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Sovict General Purpose
Optical Computing Techaology:
Progress and Prospects i

This paper explores, in depth, the fevel of Sovict development in the key
component and architcctural tcchnologies required for fabricating an all-
optical generad purpose compuicer. Such a computer would offer Soviet
military planncrs a means to overcome some limitations of their lagging
clectronic-computing industry and could rival the performance of Western
supcrcomputers. In many cascs. current Soviel computing limitations
constrain the performance of Soviet weapon systems: lessening or removing
them would open up the possibility of vastly improved weapon perform-
ance. As cach individual technology matures and is devcloped as part of a
gencral purposc optical compulter, it could polcnuall) be integrated.into

ilitary opticul data-processing systems.

For the past 30 ycars, the USSR has been iavestigating optical-computing
techniques with potential applications as diverse as synthetic-aperture
radar (SAR} processing, antiballistic missile (ABM ) defense radar process-
ing. signal processing, medical imaging, and supcrcomputing. The USSR,
with a permancnt commission on optical data processing in the Academy of
Scicnces, has maintained the largest optical-processing rescarch effort in
the world. The Soviets” acconiplishments dwarf those of the West in many
component technologics. Optical computers would offer advantages of very
high duta rates. inherent parallel processing. and greater flexibility than =
clectronic processors.

Becausc of increased Soviet interestin the application of optical technol-
ogics to military systems. scveral key arcas of Soviel rescarch in optical
techniques have been the subject of carlier intelligence reports &
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Summary

Soviet General Purpose
Optical Computing Technology:
Progress and Prospects - )

The Soviets have strengthened their lead over the West in the development
and use of optical concepts and components intended ultimately for high-
speed general’ purpose computers. This lead is most evident in Soviet
progress in developing spatial light modulators (SLMs)}—a maturing
technology ready for dissemination from the laboratory to Soviet industry
as well as marketing on an international scale. SLMs provide the optical

-basis for performing logic operations and are the key elements in the

development of wide-band optical processors for radar, sonar, nonacoustic
antisubmarine warfarc (ASW) reconnaissance, and image processors. We
believe that the Sovicts, aided by their current five- to 10-year lead over
the West, will maintain their dominance in the SLM field for the next de-
cade becausc of their large-scale commitment, trained manpower, and in-
place manufacturing capability.

In general, we find that Soviet optical-computing research has involved
fundamental algorithms unique to the optical regime, rather than analogs
of clectronic techniques done optically. Much of this uniqueness results
from the natural parallclism of optical computing and is particularly well
suited 10 optical signal processing. We belicve the development of optical
processing could help alleviate cxisting Soviet deficiencies in electronic
signal processing. Optical processing ofers the ability to implement
pattern logic, usc holographic storage. and passibly process discrete and
analog signals with the same proccssing elements. Aided by excellence in
the arcas of optical memorics, mathematics, crystal growth, and new novel
number representations, the Sovicts have devcloped, and we fecel will
continuc to develop, an advanced optical program without requiring
Western technology.

Substantial Sovict research is under way on optics-based processing. The
Sovict optical development program. in fact, seems to be many times larger
than the US program. Although Sovicl (and also Western) scientists
recognize the theoretical capabilities and advantages that optical comput-
ing af¥ords, they have yet o achicve practical implementation of the
technology. Major problem arcas include the lack of high-speed optical
devices, interfuce problems between oplical and electronic components, and
the need for advanced algorithms that will realize the inherent parallelism
of optical processing (sce table 1), Although the Sovicts have devoted
enormous reseirch clforts o cach of these arcas, we believe their
technologicul advances to date arc insullicicat to support a gencral purpose
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optical computer. We believe that optics will permeate Sovict general
purposc digital processors in an cvolutionary rather than revolutionary
manner, when (heir use provides distinet technological advantages (for
example, interconnects, clock distribution, and higher data-flow rates). The
gradual increase in Sovict optoclectronic hybridization of futurec computers
will 2t some stage result in what can most aptly be described as an optical
computer. but not before the year 2000.
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Soviet General Purpose
Optical Computing Technology:
Progress and Prospects *~

Introduction: Why Optics? .

Because modern computational problems increasingly
demand greater computing powcer, new computers
must operale faster and faster (o provide solutions in
an acceeptable time frame. As computing speeds in-
creasc, conventional electronic-computer technology
approaches fundamental physical limits on computa-
tion speed. Faster computations gencrally require
smaller, more denscly packaged clectronic compo-
nents with physically shorter interconnccting signal
paths in order to move data signals quickly between
them. Smaller sizes result in greater power dissipation
per unit volume (increased cooling requirements).
Because intercoanccting wire becomes so small, the
number of clectrons may be insufficicnt to reliably
carry the signal at the required data rates. Other
undesirable cffeets result from the interaction of
clectrons in adjacent closcly spaced conductors. Re-
cent demands for increascs in speed have prompted
computcr designers to turn to'parallel computing
architectures as the primary route to faster comput-
ing. allowing scveral processors to simuftancously
solve scparable parts of a computing problem.

Optical systcms have the potentiat for significant
udvances in most of the previously cited problem arcas
that limit clectronic computers. (Sce appendix A for a
discussion of optical devices using photons to perform
the conventional role of clectrons in switching de-
vices.) In addition to an inhcrent parallel architccture,
optical signals—using photons rather than clectrons---
can propagate through each other with csseatially no
interaction and can travel in parallel without interfcr-
ence or crosstalk. Interconnections between compo-
nents can be implemented with optical wave guides or
simply by using free-space propagation. Optical com-
ponents also may be more flexible to use and simpler
Lo implement than their clectronic counterparis. For
“example, a single optical clement may be able to
assume any of several logic functions. and switch
among.these states between machine cycles. Rather

than scrving only as a dircct analog to a clectronic
digital computer, an optical computer would atlow
implementation of fundamentally different. and po-
tentially better, algorithms and processing methods.
Algorithms suitable for and exploitative of optical
computing probably will be very different from those
uscd with conventianal clectronic computers.

