is surprising to
many but seems obvious to me. The answer is:
that is the wrong question. Optics and electronics
are partners not competitors. More precisely,
optical computers can only achieve their promise
of extremely high speed if electronic circuits
for input, output, and transformation of optical
signals become faster. Optics is not in a race
with electronics. Rather, it is so tied to electronics
that it is speed limited by it. Optical computers
can never be merely passive, so they are and will
always be “electro-optic.” In my opinion “optical”
computers may be a major application for electronic
computers by the end of the century. The
perceived rivalry between optics and electronics
will come to be viewed as an illusion. An
electronic computer expert will view optics as
one of the required parts of a computer. An
optical computer expert will view electronics in

the same way. Both will be right.

5. Achieving Accuracy

Two approaches to high accuracy may be dis-
tinguished. First, we can “go digital.” That is,
we can use multiple analog channels in space or
time to share the accuracy requirements among
them. This is the primary thrust of current
research. Second, we can use analog optics for fast,
complicated, moderate accuracy calculations and
seek iterative improvements. This is discussed
in detail elsewhere.!® It is noted here simply
to remind the reader that analog computing com-
bined with digital computing may achieve, im-
perfectly, the advantages of both.

6. Architecture Design

A delicate balance must be struck in the design
Optics has
These
Electronics has a

of architectures for optical computers.
unique components and unique strengths.
require unique architectures.
vast array of proven architectures designed at
great expense by teams of brilliant workers.
Ignoring this rich store of ideas would be foolish
and perilous. Optics must both invent and borrow

(adapt). Doing this well requires a currently-rare
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Universities would
do well to begin now preparing the needed “cross
disciplinary ” computer architects of the future.

combination of backgrounds.

7. The Future

Predictions are notoriously unsafe, but at least
one prediction seems so obvious that it can be
made with great confidence : “Optical computing ”
will soon cease to be a helpful term. Optics
and electronics will be recognized as the required
disciplines in computing. Computers will be for-
ever hybrid and that fact will cease to seem
remarkable.

References

1) A good survey is given in S.H. Lee, ed.: Optical
In formation Processing (Springer-Verlag, New York,

1981).

2) “Optical Computing,” Special Issue of Proc. IEEE,
72, July (1984).

3) “Optical Computing,” Special Issue of Opt. Eng.,
23, January (1984).

4) “Optical Computing,” Special Issue of Opt. Eng.,
24, January (1985).

5) J.W. Goodman, A.R. Dias and L.M. Woody: Opt.
Lett., 2 (1978) 1.

6) H.J. Caulfield, W.T. Rhodes, M.]. Foster and
Horvitz: Opt. Commun., 40 (1981) 86.

7) R.P. Bocker, H.J. Caulfield and K. Bromoley:
Appl. Opt., 22 (1983) 804.

8) A.M. Glass: Science, 226 (1984) 657.

9) “Optical Information Processing Components,”
Special Issue of Opt. Eng., 24, January (1985).

10) H.J. Caulfield, et al.: to be submitted to Appl.
Opt. (1984).

(1984 4F 11 A 19 HZH)

XAVE 1= \OHF—BERUEFFNSOE

B N F

BFEIRBEYITER 4 — VIHHRE

“Optical computing” & < & 7—) 2P v
FET 4R EEDMLLOEESHEEI 0 225, Mk
AVEa—%] 0D & 2L R DB L bRk
BROHRT 652 5. THRUBZDORIEEILZITHA
519 FeAic -ing S -er icdEb - k103 TR
DEDHTEDE, Kki3Harvea—x7, 443
Y2 =2 ERSBRARKOER X 7 I DEICE
ENTHBIcHrd L.

UL LIEhs, MEavea—45] EF8E &,
HEBRD S biz MHFIMB] ® [57 4 ¥ 2 VEE] OFEK
BEFNTHT, FHEDY) I varyea—2IKE-T
RbOBBOBOEBTEINTOLEEMH S. Thidnb
RS, BEDH BN D O BEDHERLIE
WDE Ay 7 R T BAPDETNE T DY
HTHAD. FHI, TFHOBESE T OEIRLEDITE
2L LTHWAEY, FECCOFEDENETTF+Y40
FRUEOHRTERTERONEEITOS.

ZbHEboog — i HRWE (LUF, PRIP &B
) ERERUIEE X bO TEVEFRICHD, Wb
BESxHVORMETHB. 2hEd L TREM~NDH
ffEWb20id, BEOEBRLIEIIE /T 1 P21

T305 KIBRHFIRERLANAGET 1-1-4

WMBDOLETHD, TNHIBEEBNOXETICH S0
5TdH 5. “Optical computing” 2HHHLL R UL 3
DiF, TONHFTIAROXE (7o) MEHSERN
IKIRIFE EAERBNEFRERLUA L1 BTHA
3.

W FETHIL Fq V2 VB OB, SRBE -
HEMY - ZTEMZich 5. L0, PRIP H5Hics -
Tid, HIMEELBTREODTRONERLMT
g okext UT, BHBERK 07 5 L TEERE/
JHRIHE RSV TONDE T 1 ¥ 2 VB OFIRE X
BOTH B, ki, BTHHERDES PRIP <o
T}, AUERZAETHPIEY S22 —5 0H
EWNVI DR, REBFEFThH-oTe. Lo tAERET 4
I E AL U THEBNICRD CATLEAR, B>V
THMAETH T SPBFRNMEMNT & 5. WRANEXS
h, 7uss3IvihdlERE, (EEOLDK)
GBS BREICOEE LTV TOIIENTE 5bI T
b3 LT, FORBEEMDT 7 4 V2 VBEsE
WE2D, WRBEOHIXOILE & bich 5 EOEME
RMEPNB L HEME T

BOM, 74 Y2 VB OKR SR & EEORMET



