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Applicability of the liquid crystal television for optical data processing
Jeffrey A. Davis, Roger A. Lilly, and Kevin D. Kren:z

Department of Physics, San Diego State University
San Diego, California 92182

Hua-Kuang Liu

Jet Propulsion Laboratory, California Institute of Technology
o Pasadena, California 91109

“ Abstract

The pocket-size liquid crystal television (LCTV) has been investigated for its potential
as a two dimensional spatial light modulator. The LCTV can be addressed using both a
microcomputer and a TV camera. We have measured various characteristics of this device
including transmission control, bipolar modulation capabilities, and have tested its usage
as an input device for an optical correlator. Optical phase distortions of the device can
be compensated by a 1iquid gate. These results suggest that this device has great potential
for optical pattern recognition and optical data processing applications. /5P~“

Introduction

Optical data processing and optical pattern recognition are mainly limited by the capa-
bility and availability of real-time two~dimensional spatial light modulators (SLM's}).
Among ;he many types of SLM's which have been deveéoped are the liquid crystal light valve
(LCLV)3. the magneto-optic spatial light lodulngor , the microchannel spatial lightsmod-
ulator”™ , the Pockels readout optical modulator , and the deformable mirror device
However, these SLM's are very expensive or are still in R & D stages. Recently however,
several versions of a small inexpensive compact liquid crystal television (LCTV) have
become commercially available. We have investigated the properties of one of these for
optical data processing applications.

The Radio Shack LCTV (Realistic Pocketvision Cat. No. 16-151 or 16-153) has a 5.4 cm
by 4.4 cm screen. The unit consists of a two-dimensional grid of raster-scanned liquid
crystal cells, each of which is capable of modulating coherent or incoherent light trans-
mitted through it. The LCTV which we investigated has a resolution of 146 horizontal
elements by 120 vertical elements. Each unit cell is 370 um x 370 um square. The LCTV
comes equipped with a video input jack which allows an image to be written electronically
with a microcomputer or with a TV camera.

Experimental Results

For most of our experiments, we used the computer input mode. Using an Apple II micro-
computer, the high resclution screen with 280 horizontal by 192 vertical pixels addresses
111 horizontal by 96 vertical cells on the LCTV screen, Therefore, there is a 2/1 match of
vertical elements allowing exact registration. However, the horizontal registration is
inexact causing edge blurring.

A comamercial television camera was also used to provide an input scene and gray scale
operation was verified by changing the F-stop on the camera.

Each cell of the LCTV screen is a 90° twisted nematic liquid crystal sandwiched between
parallel polarizers. When no electric field is applied, the plane of polarization for
linearly polarized 1ight incident on the cell is rotated through 90° by the twisted ligquid
crystal molecules and no light is transmitted through the second polarizer. However, under
an applied electric field, the twist and tilt of the liquid crystal molecules are altered
affecting the rotation angle of the transmitted light and therefore varying the amount of
light transmitted through the second polarizer.

Voltage is applied to each pixel through horizontal and vertical line electrodes which
intersect at each pixel. The voltage applied to each pixel 1s determined by two factors.
First, an sdjustable BRIGHTNESS control adjusts a uniform voltage onto every pixel which
sllows the transmission level of the entire screen to be uniformly varied. 1In addition,
the input signal from the TV receiver, the computer, or the TV camera then variles the
individual voltage applied to each pixel, thus modulating the individual transmission of
each pixel and creating the picture.
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Experiments studying the polarization of the light transmitted by the liquid crystal
cells were performed after the second polarizer was removed from the LCTV. The transmitted
polarization state was analyzed with a second rotatable polarizer as a function of bias
voltage across the LCTV at the He-Ne laser wavelength of 632.8 nm. Control of this voltage
was provided by the brightness adjustment. In order to obtain an arbitrary yet quantitative
measurement of tnis voltage, we took the LCTV apart and measured the voltage drop across

the variable resistor which controls the brightness. This resistor is desjignated RV801

on the circuit schematic given in the REALISTIC service manual. The laser beam was expanded
to cover a large number of pixels.

These experiments showed that the plane of polarization transmitted through the liquid
crystal elements was essentially linear and rotated as the brightness control voltage was
varied as shown in Figure 1. The two curves show the results when the computer monjitor was
addressing every pixel (termed the On state) and when the computer monitor was turned off.
The two curves essentially differ by a rotation angle of 11°., Note that the initial rota-
tion angle with no applied voltage (corresponding to -1.7 V) was only 73° and not the
expected 90°, We feel that this indicates that the initial polarizer was not accurately
aligned with the direction of the liquid crystal molecules. The output polarization was
essentially linear with a slight orthogonal component which is also probably due to this
misalignment. Therefore, the device operates very similarly to the LCLV and the magneto-
optic SLM. The transmitted light intensity will then vary as the computer voltage is
changed. However, the exact nature of the transmitted light will depend on the angle of
the second polarizer as well as the brightness control voltage.

Previous investigations of the LCTV6 have shown that there is a phase nonuniformity across
the surface which destroys much of its capability as a SLM. This was examined next by
studying the Fraunhofer diffraction pattern produced by the device. Light from the He-Ne
laser was collimated and sent through a 36.8 cm focal length lens. A diode array detector
placed in the focal plane of the lens was used to record the Fraunhofer diffraction pattern.
Figure 2A shows the focused spot produced by the system. .Figure 2B shows the broadening of
the focused spot when the LCTV was introduced into the system. This broadening is evidence
of phase nonuniformity across the plane of the LCTV.

These phase variations were correctable by placing the LCTV inside a Newport Corporation
model 550-G liquid gate filled with mineral oil. This successfully eliminated the phase
variations as shown by the sharpened focused spot in Figure 2C. The liquid gate is used in
the remainder of these experiments.

We next explored the use of this device as7a bipolar modulator which has previously been
demonstrated for the Litton magreto-optic SLM . As discussed earlier, light transmitted by
the LCTV has two polarization states which are rotated by a maximum of 11° to each other
depending on the state of each pixel. The transmitted light intensity then depends on the
orientation of the second polarizer. Results of varying the angle of this second polarizer
were examined in the Fraunhofer diffraction of a pattern placed on the LCTV.