Although some rescarchers envisage optical comput-
crs 2 thousand times (aster than today's supercom-
puters, most are cautious and believe that optical
computing will be more evolutionary than revolution-
ary. At present, few Western or Soviet rescarchers arce
advocating the design of a general purpose computer
based exclusively on optical technology. Rather, most
rescarchers believe that the particular advantages of
optics over clectronics can best be realized cither in
specialized computational devices such as signal pre-
cessors, or as component pacts of a hybrid optocicc-
tronic machinc, culminating over time as a largely
optical computer. n October 1985. N. G. Basov, ==
dircctor of the Lebedev Physics Institute (FIAN),
USSR Academy of Scicnces, Moscow, endorsed this
concept by stating that there is no real interest or
program in the USSR for optical computers, but
addcd that Sovict rescarchers had identified promis-
ing mathematical methods for use in optical comput-
ing. : :

The Soviet Optical-Processing Effort

In tcrms of researchers, funding, and number of
identified facilitics, the USSR clearly has the largest
optical data-processing (ODP) cffort in the world
today. The Sovicts have a permancnt commission on
ODP in the Academy of Sciences (o organize efflorts
in this area, identify problems of implementation. and
coordinate the development activity. Sovict ODP re-
scarch clorts are systematically apportioned among




Table 2
A Brief History of Soviet Development
of Optical Information Processing

faddy 1960

1906 Cammissions explore appli of wiptical peocessing and hologeaphy to various military requirenents.
)
1968 Ministey of Defense tndustay cesrganizes to fister aptica! techaalogs transfer to wcitpon systeims.
1970 Scientitic Council established fue the problem of “halogriaphy ™ 1o organzc maiteriads and deviee R&D at sune 60 in-

Soviets succeed in designing antennas using optical-medeling methods.

stitutes from the Academy of Sciences and several ministnes.

14474 A Savict commission forecasts ODP-based weapon sy steaw implementation by 195, Coatrol uperitoc method (C 0 AN

develaped at FIAN 1o desipn fleaibility into massively parsdicl aptical processon.

13 Sowiet gaal set for the develupment of an optical digital compates by 1990 (o aperate at 107 aperativns, second.
9% Sonke 10 to 12 different optica! compulters developed by FEAN at Newonibiek .
[97x Oplu. 1l correlator of GRU imifitan intelligence organizationt knutes airplanes, and invention of advanced S1LAM<

gives USSR the lead in eritical davice techaalogy . Random accos memary (R AV holographic memary developed
and enters praduction. Sovict fadar uves acousta-optic multichannel spectrum analy zer. Sovicts anaounce develop-
ment of the PRIZ aranditeration of Russian phsase for image tranformert. & now generation of SEM<

1oy Kartsev-\heshalko optaclectronic cumputer architecture developed using the control operatw desiga philusophy and
arganized W overcome the spead disparity berween aptical provessors and avaifable clectronic devices with which the
prucessars must mlcrf’u‘r
tusa Soviets bnusl USSR will leapfeoy dovteonic data processing s[208) with ODP.
19x? Sewiets sanaunce development of the PRIV thy brid acrony i derived fom PROM and PRIZ incorporating the best
features of buth the PROM (Pockel Readout Optical Modulaton and PRIZ ST, FIA N develop ellicient lasing
CRT tcathode ray tube.y . e
{OXX Soviets annouace the FPOS S for processing periedic signals. 15 POS is 4 Rusian aceamym fur “chectrouptic con-
verter of aptical sipnah.”
1oxa Soviet fiquid-crystal light vatve (LCLVV organic palymeric photoconductor aviitable fur commercial e

various Academy of Scicnces and other institutions.
Woe sce this apportionment as a sign of a well-
formulated approach to developing this technology.
Aided by excellence in the fields of optical memorics,
mathematics, crystal growth, and ncw novel number
representations, the Sovicts have developed, and we
- feel will continue to develop. an advanced optical

program without Western technological input

In 1984 a panel of US academic and industrial
cxperts reviewed Soviet open literature in optical
computing and concluded that the USSR had a three-
to scven-year lead over the United States in key

aspects of ODP technology. This lead was assessed to
be the resuft of a 1970 decision to pursue ODP
technology actively while the United States. pursued
advancements in microclectronic technology. (Sce ta-
ble 2 for the history of the development of Sovict
ODP.) Advantages the United States initially may
have had in optical technologics were [ragilc and
casily surpassed. Since the {984 review, we find that
an cxpanded Sovict commitment, trained manpower,
and in-place manufacturing capability has Iengthencd
that lead




Figure 1
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A spatial light modulator generally modulates the amplitude or phase of a “readout™ light beam
as a function of the intensity of a coatrolling “write™ light beam. Many SLMs have a reflective
structure in which the controlling write beam is incident on onc side and the readout heam is
reflecied from the other side. with an cffective reflectivity proportional (o the write-heam
intensity. The reflected beam forms a third. output image beam-——a product of the two-
dimensional information patterns on the write beam and readout beam. Finally, if data are
cncoded onto the readout beam as well as the write beam. the SLM can pereform mathematical
multiplications on patterns such as two-dimensional matrices.

Soviet SLMs that the USSR lecads the West by a substantial

margin-—perhaps as much as a decade both in the
Technical Summary theory and fabrication of SLMs
For general purpose computing, large arrays of optical
switches will be used to hold information in a duta Early SUMs were of the Pockels Rcadout Optical
planc called a spatial light modulator (SL.M1. per- Modulator (PROM) type—not to be confused with
forming the same function as clectronic transistors the electronic “Programmable Read Only Mcmory™

(sce figure ). On the basis of onen scieatific publica-
tions und l I . we believe
¢ .
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component, which is known by the same acronym.
PROM was introduced in the Gnited States in 1972,
but was poorly understood until the Sovicts developed
the first correct physical/mathematical model several
years later. The Sovicts generally are rcgarded by
Western rescarchers as having surpassed the West in
SLM technology with their introduction of the PRIZ
device in 1978, (“PRIZ"™ comes from the translitera,
tion of the Russian phrasc for image transformer.)
The PRIZ, discussed in more detail later, reportediy
has significant technical advantagesas a signal-pro-
cessing device for radar applications.

Very recent Soviet work on new types of SLMs-~the
PRIM (a hybrid acronym derived from PRIZ and
PROM) and the EPOS (Russian-language acronym
for clectro-optic converter of optical signals), intro-
duced in 1987-88—also arc significantly ahcad of
Woestern SLMs. Because of their uniquc.optical char-
acteristics—such as inherent cdge detection for mov-
ing-target indicators—we belicve the new Sovict de-
vices will have military applications in radar-warning
cquipment and other electronic-warfare applications.

In the ficld of liquid-crystal SLMs, the Soviets build
devices that arc consistently faster than any available
in the Wesl. According te E: ~ Jithe

Sovicts soon will begin to market these devices inter-
nationally

Opcn-source litcrature and - indicate

the key Sovict institutes doing extensive work with

SLMs are:

* The loffe Physico-Technical [nstitute (FTI).
l.cningrad.

* The Lebedev Physics Institute (FIAN). Moscow.

* The Institute of Automation and Electrometry
(IAE). Novosibirsk. .

Additional key institutes arc given in table 1.

The Sovicts upparently have a well-cstablished mech-
anism for fabricating adequate quantitics of various
SL.Ms and disseminating them 1o rescarchers and
application cngincers. On numerous occasions loffe
PRIZ and Lebedev liquid-crystal devices have been
scen in Sovict institutes. Reporting [ -

[ Z}indicates that the Sovicts are mcthodically
cxploring cach possible application for their new
indigenous devices and arc cnjoying great success
with their new developments in SLMs. The develop-
ment of the EPOS spccifically for work with periodic
signals is indicative of the intensive Sovict research
geared to produce deviees for limited applications
bascd on proven technology. Overall, we believe the
Sovict work on SLMs shows signs of a maturing
technology ready. for dissemination from the laborato-
ry o industry, '

PROM 2ad PRIZ SLMs

The PROM SLM uses a crystal of bismuth-silicon -
oxide or bismuth-germanium oxide cut on the [t}
planc and works on the basis of the lincar clectro-optic
(or Pockels) effect. An clectric ficld applicd to a
crystal causes variations in the crystalline structure,
which lincarly modifics the crystal's index of refrac-
tion. This elcctrically induced local change in the
indcx of refraction is used to modulate the light
incident on the PROM to perform computational -
operations. In digital computer terms, the PROM is a
discrete light gatc in the form of a matrix, cach of
whose clements executes logic operations on | data
bit.

Building on their theoretical work, the Sovicts now
are judged by US rescarchers to have surpassed the
West in both quality and varicty of their SL.Ms. with
their improvements to device architectures and with
their generally superior PRIZ device introduced in
1978. The PRIZ was developed by Dr. Anatoly V.
Khomenko and Dr. M. P, Petrov at LFTL. The device
is madc from the same material as the PROM and
also works on the basis of the Pockels effect. But the
PRIZ is cut along the {I 10] axis, so that the applicd
cleetric ficld that modifics the index of refraction is
perpendicular to the incident light. This transverse
clectric field eivec the PRIZ unique modulation char-
acteristics

Although the PRIZ lacks some of the spatial resolu-
tion of the PROM device, it is reported to be two
orders of magnitude superior to the PROM in sensi-
tivity. The PRIZ actually responds to the spatial




Table 3

Key Soviet I[nstitutes [nvolved in Optical Computing

Research

Institute Name

{.cbedev Physics Inastitute

Institute of Geaeral Physics

[ulle Physico Technical Institute
(1.eningradi

Shavalor Quintum Radiactectronics
l.:bor.uur\

lnmwtc of Radio Engincering
TMoscon)

[nstitute of Automation and Elcctro-
metry (Novosibirsky

Mascow Physico Technical fastitute

Polyus Scientific Rescurch Instituts,
Ministry of Electronics {adustries
(Moot

Moscun Acoustic Institute
Viviloy State Optics [nstitute
(Leningrad)

Scientific Rescarch Institute of Radio
Physics (Gor'kiv)

Moscow Lingincering Institute
Katinin {.eningead Polytechnic
Institute

Moseww State Univensity

Leningrad Institute of Aviation [astru-
ment Company

AH-Univa Scieatilic Rescarch tasti-
tute of Optics and Physical Measure-
menis

Kazan® Aviation listitute

Kiev ['hysics bastitute

Leningrad [nstitute of Peecision
Mechanios and Optics

Mascow Rescarch fastitute of fastru-
meat Huilding

Fumumba

All-Union Scientific Rescarch Insti-
tute fur Radio-Physicat Measurements

{nstitute fue Probleams of Taformation

Transaission

o [A

Acronym

FIAN

OFAN

IAE

MFTI

NIRFI

MEl

MGU
LIAP

VNIIOFI

KAl

LITMO
MNILIPS

MUDN
VNIIRIL
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phasc-conjugatce optics, but not ODP. Recuntly, researchers at IOFAN
have begun preseating paapers at optical computing conferences va
picusccond (psce) laser pulses. integrated optics. psce optical gates. and

switching nctworks (for cxample, optical computing clemeats).