A grid pattern was written with every other horizontal line of the LCTV addressed by the
microcomputer. Recall the exact registration between the computer output and the TV screen
which allows this. The orientation of the second polarizer was adjusted to completely
block the transmitted light from the pixels which were not addressed resulting in the trans-
mission pattern as shown in Figure 3A. The Fraunhofer dittractéon pattern will consist of
a high DC peak with first order peaks whose intensities are 4/n° smaller than the DC peak
as shown in Figure 3B.

Bipolar operation of the LCTV can be achieved by orienting the second linear polarizer
perpendicular to the bisector of the two transmitted polarization states as shown in Figure
4A., Therefore the electric field passed by the pixels will only differ by a phase term of
7 radians resulting in the electric field amplitude transmission pattern of Figure 4B. The
Fraunhofer diffraction pattern for this will have no DC component. The orientation of the
analyzer was adjusted to achieve the transmission pattern of Figure 4B and results are
shown in Figure 4C., We see a dramatic reduction in the size of the DC peak relative to
Figure 3B. Although the size of the DC term is greatly reduced, there is still some DC
transmission. There are several possible explanations for this. First, we observe that the
pattern on the LCTV is not uniform possibly due to a voltage nonuniformity across the face
of the screen, Second, there are areas between the individual pixels which are not affected
by the applied voltage. Finally, each pixel is sequentially addressed and there is a time = -
lag between the addressing of each pixel during which the orientation of the liquid crystal
molecules can relax to their original positions, Therefore the transmission state of each
pixel will vary slightly with time contributing to a DC term. Nevertheless, this capnb*lity
for dipolar modulation is identical to that recently reported for the magneto-optic SLM',

A series of neasuremsnts were then made using the LCTV as the input screen for a Vander
Lugt optical correlator”. The correlation system geometry is shown in Figure 5. Collimated .,
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light from a spatially filtered beam is incident on plane P! where the :nput pattern s
placed using the LCTV. The Fourier transform plane P2 is obtained using a 75 cm focal
length lens. The reference beam was also spatially filtered and collimated and then focused

using a long focal lens to plane P3 located beyond plane P2. Shis converging reference
beam is used to eliminate the final Fourier transform lens ¥s'V, Matched spatial filters

(MSF) were then recorded using a Newport Corporation model HC-300 thermoplastic recording
camera. The focused reference beam synthesizes a Fresnel zone plate within the MSF. Care
vas taken in recording the MSF to emphasize the spatial frequencies corresponding to the
grating information shown in Figure 4B and not the grid information. The MSF was made using
the grid pattern with every other horizontal line of the LCTV turned on as before.

Plane P3 contains the correlation between the input pattern and the pattern used in
recording the MSF apd is shown in Figure 6. This correlation spike is much sharper than
previously reported , agaln due to the liquid gate. Note also the sideband spikes corres-
ponding to the correlation of the pattern with a shifted version of itself. The size of
the correlation spike decreased as before as the period of the input pattern varied both
above and below the period used in making the MSF. As before, the correlation spike dis-
appeared when the LCTV was made uniformly transparent of the LCTV elements, then the spike
would have been still evident.

Preliminary experiments using the TV camera to address the LCTV have shown translation
invariance of the correlation spike and will be reported in more detail in the future.

Conclusions

In conclusion, our experiments show that the LCTV can be used as a highly versatile SLM.
It most closely matches the operational characteristics of the Litton magneto-optic SLM in
terms of resolution and operation including the capability for bipolar modulation. Although
phase nonuniformity is still a problem, it appears that it can be corrected using the liquid
gate. Moreover, it is very inexpensive, is easily connected to computers, and satisfies
many of the prerequisites for SLM's. Finally, it will allow many experimentalists to enter
the field of optical pattern recognition at substantially reduced expenses and may prove to
be an impetus to an explosion of activity in this field.

This research is partially supported by NASA and partially by the Physics Division of
the Army Research Office through contract with the Jet Propulsion Laboratory. We wish to
acknowledge the expert technical assistance of M., Hatay of S.D.S.U.
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Figure 2A

Figure 28

Figure 2C

— )

Fraunhofer diffraction pattern of collimated beam using
36.8 ¢cm focal length lens and diode array detector;

A. With nothing placed in optical path

B. With LCTV placed in optical path

C. With LCTV and liquid gate placed in optical path
Note full horizontal scale is 1.6 nm.

Figure 2.
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A Figure 3A. Transmission versus position for on-off grid pattern.

Figure 3B. Fraunhofer diffraction pattern for on-off grid in
&v Figure 3B. Horizontal scale is 1.6 mm.
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Figure 4C.

in Figure 4B.

Fraunhofer diffraction pattern for bipolar grid pattern

Horizontal scale is 1.6 mm.
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‘The potential of the extremely inexpensive Radio Shack liquid-crystal television (LCTV) as a two-dimensional
spatial light modulator hes been investigated. The LCTV modulates the transmission of coberent or incoberent
light and can either be electronically addressed through e microcomputer or optically addressed with a TV camera.
We have measured the transmission characteristics of the devics, sxamined its diffraction pattern, and tested its use
as an input device for an optical correlator. w.mwmmmmnumuu

optical-data-processing applications.

lti-mllknownthntophaldaupmandoph

sional spatial light modulators (SLM’s). For this rea-
mauteﬁmbymmmmw
in search for usable SLM’s. Existing and developing
SLM’s include the liquid-crystal light valve,! the mag-
neto-optic light modulator,? the microchannel
spatial light modulator,? the Pockels readout optical
modulator,¢ and the deformable mirror device.®

Many SLM’s are either forbiddingly expensive or
are still in R&D stages. Recently, several amall inex-
penaive compact liquid-crystal televisions (LCTV’s)
became commercially available. We have investigat-
ed the properties of the Radio Shack LCTV for opti-
cal-data-processing applications, and what follows is a
brief account of our discoveries.

The LCTV has 2 5.4-cm by 4.4-cm acreen. The unit
consists of a two-dimensional mosaic of raster-
scanned liquid-crystal cells, each of which is capable of
modulating the coherent or incoherent light transmit-
ted through it. The resolution of the LCTV is deter-
mined by the number of cells in the screen. The
LCTV under investigation has 146 horizontal ele-
ments by 120 vertical elements. Each unit cell is 370
#m X 370 um square. The LCTYV is equipped with a
video input jack, which allows an image to be written
electronically with a microcomputer or optically witha
TV camers.

For most of our experiments, we have used the com-
puter input mode. When an Apple II+ microcom-
puter is used, the high-resolution screen with 280 hori-
zontal X 192 vertical pixels addresses 111 horizontal X
96 vertical elements of the LCTV. Therefore, there is
nztolmtchofvomcalolemnu.pemmngeuct
registration. However, the horizontal registration is
off, causing edge blurring.

ATVummmnhomdwpmidominput

scene, and gray-scale operation was verified by chang-
ing the f-stop on the camera.
Enchhqu:d-ayltaloelldthe'l'v-mmhaoo’

However, under an applied electric field, the twist
and the tilt of the liquid-crystal molecules are altered,
mm.mmdmwmm

initial polarizetion direction. As the electric field is
increased furthet the molecules do not affect the

tbeTVamthonnnuthemd:vidudvolhpnp—
plied to each cell modulating the individual transmis-
donof_uchcall.thmmaﬁngnSLMwithm-oak

capability.

We have performed a series of experiments on the
LCTV. Measurements have been made of the optical
transmission at the He-Ne laser wavelength as a fune-
tion of bias voitage across the liquid-crystal unit cella,
Control of this voitage is provided by the brightness
adjustment on the LCTV. Inorder to obtain a quanti-
tative measurement, we took the LCTV apart and
measured the voltage drop across the variable resistor
controlled by the brightness control. (The voltage
across a cell is not directly accessible.) The laser

0146-9502/85/120635-0382.00/0  © 19885, Optical Society of America
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SMGHINELS VOLTAGE (wain)

Fig.1. Transmission measurements of the LCTV as a func-
tion of bias voltage. Curve A shows results with the comput-

er pixels turned off; curve B shows results with the computer
pixels turned on.

beam was expanded to cover a 1-cm? area of the LCTV
screen to average over a large number of pixels. The
percentage transmission versus voltage is shown as
curve A of Fig. 1. The maximum transmission obtain-
able is 50%, and the full contrast is about 25/1.

Next, the transmission was measured as the com-
puter wrote uniformly on the LCTV. The computer
output places an additional voltage on each cell, mod-
ulating its transmission with results shown as curve B
of Fig. 1. The computer voltage has the effect of
shifting curve A by about —0.4 V. Therefore the oper-
ation of the LCTV using a computer input conasists of
picking a bias point, using the brightness control, and
then having the computer change the bias voltage and
the resulting transmission at any pixel.

Maximum contrast is obtained by biasing the
brightness control at —0.4 V. The high slope of the
tranamission-versus-voitage curve ensures that the
eomputerwdlaunamnmumchmpmtnmu
sion. In many SLM aspplications, it is impcrtant to
turn all unused unit cells off, and the preferred biss
point is at ~1.2 V. Howovor, when the pixels are
turned on, the transmission increases only to 5%, with
the contrast significantly decreased. This change in
thevoltngeapplwdtouchuniteelluutbythe'l‘v
circuitry. Attempts to increase this voltage swing for
higher contrast were unsuccessful. These included
varyiug the video gain and the analog-to-digital con-

verter adjustment inside the TV and externally ampli-
fying the rf signal from the computer. Therefore,
without extensive modification, computer operation
of the LCTV can provide only minimal binary trans-
mission.

Measurements also have been made of the Fraun-
hofer diffraction pattern for light incident upon the
LCTV; they are shown in Fig. 2 (a). As expected from
theoretical predictions, the prominent pattern is rep-
resentative of the grid-matrix type of cell structure of
the LCTV elements. Figure 2(b) shows the results
when a horizontal grating is written on the LCTV
screen with every other line turned on. The expected
additional diffraction spots are clearly visible.

Finally, series of measurements have been made
using the LCTYV as the input screen for a Vander Lugt
optical correlator.® The correlation system geometry
is shown in Fig. 3. Collimated light from a spatially
filtered beam is incident upon plane P,, where the

0, Na. 12 /7 Decembeer 1985
of - o input pattern is placed using the LCTV. The Fourier
- »7 . transform plane P, is obtained using a 75-cm focal-
ial 4 o7 length lens. The reference beam was also spatially
Ya} o° o filtered and collimated and then focused using a long-
g nt < .,-“ focal-length lens to plane P, located beyond plane P,.
il A This converging reference beam is used to eliminate
i L Y e the final Fourier-transform lens.”® Matched spatial
b °® /’ filters (MSF’s) were recorded using a Newport Corpo-
n...n_c.h; A

ration Model HC-300 thermoplastic recording camera.
The focused reference beam synthesizes a Fresnel
zone plate within the MSF. Care was taken in record-
ing the MSF to emphasize the spatial frequencies.cor-
responding to the grating information shown in Fig. 2(b)
and not the grid information shown in Fig. 2(a). The
MSF was made using a computer-generated Ronchi
ruling having a period of 10 pixel lines on the high-
resolution computer screen.

Plane P; contains the correlation between the input
pattern and the pattern used in the recording of the
MSF. When different computer-generated Ronchi
ruling patterns appeared on the LCTV, the correlation
spikes were measured using a diode array; results are
shown in Fig. 4. Figure 4(a) shows the output when
the input Ronchi ruling pattern is identical to that
used in making the MSF. The correlation spike is
clearly seen. Figure 4(b) shows the results when a
computer-generated Ronchi ruling patterm having a
penodofﬂhmwufedtothem'rv The correla-
tion spike is reduced, as expected.

Themofthecomhﬂonspxkedmudnthe -
period of the input ruling varied about the period used

(b)

Fig. 2. Fraunhofer diffraction patterns from the LCTV:

(a) without (b) with a horizontal grating written onto the
scTeen.

system.
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Fig. 4. Cross-correlation signals due to a MSF of a 10-line
ruling pattern on the LCTV screen addressed by (a) 10 lines,
(b) 24 lines, (c) a blank screen. The vertical axes are of the
same scale with arbitrary units. The horizontal axis has &
total width of 3.2 mom (=128 um X 25 um).
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of limitations in the resolution and space-bandwidth
product of the LCTV. Nevertheless, TV frame-rate
correlation on an input image at a fixed location can be
implemented. No shift invariance was observed. This
is due to phase nonuniformity of the LCTV, which was
discovered by us working with Psaltis’s group at the
California Institute of Technology campus and also
pointed out by one of the reviewers of the manuscript
of this Letter. However, the LCTV correlator, after
further improvements and modifications, should be
useful to robotic vision and space automation pro-
grams at NASA and in industry. It is also worthwhile
mentioning that the low price and versatility of the
LCTV SLM make it attractive for optical-image-pro-
cessing pedagogical applications.