Works in fiber optics, intcgrated optics, holographic research,
SLM development, CCDs, scanistor development, 3nd ogtica

nmcnak

oDP,
{

Dtvclopcr of the I’RIL vu|umc holognphlc work. :tnd :cousltropucal

nu(cmk
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Transitions of technology: ‘1o industry, performs upphcmans uurk and

fabricates hardware concerning optical memorics and optical
Processurs.

Works on memorics. opuc:ﬂ logic. and holographt: loglc._ e

Has dcvclopcd various solid-state I.lscrs for ODP and-optical
ing devices.

Has f.lbncnlcd weaather radar opucd processors and systems
Gatchina holographic document-storage system.

Works with materials for optical memorics.

compul-

fike the™

Has worked vulh \':nous rad'lrs al\d On(ICll ﬂgn.llx

Has 2 key Sovict antiballistic mlml«. rescarcher uho has publ
severs]l QDP naners.

lished

Multisensor image processing .md some upuul proccmng an
work.
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Works un optical waveguides and integrated optics,

Works on holography for radar applications.

Works un holagraphy fur radar applications.
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derivative of an image (giving it an enhanced edge-
detection capability) and can be used so that it is
scasitive only 10 input data that changes. We believe
this characteristic makes the PRIZ 2 natural moving-
target indicator when used for radar signal process-
ing. The ability to detect only moving targcts gives the
PRIZ great potential to reject clutter when looking
for targets with low radar cross section. The Sovicts
have explicitly stated that the PRIZ and PROM arc '
being developed for military applications.

Soviet PROMs and PRIZs have been tested in US
laboratorics. The PRIZ devices were found to perform
as well as the Sovicts claimed, and the PROMs—
originally reverse-engineered from US PROMs—
were found to be superior to US devices. A lcading
US laboratory attempted to,construct a PRIZ device
using openly published Soviet information about its
fabrication and principles of operation, but the cxperi-
-ment was npt successful. (It is not known if this failure
was due to undocumented process control sigps or
intentional omissions by the Sovicts.*

Liquid-Crystal SLMs
Liquid-crystal SLMs—also known as liquid-crystal
light valves (LCLV)—were first developed by Dr. lgor
N. Kompaacts at FIAN. The primary advaatage of
the device is that it requires only 10 to 100 volts 1o
operate, as compared with 1,000 volis for the PRIZ
and 4,000 to 7,000 volts for the PROM. Kompanets
claimed that his LCL Vs, fabricated from gallium
arsenide, were capable of the cdge enhancement and
moving-targel capability of the PRIZ, whilc offering
increased resolution and sensitivity, T~
Jeonsistently specifics that Soviet LCLVs are faster
than those manufactured in the United Statcs.

A Soviet LCLYV using an organic polymeric photocon-
ductor reportedly was available for international sale
in 1989. The Sovicts claim this device is capable of
storing 50 times morc information thaa a similar

- device currently available in the United States. On
the basis [ . 1 and our analysis of open-
litcrature publications, we assess the Sovicts as having
a five-ycar lcad aver the United States in LCLV
development.

PRIM

In 1987 the Sovicts produced a multilayer image
converter referred to as the PRIM, which reportedly
combines the resolution of the PROM with the best
attributes of the PRIZ.[—

) “Jclaim that 1t is an improvement
over carlier Soviet SLMs.

EPOS

Introduced in early 1988, the newest Soviet SLM—
the EPOS—is described by the Soviets in open litera-
ture as an innovative variation on the PRIZ device
with a very specific application—the processing of
periodic signals, such as those in aircraft radar and
other clectronic-warfare equipment. Whereas the
PRIZ uses transparent electrodes, the EPOS uses
opaquc interdigital electrodes imprinted on- the sidc of
the crystal on which the “writc-in™ light is incident.
The EPOS requires a biasing valtage of 2,500 volts
and has aluminum clectrodes. deposited by photoli-
thography techniques .

According to the Soviets, the geometry used for the
EPOS device offers scveral advantages. First, if peri-
odic signals arc used as input, the diffraction efficicn-
¢y of the device is independent of the spatial frequen-
cy of the input signal, up to input spatial frequencies e
of several hundred lines per millimeter. We believe
the device would not be useful for image processing
because of the opaque electrodes, but it may be highly
cfective for use in converting incoherent periodic
signals (o.coherent ones. A possible military applica-
tion would be in aircrafl radar-waming gear and
other electronic-warfare cquipment .

Optical Memories

We belicve that the largest contribution of optical
systems to general purpose computing will come from
parallel structures. Optical holographic memory of-
fers the potential for parallel rather than serial data




readout. This advantage probably is morc important
than advantages in memory sizc or information densi-
ty. The Soviets openly acknowledged that a complete-
ly parallel information structure frec from von
Ncumann limitations ' with large slorage capacity
was not realizable as late as 1986. We sce this
ucknowledgement as implying that practical Soviet
optical structures continued to require parallcl/scrial
data transfer and processing at that time ~

Holographic Memories
The Sovicts reportedly have been producing holo-
graphic memory arrays for digital data using photo-
graphic film—the most common holographic storage
mcdium—since 1972, Sovict applications of thesc
_systems include a holographic memory for sloring
patent data at the Nuclear Physics Institute in
Gatchina, and the MIGOL-I document storage sys-
tem fabricated by GOI in Leningrad. Although the
Sovicts have experienced high error rates in reading
from holographic memories, we belicve that they can
develop crror detection and correction techniques to
provide adequatc reliability, The holographic optical-
storage applications receiving the greatest emphasis
arc document archival systems, but holographic sys-
tems fabricated by Soviet rescarchers at LFTI also
have flown on Salvut-7, where holograms were
formed in space and later video-transmitted to Earth.