We are currently investigating other applications
for this LCTYV, including bipolar modulation,? optical
subtraction,'® high-gamma nonlinear-optical image
processing, and optical division applications.!!

The research described in this Letter was sponsored
by the Physics Division of the U.S. Army Research
Office and the National Aeronautics and Space Ad-
ministration. The LCTV was first called to the atten-
tion of one of us (H. K. Liu) by J. G. Duthie. We thank
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M. Brownell and P. Dickinson for assisting in some of
the measurements and M. Hatay for helping to disas-
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At the present stage, only relatively coarse objects
N can be used as inputs for a real-time correlator because

-»
RS ]
»

P —————_ e AT S 1 B

s bt 12 =

o Nt
REAX

R e AT W AN
! { O JONIOG UMY \l‘ j LA G LY e &y
: S ORI Wty U Sty % lg“‘l l‘l.|‘0 :“.:'*‘..n'l.q'l.a.o‘lqo"‘r&.5{!“?1“‘.0?‘20 ‘;:".0",0 A W B S ST
AR S O U I T D R W SOC A R N R




HIGH-GAMMA SPATIAL LIGHT MODULATOR FOR
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Abstract

This paper describes how the standard microchasmel spatial light modulstor can be (s) operated
and (b) modified to generate a real-time, high-gamma resdowt characteristic. The paper aiso
examines the use of such s devics in & pulse-frequency modulation optical processor to achieve
8 wide range of resi-time, moulinear image and signsl processing operstions such as histogram
measurement, deatity slicing, deasity-based artificisl stereo and gray level image enhancement

INTRODUCTION

kagw 3 below threshold and is switched off for input levels
tec::jq.h“ '.::l the g:, :“th“::'uam ;‘:“:&: above threshold. The gamms ¥ of the system is the
sumber of two-dimensiomal, soslinesr image process slope of the linear region of this curve. That is,
ing operations. Tie commoaly wused techaiques ia- 7 is given by

clude linear modulation of aa_ image wsing Roachi 7-!0.(1'/1',)/“.(!,/5) 1)
rulings® or sinusoidal gratings? sad spetial puise- 1 1
width modulstion by comtact screens® Iz woalimear Both the stsadard ead the Fabry-Perot MSLMs arc_

processing, operations such as logarithmic ng- capable of Nhigh-gamma operation, and both positive .
formation,'®  exponeatsticn’®  level slicing’’ and negative gamma characteristics can be achieved.
multiple  isophote  gemerstion’®  quantization’® The techaiques by which the gamms of an MSLM can be
psendocolor,!!  A-D coaversica’*'? subtraction?”? increased isclude (1) operation of the device in the
and multiple image storage’ can be realived. Other soalinesr  hardclipped  thresholding wmode, (2)
codiag sad modulstion techaiques isclude optical employing optical (esdback around the device, and
- pulse-frequency modelation and pulss-azimuth (3) coavertiag the devics to a Fabry-Perot MSILM
modulation.! ¢ A  onc-dimessional optical pulse- The Fsbry Perot MSLM ishereatly generates s high-
frequency modulation techpique, f{or ecaample, has nmms  chancteristic whea operated in the grid-
beea wsed in comjusction with the variable-grating. stabilized saturatioa mode.
mode liquid crystal light vailve!® (o demoastrate
real-time leve! slicing. ) '
Usfortunately, the lack of & high-resolution, ! D
high-gamma spatial light modulstor that would
ceplace photographic film has precluded widespread
use of real-time nonlinear opticsl pwll'. The
microchsnael spatial light modulstor (MSLM)'' ! g
8 devics that is capable of achisviag very high
gemma. Ia this paper we describe how the standsed
MSLM caa bs (s) operated snd (b) wmodified (Fabry-
Perot MSLM) to generste s real-time, bigh-gamma
resdout charscteristicc. The peper slso exsmimes the
ese of such & devics in s pulse-frequeacy modulation
optical processor to achieve s wide rasge of real- -
time, noalisesr image and sigasl processing opers- LOC &
tions such a3 histogram measurement.’?®  deasity
slicing.?®  deasity-based sytificial stere0,’!  and
sray lavel image enhancement.!
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Fig. 1. Desired high-gamma characteristic.

HIGH-GAMMA CHARACTERISTIC
MICROCHANNEL SPATIAL LIGHT MODULATORS
The desired high-gamma characteristic for

soslinssr optical processing is illustrated in Fig. Stasdard MSLM
B Ithnpl«oflo.l/‘l’nlo‘l..ndlt

- — .

exhibits & sharp threshold exposure, Eyp. Here T The ﬂlbd,l" Microchanne! Spatisal Light Moduls-
is the modulator readout tramsmittance and E, s the tor (MSLMP 731 i3 o versatile, reai-time opticsl ‘
modulator iaput exposure with a threshold of Eon signal end imsge processing device that exhibits ‘

For this negative-gamma characteristic, the readout high optics! sensitivity and high framing speed. It
light cemeings in the ON state fqr input exposwres consists of & photocathode, & microchanael plare




(MCP). a plasasr scceleration grid sad asa clectro-
optic  crystal plate, arranged ia the proximity
focused coafiguration shown is Fig. 2 The

electro-optic plate carries 'y high resistivity
dielectric mirror o8 ome gside sad a transpareat
conducting clectrode oa the other.

Promcaihode
MCP
Sy Elscirode

o

L
Dislecire mirvar

+ ~  £lectro-cone plote
\Tmm
- Window
ACAD LMY

Fig. 2. The optically addressed microchanne! spatial
light modulator

In the electron deposition write mode, incoherent
or cohereat write light incideat om the photocathode
creates as clectron image which is amplified by the
MCP and proximity focused onto the diclectric mirror
surface. The resuiting spatially varyiag electric
field in the crystsl modulates the refractive index
of the crystal. Thus, the readout light which makes
a8 double pass through the crystal is spatially phase
or smplitude modulated depeading oa the crystal cut
aad readout schems (polarizatioa or iaterferometric)
employed. The image is erased Dby appropriately
adjusting the davics voltages sand flooding the
photocathode with light 90 that electrons ars
removed from the mirror surface by secoadsry
electron emission.

Alternatively, the device cas be operated im the
reverie mode where a  positivecharge image is
written by secoadary electron ecmission and erased by
sdding eclectrons to the crystal. For Pockels effect

reversing the sign of the image surfsce
charge density leads to contrast reversed images.

fa the linear operating mode, the incremental
surface charge density o(E) deposited on the ecrystal
is proportional to the exposure E.

«n « [25%]e @

where n is the quaatum efficieacy of the
photocathode, ¢ is the electronic charge, G is the
gsin of the MCP, h is Plasck's constant snd v is the
frequency of the write light  Additionally, the
induced phase <chaage A¢ in the crystal s
proportioasl to @(E) C(for Pockel’'s effect crystals.
The exact expression depends on the type and cwt of
the crystal employed. For example, in oblique-cut

LiNbO,'® the eclectrically-induced phase retsedation
[ is of the form - )
3 3

Fe b < l%g- B, Fyes By l'..] (3)

where A is the waveleagth of the exposing light, C
is the capacitamce per wnit area of the crystal, &
and a, sre the ordinary and estraordinary refractive
indices respectively, and ¢, and ¢, ace efClective
electro-optic coeflicients. ‘Ihen luc‘ e crystal s
read out Dbetween crossed polarizers, the trans-
mittance of the crystal is given by

49

T e 1,/1; = sin? (F/2) (@

The most recent standsrd MSLMs have employed
LiNbOJ as the electro-optic crystal. The z-cut
crystal” has beea used for phase modulation snd an
oblique cut for iatensity modulation. Prototype
devices employing SO-um-thick oblique-cut LiNbO,
crystals  have exhibited  spatial  resolution  of
spproximately 10 cycles/mm at 50% contrase? !

Additionally, the interns! processing operations
schicvable with the standard MSLM include multiple-
level to two-level jatensity image transformation,
contrast reversal, coastrast eshancemeat. and bisary
level image processing operations such as, AND,
NAND, OR, NOR, XOR, NXOR. However, when the
standard device is operated ia the linear mode its
gamms is about 2, and this value is too low for
aonlinear image processing applications that employ
techniques such  as  puilse frequency modulation.
Further details of the principles of ogentian of
the standard MSLM can be found elsewhere! 73!

Fabry-Peret MSLM

The Fabry-Perot version of the MSLM employs s
crystal that functions s an  electro-optically
tuasble, Fabry-Perot ectalon whea electrons are
deposited or removed from its surface. To
fadbricate such a crystal standard dielectric mirrors
are first deposited oa both surfaces of the crysul
and then 8 traaspareat conducting overcoat s
deposited om the readout surface of the crystl
The phase change ¢ which sesults from the
electrically induced refractive index change An i3~

t0 8 good approximation, proportional to the surface ~

charge density o(E) at the crystal surface asnd to
the modulator write light exposure Eyp [See Eas (2)
and (ML

For a Fabry-Perot ctalon with surfaces of
reflectivity R, it is well kmowa that the ratio, T,
of the cotal reflected intemsity to the iacideat
intensity is gives by

4R lil’(’i
(1- B o arsin’(D
Showa ia Fig. 3 is a piot of T vs ¢ as given by Eq.
(5). Note that the reflected resdout transmittance

of the MSLM approaches zero when @ takes oo iateger
multiples of 2w radians.

T e l'/l‘ -
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Fig. 3. Interferometric resdout intensity  charscter-
istic of a Fabry-Perot crystal with R = 80 %
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Fabey-Peret MSLM With Grid-Controlled Saturation image is detected in the plane P,.
¢ Becawse the region A-B-C of the Fadry-Perot ' L, 1
characteristic (Fig. 3) closely approximates the \
corresposding regioa of the desired high-gamma ‘
characteristic (Fig. 1), the Fabry-Perot MSLM will §
generate the high gamma charscteristic when opersted MSLM FLOOD
in the clectroa deposition mode with grid stabilized INPUT BEAM
saturation. The device is imitially started at the LY — — ¥y
point A (ON state) by precharging the crystal with s
A uvpiform surface charge density o This is
. accomplished by (looding the photocathode with light P anavsm
o ! ssd setting the grid voitage to & value V, such that q;
the ecrystal surface saturates at the correspoanding
surface charge deasity 9y Thea, by exposing the <
photocsthode with the grid voltage set at V. the POLARIZER
reasdout light follows the charscteristic in fig. 3 SHUTTIR
ugtil the crystsl surface voltage reaches V. with @
corresponding charge density of ¢ ﬁdditioul
3 exposure has no effect oa the resdout light because SOURCE )
;&.’( ot:‘ .:lrid-united surface charge accumulation. Thus, —!——
' mma characteri i ieved.
X sh-gamma characteristic of Fig. | is achi Fig. &. Optical feedback configuration for  highe
e Hard-Clipped Thresholding Mode gamma operstion of sa MSLM.
e Both the standerd sad the Fabry-Perot MSLMs cas In closed-loop operatios, for & given (fixed
N be operated is the hard<clipped thresholding mode to saiform exposore E, lacideat on the input image
{,: achieve high gsmma operation. To operate 88 MSLM is wsaspstency, the “l‘f tranimittance regions of &the
AR the Mard-clipped  thresholding mode with the - 1oput imege will at first result in strong feedback
i‘". Degative-gamms characteristic shows ia Fig. 1, the to the photocathode. This will quickly result im
At devics is isitislly bissed is the ON state st s pesk the deposition of a surface charge demsity o, om the
= on its wmormal (sie’[/2) resdowt characteristic. crystal 0 as to drive the transmittance of the
This corresponds to the poist A oa Fig. 2. Then, modulstor st thess poias to  zero  (smable
W with the tical impet ims incideat os the equilibrium) On the other Nhsnd, at the flow .
b A op! Pu! ge .
Y ohotocathede, V, is ramped dowawards at s pre- traasmittance regions of the imput image, the -
[ ] selected rate 'V, that  esablishes the  desired feedback will be wesk. This will ressit ia low
t.: threshold exposure . All exposures below Ep values of Eﬂd that will deposit omly very small
: will be berely recorded becawse, at their locations, smounts of sdditiossl charge os the crysal Sisce
AW eloctrons casnot be removed fast emcugh from the thest  low exposwres will fall below E,,, the
. crystal to prevent the gsp field from eventwally traasmittance of the modulator will remsia high.
. - repelling sll futurs primary electrons. Thus, sll Bocause the MSLM stores these charge patteras, this
g intensities below threshold will remain in the ON feedback configuration will exhibit the high-gamma
g:§ state. cluncmu:iem showa im Fig. ‘l'il whea niu ﬂt‘ with ;
' Beca the 3l 1 charscteristic separate Orm 20urce. us, Q0 IDUS mage
"n 2 ::“nully s write  light istensities ~above - hres coa
X} are written to the maximum charge ty wi
cas be set by the terminal velss of V, to ceincide Preliminary Results
o ik e poat € (OFF s ot e diics UM oy demenmatie b Pert ML was o
W i structed wsiag & 300-um-thick LiNLO, crystal with
) hard-clipped thresholding mode lesds w0 the high- ag . k)
N gamms characieristic of Fig. 1. Values of gamma is mirror reflectivities of approximately "S0W a2ad 80%
R excets of 10 can be easily schieved with both the O the imsulating and conducting swrfaces, respect-
o standard  and  Fabry-Perot  devices using  this ively. ~The imsulsting wmirror = contisted of @
X technique. . multiple layer dielectric coating of $iOy sed lr%
The “-:mmd mﬁm o:;l-loop..‘ cr;d-«mrol
O ( saturst characteristic t evice 1]
) Optical Feedback Conflguration illustrated is Fig 5. 3
KN Both the standard sad the Fabry-Perot MSLM can be )
S opersted in the optical feedback configuration showa -
‘.:s:. ia Fig. 4 to realize Nigh gamma operation. The -
A devics is first bissed ot the point A oa its resdout
characteristic. As before, this {2 accomplished by
i operating the devics in the open loop mode (shutter
4 $ closed), [llooding the photocathode with light ead
: ' adjusting the grid voltage such that the crystal ‘
o charges to the waiform surface charge denmsity e,
‘:‘#. ‘ﬂn image to bs processed s :n.n placed s (:
il aput plase P, and transferred by lens oato ¢ Meas bry-Perot  readout
N crystal. The .muma' modulated rndoul;' signal is Fis. 8. “"::‘:1““:’"“ '“'. '.y.:uuu'.odgm‘.(.bk i
e thea reimaged via the feedback path onto the prototype MSLM with crystal surface 1
{"-‘. photocathode of the MSLM.  The processed output reflectivities of S0% sad §0%. :
s .
v :
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. - Note the improvemeat over the typical sine