In the carly 1970s, L. A. Orlov and Yu. M. Popov of
FIAN reportedly developed a holographic memory
consisting of 1,000 by 1,000 clements, cach clement
consisting of a 100 by 100 array of bits, for a total
capacity of 10' bits. Popov claimed it was possible to
usc scveral such holographic clements to build a
computer with 10" words of RAM anad an access time
of 50 nanoscconds. The report docs not indicatc
whether these holographs arc on film or implemented
in a rewritable manner, which is necessary for usc in a
general purpose compuler

Performince limitations impased by the sequential aad addieas-
vocnted cammunicitions between the centeal processiag wait and
memory ina coaveativnal compuier,

- ] indicates that, by carly 1989,
FIAN had devcloped a holographic flm seasitive to
light in the gallium-arsenide (GaAs) lascr wave-
lengths. The advantage of using this type of film is
that GaAs diode lasers, when fabricated on an
clectro-optical integrated circuit, can be used as the
light source. The result could be a miniaturized,
rugged holographic-data storage system suitable for
military applications. [~

Orcganic Memory

The Sovicts have a major R&D program for the
development of photochromic materials from a syn-
thesized variation of bactcriorhodopsia. Photochromic
materials, unlike photographic materials, return to
their normal state a short time after the excitation
signal is removed and thus serve as dynamic memory
arrays. Like the rhodopsin protein responsible for
vision, bacteriorhodopsin stores cnergy through con-
formational changes when cxposed to fight of a
certain {requency. Bacteriorhodopsin responds to light
by pumping a proton across the cell membrane,
creating an electrical potential difference. This pro- =«
tein also changes its optical absarption spectrum
under stimulation o{'lighl.[:'

1 the Sovicts have been working since the early
1970s to develop analogs of this protein that exhibit
long-icrm image retention, short read/write times,
and high information densitics.

Sovict researchers at the Biological Physics Institute
in Pushchino have claimed in open-source literature
that they have the best holographic-memory plane for
Fourier space recording, using holographic techniques
with a photochromic material called “Biochrom."
Biochrom is a Alm based on the bacteriorhodopsin
protein (from the micro-organism halobacterium halo-
biumy) incorporated into 2 polymer matrix and spin-
coated over glass or silicon. Biochrom couid be used




for an optically based RAM or as a holographic
memory ciemenl in an oplical computer. Used in a
holographic memory, Biochrom could demonstrate
enhanced performance over that of conveational clee-
tronic memory. Holographic detectors have broad
applications in optical computing, but spced and

_scnsitivity limitations preclude general usc of these
clements as compuler memory devices)Biochrom on a
successor, however, has the potential to serve as the
storage medium for optical holograms in a dynamical-
ly reconfigurable optical computer.

Residue Arithmetic for Optical Computing

In a residue (or modular)arithmetic system, a conven-
tional positional notation aumber is represcnted by its
sct of remainders after division by a sct of small prime
numbcrs._/\ major advanlage of this system is that the
digits of a residuc number can be operated on inde-
pendently. Because no carries are gencrated, addition,
subtraction, or multiplication of two numbers can be
accomplished by parallel processes, and very high
computational speeds may be realized. Residue arith-
metic systems also lend themselves to table-lookup
computer architecture. Residue arithmetic systems,
however, do have difficulties in the operations of
division, overflow detection, and magnitude compari-
sons of one number with another. We belicve that the
Soviets have exploited hybrid schemes in which some
opcrations are performed in residue arithmetic and
others in a positional notation sysiem.

Soviet scientists and engincers have devoted much
ultention and rescarch to residuc arithmetic. Because
of the high computation rates possibly using residue
arithmetic for specific algorithms on large data scts,
residuc processors may be well suited for usc in
missiles, spacecraft, and aircraft. Open-source litera-
turc indicates that the Soviets have developed an
entire class of special-purpose military digital residue
processors, including a machine capable of 1.25 MIP
(millions of instructions per sccond). Kristall comput-
ers (in 1965), 5- to 7-MIP machines (in 1974), and a
10-MIP machinc (in 1975). The machines, manufic-
tured at Iastitute N-37 in Moscow, are currently in
the Sovict operational inventory. We believe that the
Sovicts huave overcome many of the disadvantages of

residuc number systems by focusing on special-
purpose (military) systems and onlya few algorithms.
Although US optics engincers examined residue pro-
cessors in the late 1970s, they were rejected in favor
of clectronic processors. US engincers, however, at-
tempted to use optics for data processing, whereas the
Sovicts usc optics only for the storage of tables.
Western interest in residuc arithmelic has been rekin-
dled recently, but we believe the Soviets fead in this
research by at least five years.

The Soviets also have explored positional systems with
redundancy, where the carry operations in the calcu-
lation cxtend only to the next position. Although
FIAN reportedly dropped the residue arithmetic ap-
proach in 1974, when development began on its
control opcration method (COM) for optical comput-
ing, research in residuc arithmetic reportedly contin-
ucs al other Soviet lacilities. We believe that addition-
al deployments of military systems based on residue-
processing technolagy can be expected during the
coming decade.