N - squared  charscteristic of the stasdard MSLM
o0 - Because of the wamstched  reflectivities, the
L contsast of the messured readout characteristic is
;:’_ aot optimum. Nevertheless, the measured opea loop
.4 gasmms of this prototype Fabry-Perot MSLM is 6.2 as
ot compared with & gamma of 2 for the stsndard MSLM
L operated ia the linear mode. Closed loop gammas sre
expected to be much higher.
S
’Q.‘ ' APPLICATIONS TO NONLINEAR PROCESSING
O
.3“. Pulse-Frequency Modulation Tochaique
byl
. The goal of this techmique is to perform inten-
e gity to spatisl frequeacy comvertion on the imput
‘ ‘9’5;; image 30 thst gubsequent Fourier-plane  spatial
A filtering results in the desired aoalinesr
¥ operation. The coding or modulstion process
“l genersily peorformed through the use of a coatact
W screen. Comtact screems comsist of sa arrsy of
W Cells with ome- or two-dimeasions! spatisl-frequency
udumuaimm varistions T, (1y) withia esch
Ny call. . As example of the transmittance profile of
) & pecific ome-dimeasional coatact screea is showa
hing ia Fig 6!
:a,,\' Image modulstion is accomplished by sandwiching
" the original image snd the contact screes together
XX sad imaging the combined tramsparency omto s high-
RAKS gamms (infisite to be ideal) recording medivm such
a8 the above-described Dhigh-gamms MSLMs. The
* o] frequency of the contact screen must de sufficieatly
el high 30 that within a wnit cell the transmittance
B s To(x) of the imput image transparency is constant.
oY Tﬂu spon readout of the high-gamma recording medium
‘\.: 8 balftone image of the original is geserated.
i (]

. A

AN,

SCREEN TRANSMITTANCE

A
.\\\\—\\\\\\\\\\\\\X\\\\\\\\\\\\\\\‘\
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m
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Fig. 6 Transmittance profile of the unit cell of a
specific one-dimensional contact screen.
Crossed-hatched regions are opague.

The modulsted haiftone image is thea fed into the
input plane of s coherent optical processor, Fig. 7,
which separates the vsrious deasity levels into
specific  spatial  frequency domaias  within  the
Fourier plane. With proper desiga of the screen,
spatial  Ciltering in the Fourier piane can be
\ effectively wutilized to schisve a8 wide rcange of
1% noalinesr image and signal processing operations.

o e o —— 07 S @ S

T ——

Fig. 7. Standard coherent processing system.

To further illustrate the concept of pulse-
frequency modulation, coasider the specific case of
& oac-dimensional coatact screem with the wumit cell
transmittance pettera ‘l‘“(x) that is illustrated in
Fig 6 The wait cell of this screen consists of
cight slits with Cfour different transmission levels,
Tyy = Toy- Given 3 source of consrant usiform
iateasity “,. it follows ¢hat the exposure iacideat
on the imput transpsrency is given by E, = L,
where ¢ is the exposure time. Ignoring ziffncuon
losses, the exposurs Ey iocideat os the high-gamma
modulstor due to the typical slit within the wait
cell will be gives by

E-. - E.TQT“: Qe l' 2‘ " ‘I (‘)

where a is s label desoting slits of the same
traasmittance, asd T, the local traasmittance of
the input image transparency, is assumed to be
constant over the wmait c¢ell. Note that for the

given screea > . R
Bosene B2 zﬂ?-f.k exhibis the threshold -
characteristic illustrated ia Fig 1, the spatis!

(requency modulation of its readowt light will be
depeadent on the exposure . For ecxample, gives 8

Cized ezposure Eq t oa the iaput
transparency, if within a gives cell Ty is such thst
E.‘ < E'.. thea sll for that cell will be below

threshold, and the ce will bhave a waiform
traasmittasce of wmearly umity. Thus the modulstor
resdout light (rom chat  celt will be spatially
uamodulated. That s, its grating carrier spatial
frequency would de 2er0 (f,, = 0) Likewise, if T,
is such that E-‘t > . thes the moduistor
readout light from that cell vﬂh be modulatsd by
grating ;m f”"w ﬂ;::nm rv = I/X. For EP, 2
> . e /X, . sad Tor z . -
m w3 'gx Em Eth gx

Whea this pulss-frequency modulated image is
isjected into the coaventionsl coherent optical
processor, the diffraction spot at spatial (requency
coordinate f, o (A/X in the Fourier plaae will
contsis the informstion corresponding to points in
the iaput image with T, governed by TeeTo 2 1 ly »
Ty T Here  is the focal length of the Fourier
transform flems, A is the wavelength of the resdout
sourcs sad [, aad 1, are the intensities corres-
‘ponding to E,, aad Eg. respectively.  Similarly, the
spot st [, = ‘m/x contains the image iaformation
cormpondfu 10 Tyy To B Lip/ly » Tyy Ton ete.

Several experiments can then be performed. For
example, by measuring the intensities of the spots
in the Fourier plane, a8 histogram of the original
image csa be obtained. Second, if different aeutral
density filters c¢hat bave higher densities for the
spectra  with lower intensities are placed behind
these spots sad all other diffraction orders are
stopped, the output image contrast will be enhanced.
Third, if s white light readout source is wused
instead of a monchromatic source, and a set of color




{

filters arec placed ot the plaspe o
selectively pass certain pseudo-calor
imege will be obuined. Fioally, if a set of
optical wedges with differeat wedge asagles sre
placed behind the Fourier plsne diffractioa spots,
artificial stereo pictures will be obtsiaed. These
are  just a few of the asonlinear processing
operations thst caa be realized with this techaique.

Fourier
colors, a

These experimeats ere mow im  progress. Future
results will be published elsewhere.
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Abstract

In this paper, an inner-product array processor for the associative retrieval problem
is presented. First, the algorithm and architecture of the array processor design are
discussed. Then an optical implementation scheme is proposed. The matrix wmodel of the
associative memory is adopted. 1In this model, if one of the M vectors is to be reliably
recalled, the dimension of the vectors, N, must be much larger than M. By taking advan-
tage of this fact, our result offers a factor of /N/M saving on the matrix elements.
More significantly, real-time inputting and updating of the matrix elerents can be
potentially implemented with existing space-variant holographic elements and recently
discovered liquid crystal television spatial light modulators.

I. Introduction

Optical array processcrs have a great potential because of their parallelism, high
computational rates, small size and weight, and their low power dissiparion and cost.
These processors naturally offer the same strength of VLSI in terms of rassive parallelism
and yet circumvent the limitation on communication inherent in VLSI processors.

In this paper, we discuss an optical processor design for an associative reirieval
processing system. We shall first present a brief history of the evolution of distributed
associative merory networks, and the essential algorithmic and architectural design
considerations. These then lead to a unique optical implementation of tne inner-product
array processor for the associative-retrieval problems. There are two memory types in the
current computer design: one is location addressable and the other is content
addressable. 1t has been recognized that the content-addressable type is more closely
related to how the human brain functions. 1In fact, a popular approach to its
implementation is based on one which resembles that of a neuro-network. Neural signals
are trains of pulses with variable frequencies. The task of memory is to reproduce the
neural signal at the places where they earlier occurred. This leads to the notion of
associative memory network and associative retrieval, whose main features include
recognition and error correction based on partial or cluttered input.

11. A Brief Historical Note

Since the 1970's, the correlation matrix model of the distributed associated memory
network has been gaining popularity. Notably, Kohonen, Nakano, and Anderson have done
independent work in this area in the early 1970's. A brief history is presented below,
and key references are provided for researchers who have interests in more details of the
evolution of associative mewmory networks.

Note that the conception of associative memory can trace all the way back to
Aristotle’s work {370 B.C.] on memory and reminiscence. The cybernetic research work in
1950's on learning digital neworks, perceptron, and conditioned connection crossbars (1-3)
has paved ways for the modern era of studies on the subject. In the 1970's, the matrix
model {as distinguished from the connection model) of memory networks seems to have gained
the attentions of many researchers. These work are represented by Morishita (4], Kohonen )
(5], Nakano [“', Anderson [7). More recently, Hopfield (8] further extended the previous ;
works to structure a computational model by a notion of energy functions with an X
outer-product computing model on a iterative basis. To memorize a number of, say M,
N~tuple vectors, Hopfield has found through computer simulations that a vector among M can
be successfully recalled if M is less than 0.15N.




I111. An inner-product computing model for associative retrieval

One of the most elementary operations implemented by associative memory is the
associative recall system. While Psaltis and Farah !9, 10] have presented the optical
implementation of associative recall model based on the outer-product of the matrix, we
propose a model that is based on the inner product of the matrix with an array of M
matrices. The dimensions of each matrix in the array are /N x /N and the array is
/R x /H. We assume that /N and /H are integers. The dimensions of the array are /B N x
/A~ N = MN vhich is less than the dimensions N x N of the ocuter-product matrix model
since N > M.

Referring to Figure 1, the iterative computation is represented by

V* <--=Tg [AV] ’ (1)

v ve
— A 'la -] -

Figure 1. An iterative computing model for associative retrieval.

where A is a N x N associative-recalling matrix, which is assumed to be "pre-taught”
(i.e., non-adaptive), and Tg(* ] is a thresholding operation with threshold = 6. 1In

the non~adaptive case, the rank of A is always equal to the total number of information
patterns, M. 1f the columns of A, representing memorized patterns, are nearly orthogonal,
then a pattern may be retrieved by its partial information. 1In order to guarantee a
robust and reliable information retrieval, M should be much smaller than the total number
of features, N, for example M < 0.15 x N. This implies that A can be expressed as

A= t v, u7,
i y 1 i

for a set of vectors (Ui, Vij}l: i = 1,...,M. (Under the special circumstance of
“auto-associative” recall, then Uj = V;.)