Optical and Hybrid Optoelectronic Architectures

Reconfigurable Architectures

Soviet rescarchers have been cxceedingly active in the
ficld of reconfigurable computer architectures. Stan-
dard gencral purposec computers seldoin make full use
of their potential computational power. Parallel-pro- -
cessor architcctures, on the other hand, are difficult 1o
program and usc eilectively for many classes of
problems. A dynamically reconfigurable architecture
would provide a better match between processes and
processors. Wc asscss Soviet prospects for implemen-
tation of a dynamically reconfigurable architecture in
a general purpose computer using optical lechniques
as vood, but not likely to occur before the year 2000.

The fabrication of an all-optical computer must await
the development of many optical technologies. On the
basis of open publications [ V jhowcvcr.
we belicve that the Soviets are developing theoretical



architectures and operating algorithms for implemen-
tation in a futurc machinc. We assess that the gencral
design of a digital optical computer, as envisioned by
the Soviets, most probably will usc SLMs and be based
ori the COM developed at FIAN.

The Sovict COM is a variable operator approach, in
which no hardware device will be dedicated, to any
particular operation. Assignments of operators to de-
vices may be varied from onc cycle of the computer to
the next, resulting in greater flexibility and cfficiency
in a massively parallel processor system. In the Soviet
COM-based machine, the processing operation an
SLM performs will be controlled by a two-dimensional
patiern or “picturc operator™ projected onto the SLM.
In this architecture, the machine stores mathematical
operators, rather than the results of calculations as is
donc in tabular processors :

COM devices will operale with light as the energy
mode to convey information through the computing
circuit. By using different operator patterns. the COM-
based machine will be programmed to perform differ-
cnt tasks with the same hardware architecture. The
resulting machine will be a flexible. multipurpose fully
optical computer. For example, by using a specific set
of controlling images, such a machine could be used to
do signal processing for a radar system. If improved
algorithms were developed to do the processing. or if
the hardwarc details of the radar system were im-
proved, the signal processor could be reprogrammed by
simply changing the control images

Control operators, according to the Soviets, will be
stored as holographic arrays and projected onto the
decision planc as required. We believe that the devel-
opment by the Soviets of an efficient lasing cathode
ray tube (LCRT)in 1987 may prove (o be an excellent
addressing device for the holographic arrays. Each
clectron-beam position on the LCRT would address a
scparatc hologram on a planc array, with each lolo-
gram nroducing its own sct of COM information.

Mutrix Mathematics
The possibility of performing lincar-algebraic opera-
tions oplically {see figure 2 is a major motivation for

the study of oplical information processing. Linear
algebra is computationally intensive, but many impor-
tant calculations can be expressed as arithmetic oper-
ations on matrices. Although the accuracy provided
by these processors is typically only 8 to 10 bits. it has
been extended to 1 bits using binary encoding tech-
niques with only a 5-bit, bit-dynamic range from the
detector array. As of June 1985, Soviets at IAE in
Novosibirsk had developed an optical-image accumu-
lator and a compatible matrix-vector and matrix-.
matrix optical processor.

Tabular Processing

Open-sourcc literature indicates that Sovict rescarch-
crs have shown a significant interest in tabular meth-
ods of processing information since about 1970. Tabu-
lar processing methods involve the usc of table-fookup
techniques to perform the basic arithmetic operations
of addition, subtraction, multiplication, and division.
High-precision implementation of tabular processing
requires a very large computer-memory capacity. This
memory capacity is achievable by using optical/
holographic memory technology

By using a holographic RAM with digital clectronics,
we belicve that the Soviets can eventually build a fast
computer that is a hybrid of digital clectronics and
optoclectronics. The results of mathematical opera- ==
tions in such a computer would be stored in tables in
the holographic RAM. As the digital clectronic cen-
tral processor performed common mathematical oper-
ations, it would simply look up the result in the
memory tables. Table-lookup processing is much fast-
cr than caleulating the result of each operation and is )
used in some softwarc on Western general purpose
digital computers. The obvious limitation of the table-
lookup method is that it requires an enormous amount
of RAM. RAM, however, is abundant if the memory
is holographic and is the basis of the tabular arithme-
tic unit, which would form the heart of » hvhrid
clectronic/optoclectronic computer

We assessed in 1985 that the Soviets would be in 2
position to produce such a hybrid computer in the
1987-92 time framc. Our asscssment predicted that




Fipure 2
Outer Product Decomposition Mathematics
Using One-Ditensional SLMs
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the hybrid computers---because of their improved
ability to perform matrix calculations—would be
usclul in ficlds such as synthetic-aperturc-radar
(SAR) data processing, acoustic-array processing, and
image proccssing. We belicve this prediction remains
accurate. As of mid-1989, however, we have no
cvideace of the production of such computers. -

Optical Interconnections

We believe that optical interconncctions are an arca
where the Soviets” advances may have a great: efTect
on their gencral purposc computing systems. [

_I but the Sovicts discusscd
optical interconncctions in open-source literature long
before the subject became popular in the West.

éomponcnl interconnectivity is a critical issuc in
computer system design because of space require-
mcats and time delay factors. Despite improving
technology, currcntly no more than 200 to 300 clectri-
cal connections can be made. even to very-large-scale
integrated (VLSI) circuits. Eleetrical conductors.
morcover, also cannot be placed too close to cach
other, because the signals they carry gencrate mag-
nctic ficlds that can induce curcents in ncarby conduc-
tors. The flat-planc gcometry of integrated circuits is
another limitation. Electrical connections can be
madc only at their cdges. At very small sizes. optical
connections arc much easier (0 work with than clec-
tronic ones, becausc optical signals do not affect cach
other when their paths cross. Figure 3 shows cxamples
of frec-spacc optical interconacctions being uscd to
distribute focused and unfocused clock pulses
throughout an eatire clectronic chip. thereby mini-
mizing clock skew.”