The inner product array processor exploits the fact that M<KN, and achieves a
considerable amount of hardware savings. The computation in Eq. (1) now becomes

e T
P Y f: v, Ui/, (2)
i 1
This can be subsequently decomposed into four steps:
T

i
Step (2) Y; = V4 Xj for i = 1,... M;

Step (3) 2 = i ¥y
i 1

Step (4) Vv* =T, [2];

-

step (1) X; =UV , for i =1 ..., M;

The four separate steps of this new computing model are depicted in Figure 2.

Referring to the schematic diagram in Figure 2, both the I.P.0. and V.5.0. may be
implemented in parallel via an optical array processor. In this case, each N-dimensional
I1.P.0. (or V.5.0.) may be implemented by one /N x /N "optical-plane-product,” as shown
in Pfigure 3. This means that a much more compact-size optical implementation process is
now possible.

1Vv. A optica) implementation of a programmable associative recall system

An optical system for implementing the inner-product associative-retrieval model as
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Figure 3. A schematic diagram of the optical implemectation of I.P.O. and V.S.0.

w
V! discussed above is shown in Figure 4. In the Figure, a liquid crystal television (LCTV)
i is used as an electronically addressed spatial light modulator (SLM). 1In fact, other
, electronically addressable SLM's such as the Hughes CCD-addressed LCLV may glso be able to
259 serve the same function as the LCTV. Two multiple-focus holographic lensesl? (hololens),
fe: MHL1 and MHL2 are used as space-varient optical elements for performing the nccessarg
‘o inner-product and summation functions. The function or capability of the MHL's is shown
Rt~ in Figure 5. The holographically-made optical element is capable of replicating an input
o 2-D image by first focusing it to an array of focal points at its focal plane and then
f‘ﬁ forming an array of images at its image plane. All the replicated images are derived from
y a single image through the common aperture of the MHL; a capability that cannot be
— achieved by any currently available refractive elements such as a glass lens.
A
’5»: To set up the optical array processing system, we first display the M known vectors on
)62 the LCTV each in a /R by /N matrix format. The nature of the LCTV's transmissive !
B screen is to modulate the inpyt laser light by what is being written according to the
a matrix-format vector. The x /M matrices being written or displayed on the LCTV
Y8 screen exhibit its storage capacity and the transmission modulation property of the screen
enable these matrices to be multiplied by other matrices. Hence once the writing process
Y is completed, the storage step is done.
i
; ‘{ To activate the addressing-recalling mode of operation of the system, an input vector ]
g can be invoked. The N-tuple vector should be of the same matrix format as that of any one 1
,‘l‘, ".
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Figure 4. A schematic diagram of an optical implementation of the inner-product array
processor.

P
U
N

F) I/ SH —
.

Figure 5. The function of a multiple~-focus holographic lens.

| om0} o= o
O~ O='Oe O= On
On 0w de Oe O

On Ow Ow O O
O Qe O O O=

/

can be invoked. The N-tuple vector should be of the same matrix format as that of any one
of the M vectors so that it can be written onto LCTVO. The screen of LCTVO can then be
used to modulste the collimated laser beam through the cube beam splitter BO. The
information being written on LCTVO can then be sent to address the M vectors. After the
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) light carrying the vector information transmitted through Bl and MHL]l, it is replicated to 2
N a YN by /B (here we assume that /M is an integer) array of matrices of /R x /N Ry
4 dimensions of elements coinciding matrix by matrix with what has been previously stored in N
N LCTV1. The inner-product-type operation is thus partially achieved at this step. To gﬁ;
. complete the entire inner product process, the multiplied results are followed by a
) diffuser which averages the light intensity and yield the M inner-product scalars. The 55;
scalars are then transmitted through to another array of M known vectors displayed (or {,J
-~ written) on LCTV2. (Computationally, this process implies that the M vectors are “a?
5 multiplied with the scalar.) The matrix array on LCTV1 and LCTV2 should be identical in P
i case of auto-associative retrieval. Finally, the weighted vectors (or matrices) are {&}
summed up by MHL2 which plays a reversed role as MHL1. A TV camera or CCD detector array }ﬁ;
can be used to detect the output. The output should be thresholded by an electronic o2l
Y device. {’he thresholded array may also be performed by an optical device if a high-gamma !Eg
> spatial light modulator is available.) 1If the electronic device is adopted (as shown in ANy
Figure 4), the thresholded result can be written on LCTV3 and illuminated by a collimated It
? laser light from BO. This thresholded matrix is then used as a feed-back input through Bl axi
' and MHL]l ready for a new iteration process. -}}:
* The above-mentioned procedure will repeat until a steady-state is reached and exhibited

in the display sent also through Bl. Once the steady-state is reachea, the retrieval
process is thus completed.

[y
o

A partial optical set-up of the inner-~product associative-retrieval model is shown in g
Figure 6. In the forefront, a LCTV imbedded in a liquid gate is shown. The electric urﬁ
A0S

connection to the LCTV is also visible. At this stage, the set-up is only for the purpose
of testing the quality of the LCTV in its applications as a spatial light modulator. The
results of the testing are important to the implementation of the associative-retrieval

. model.
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Figure 6. A photograph of a part of the laboratory set-up of the optical inner-product
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array processor.
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V. Conclusions

The principle and implementation of a programmable associative recall system based on
the inner-product model have been described. Advantages of the system include:

1. The dimensions of the matrix in the computation have been reduced. For example,
in the Kohonen-Nakano-Hopfield model, the dimension of the required memory matrix is N x
N. Whereas in the present case we only need an array of M matrices of dimension /N x
/R. Numerically, if N = 100 and M = 4, then 8 2 x 2 array of 10 x 10 matrices is
required in the inner-product model, instead of a 100 x 100 memory matrix. If N = 900,
M = 100, then a 10 x 10 array of 30 x 30 matrices is sufficient to perform the retrieval
function. Therefore, one order of magnitude of saving on the memory matrix elements can
be achieved and make the optical implementation more feasible.

2. The optical implementation exploits the newly developed inexpensive LCLV as
spatial light modulators and multifocus lens as the replicating, holographic
interconnecting, and matrix-matrix multiplication processors.

3. Real-time modification of the memory can be achieved by changing the matrix
elements through electronically reprogramming the LCTVs.

We are hopeful that the proposed inner-product model, once realized, will be very
useful for many associative memory applications.
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