. JIAE in Novosibirsk has
many optical interconnection elements under develop-
ment. These elements arc used 1o form interconnce-
tions between VLSI circuits—an arex to which the

Gl shew referes to the fuct that different paees of the ciecuin o
sstam reecive the siune state of the clock sigaad at diflerent tinies
bevause of varying electrical leagths of the ditlereat incercaniee-
tioa paths,

Sovicts have given much attention. The Sovict cfforts
arcaltcinpts (o obtain optical communication between
clements and functional assemblics of computational

clements. { ’

_‘1 We believe these elements
may be incorporated into holographic memory sys-
tems being fabricated at [AE.

We believe that Soviet work on optical interconnce-
tion for general purpose computing systems may allow
the combination of parallelism of processing clements
and parallelism of interconnects. Because optical in-
terconnects also can be made programmable, they can
provide the basis for dynamically reconfigurable
hardwarc. Dynamic machine reconfiguration tailors
the complexity of the interconnection to the needs of
the currently cxecuting algorithm (sec figurc 4). For
many interconaection applications, the usc of holo-
grams as deflection gratings would be greatly en-
hanced by the development of high-frame-rate SLMs.
We belicve that the Soviels are making great progress
in this arca. On the basis of technological factors,
published Soviet work [T J we
believe that the successful development of dynamical-
Iy variable interconncctions would offer the Sovicts
the highest pavofT of any of the emerging optical e
technologics.

{ntegrated Optics

The Soviels have a large research program in inte-
grated optics. with major efforts under way to inte-
gralc optical sources, waveguides, detectors, lenscs,
gratings, modulators, and detectors on various sub-
strates. The purposc of integrated optics is miniatur-
1zation, manufacturability, and reduced power con-
sumption for a given processor. The integration of
many optical components into a single device also
offers the udvantages of higher rcliability and (ree-
dont from clectronic and mechanical interference.



Figure 3
Free-Space Optical Interconnections

Unfocused broadcast of the clock to the chip Focused optical distribution of the clock
using a holographic optical element

Frec-space distribution of optical signal to multiple
destinations in an optical circuit with minimum skew between
the various signals.

Institutes reported to be key centers for integraled Prospects for Optical Computing

optics include FIAN, IOFAN, MEI, the Leningrad

Polytechnica! Institute, LFTI, and IRE. We belicve Despite documented advances in optical-component
that Sovict work on integrated optics will lead to research, our technical assessment is that the Soviet
feasibility demonstrations for some significant appli- optical computing cflort remains at the carly stages of
cations such as ultra-high-speed optical information what is cflectively a new technology—optical engi-
processing, large bandwidth optical communications,  neering spurred by the development of materials and
and real-time electronic-warfare systems by the carly

1990s
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Figure 4

Chip-to-Chip Interconnection of an Optical Gale Array

With a Computer-Generated Hologram
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devices that take advantage of nonlincar optical phe-
nomcna. Although optics in general purposc coniput-
ing systems have the potential to significantly increase
computing speed through fastcr components, a faster
carricr, and architectures thai iend themselves to
parallel systems, many problem arcas need to be
overcome. Thesc include the lack of high-speed opti-
cal devices, interface problems between optical and
clectronic componcents. and the need for algorithms
that will tukc advantage of the inhcrent parallclism of
optical processing. On the basis of current Western
levels of rescarch, we cxpect continucd Sovict progress
in these arcas to continue to outpace that of the West.

We believe that the Soviets will continue to use aewly

developed optical components and technologies in
hybrid {optoclectronicl systems for special-purpose
computer applications. Optical devices have been
applied to Sovict radars, passive sensors, overhead
imagers, and other clements of military systems. In
addition, Sovict engincers have = demonstrated talent
in the ficld of applications cngincering. New develop-
meats in oploclectronic components are likely to
appcar tn uncxpected and unconventional Soviet mili-
tary applications




We believe that optics wiil permcale Sovict general
purpose digital processors in an cvolutionary ruther
than revolutionary manner, when there are distinet
advantages to doing tasks optically (such as intercon-
nccts, clock distribution, and higher data flow rates),
This gradual increase in optoclectronic hybridization
of future computers will at somc point result in what
can most aptly be deseribed as an optical computer, »
but not before the year 2000 *



Appendix A.

Key Technologies in Optical
Computing

An all-optical general purpose computer will require
the simultancous maturity of scverat diverse gechnol-
ogics. The lack of success in one arca. however, will
limit the utility of any successful developments in the
other rescarch fields. Fabrication of optical.compo-
nents is expensive and time consuming, resulting in a
limited number and varicty of devices available for
cxperimentation. Much of the current Sovict research
is theoretical and conducted without access to actual
devices. The devices that currently do cxist. however,
are proving cxtremely powerful in fulfilling specific
functions as components in dedicated processors. such
. as signal and image processors.

In designing a digital optical computer, one choice
would be to develop an optical analog to the transistor
(scc figure 5) and produce a computer with an archi-
iccture similar to that used in current clectronic
computers. Work that has taken place in the ficld of
optical bistability has been focuscd on developing just
such an optical counterpart for the transistor. Despite
the shorter switching times that may be possible with
an optical transistor, there are problems as well as
beaclits with developing a purc optical computer- -
particularly if the architecture of a current digital
clectronic computer is used, Interconnecting elements
and components is a problem with any optical com-
puter. With the interconnection complexity of clec-
tronic computer architectures, this problem is com-
pounded. [t also is not clear that optical transistors
will ever fead themsclves (o the sort of VLSI fabrica-
tion that allows modern digital computers 1o be so
compact, {ast, and incxpensive (see insct). because the
size of un optical transistor is limited by the wave-
length of the light it uses. Therefore, we believe an
alternative architecture designed ourely for optical
computers scems o be essentiai

The core of any purc optical computer most likely will
be un SLM—u combined short-term memory and
processing unit - performing a function similar to that
of & central processing unit in an clectronic compuler.
My different types of SI.Ms have been reseiurched
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Optical Switches

Advantages

s High Speed. Subpico-
second switching times
are pussible.

Capahility for parallcl
processing, For exam-
ple, with a liquid-crys-
tul bistable array, data
arrays ure a natural
input furm.

Compatibility with up-
tical fiber systems.
Signals already in the
Jorm of light are casily
transmitted hetween
COMpanents.

Largefbraad hand-
width. Fur example,
with a nonresident his-
tahle optical device or
« nowdinear interface, a
large fraction of the
visible light baudwidih
can he used.

Disadvantages

.

High power is required fur
Jast switching, This tends
to create thermul prob-
lems wnless highly trans-
parent materials are used.

Materials have not yet
been idemtified that exhib-
it the ideal combination uf
properties required for
these devices.

The miinimum size of au
optical switching element
cannot he reduced below a
volume of about the cube
of the operating wave- 2
length (2.1, Theaoretical
and practical problems in-
volved in waveguide and
microresonator furmation
in 2.9 volumes are yet
he overcome.

There nust be silficient
gain for one device to
switeh at least two suc-
ceeding devices, and pref-
erably more.

Very steady bius beams
are required.

Stability in chains of upti-
cally bistable clentents is
still a problem.




Figure 5

An Optical Transistor

Device

Device

Tacoming light Incoming light
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I certain materials. for particular ranges of wavelength and intensity of input light. the indcx of
refraction becomes a function of the intensity. Onc possible implementation of an “optical
transistor "—called an ctalon—is a Fabry-Perot interferometer. This device consists of wo
paralicl partially reflecting mirrors with a space (cavily) between them. Some portion of an
incoming light beam is reflected by the first mircor. The remainder passcs through the cavity to
the secand micror, which reflects a portion of the light back into the cavity. and the rest is
transmitted out of the device. Alcring the optical length of the cavity by changing its physical
teagth. its material. or the wavelength of the input light can suddenly and drastically change the
amoduat of light transmitted by the device. If the cavity material changes its refractive index as a
function of incident light intensity. the device can be adjusted to hehave analogously (0 a

transistor.

over the years, the most basic being photographic modulate the amount of light transmitted as a func-
film. Drawbacks to the usc of film arc that the imuage  tion of input light intensity. SLMs, however, can be
is fixed, it cannot be crascd or changed. and a new designed Lo modulatc the tight as a function of an

picce of film is nceded for performing cach opcration.  applicd clectric ficld. thus serving as the conversion
The most promising current technologies 1o produce - interface between clectronic and optical bit streams
optically or clectrically controlled SLMs are the usce by placing the information to be processed into the
of the lincar clectro-optical effeet in crystals and the  optical system. SLMs. thus, can accept inputs, store
usc of liquid-crystal displays. As viewed for usc in and display outputs. und do calculations.

digital computers. an SLM is a collection of discrete

light gates in the form of a matrix. cach of whose

clements cxccules logic operativns on [ data bit. The
transmission of cach clement is controlled by cither an

clectrical or optical signal. Thus. the term “controlled

trunspurency’” also refers to SLMs. SLMs usually
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Appendix B

Key Soviet Personnel
Involved in Optical-
Computing Research

Ginzburg, V. M., VNIIOFI, military applications of
holography and radars '

Bakhrakh, L. D., MNIIPS, radar and optical process-
ing (holography)

Deryugin, L. N., MUDN, optics and missilc work

Bakut, P. A., MEI, optical signal processing, pattern
recognition

Gusev, O. B., LIAP, multichannel AO modulator

Grihev, A. Yu., processing radio array data with
coherent optics

Voronin, Yu. M:, bcam shaping. processing
requircments

Nakhmanson, G. S., acousto-optic processing for
broadband 2D arrays

Vesepkina, N. A., multichanncl AO devices
Grachev, A. A., optical processing of weather radar

Bclousov, P. S., optical processing of radar images of
sca ice

Kurochkin, A. P., MNIIPS, holographic computers

Turchin, V. L., MNIIPS, antenna patterns and
holography
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Basov. N. G., FIAN, administrator, tied to much
optical-data-proccssing work.

Popov, Yu. M., FIAN, PROM., holographic memory,
digital optical processing

Kompanets, I. N., FIAN, PROM, liquid-crystal .
SLMs, optical computing, COM

Vasilicv, A. A., FIAN, liquid-crystal SLMs, Walsh
and Hilbert transforms

Prokhorov, A. M., IOFAN, Bragg modulator, digital
image processing

Petrov, M. P, LFTI, director of Shuvalov branch

Gurevich, S. B., LFTI, clectro-optics materials
research

Petrov, Yu. M., LFTI, head of group for optical Ea
computing

Khomenko, A. V., LFTI, PROM, PRIZ SLMs
Berezkin, V. 1., LFTI, SLMs

Morozov, V.N., FIAN




