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Optical pattern recognition system
using optical “multiple correlators”

Optical pattern recognition sys-

basic pattern: 100 unknown images, such as noise or back-

tem based on optical “multiple extraction 2100 =1 (§0 ground, are included in the real world
correlators®*? has now being de- ) scene. Therefore, real-world scenes re-
veloped to the point where a real- basic patterns ) combine(AND) quire image processing techniques that
world scene can be processe gal world - are robust in the presence of such prob-
successfully. The system has  scene . combine(OR) lems.

superior ability to perform pat- " - | ] ’ i ) Conventional optical systems
tern discrimination: for example, - I ¥ |- -+ -detection  pased on a single correlator cannot
it can discriminate Fokinds of » l - . achieve this robustness because, in

most cases, a single correlation pro-

patterns when 100 multiple cor- 5
|||I Optical multiple ~ Cess produces many false results

relations are used in the system.

This discrimination ability makes = correlation caused by unexpected imagés.
it possible to detect targets even The basic algorithm for pattern dis-
if an input image includes many «-Multiple correlation _y, jmultiple imaging, gnultiple imaging, crimination based on multiple correlations
unknown images such as backrigure 1. Basic concept of the pattern discrimination algorithm based on multiple 1S described in Figure?IThe correlation
ground or noise. correlations. process detects which basic patterns are
The final goal of our re- included in an input image. It is the com-
search work is to create an in- Fourier fransform lens bination of basic patterns extracted that
telligent vision system for a ro- lens arra \ polarized beam splitter allows the input image to be identified.
bot or a machine that can aid or ey h /’ If we use 100 kinds of basic pat-
monitor the safety of a human —= r i1 spatial light modulator ~ terns, this system can identify°2
by seeing and understanding lo- laser “ »- 1] ) kinds of images: nearly ¥0This abil-
cal circumstances. light |/ - | | ity to discriminate between such a
) - T— ‘ - /]input  Jarge number of images makes it pos-
Real world target detection ‘ - _ ' IMage  siple to detect target patterns without
Real-world scenes are difficult ~ mirror - - —~ [T false positives even if an input image
when it comes to pattern detec- ek - | [ el contains unexpected elements.
tion: (1) locations and number of - iy = +
targets are unknown a priori, (2) ?_x’ 1/4h plate - L= ™detector Optical system
contrast or brightness of the in multiple correlation filters output image The optical system illustrated in Fig-
put image is not uniform, (3) a f f ure 2 can perform the pattern discrimi-

nation algorithm based on multiple cor-

target shape changes according. . L . )
g P g %lgure 2. Optical system for pattern discrimination based on multiple correlations. .
continued on p. 5

to the view angle, and (4) many
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Ultrafast optical 2D-space-to-time-to-2D-space
conversion system based on spectral holography

Ultrashort pulse laser technol-

ogy has advanced rapidly anc IaNSMISSIoN

has now been applied to vari-
ous fields including optical
communication. In particular,
various applications based on

time-space conversion are be-

ing investigated?® To apply
this attractive concept to opti-
cal information processing, we

have proposed a new tech-

nique for ultrafast optical con-
version from 2D-space, to

time, and back again. This Figure 1. A conceptual diagram of the proposed technique for the ultra-fast, optical, time-to-
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technique can perform ultra- 2D-space-to-time-to-2D-space conversion.

fast conversion among both
image and time-sequential sig-
nals? and aims at the fusion
of optical communication and
optical information process-
ing. For optical implementa-
tion, spatial light modulators
play an important role in the
interface between the time
domain and space domain.
Here, we describe one ap-
proach to an optical 2D-space-
to-time-to-2D-space conver-

sion system based on spectral

holography.

Figure 1 shows a concep-
tual diagram of the proposed
technique. In order to convert
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transform in order to convert
a 2D spatial signal (the letter
“T") into 1D spatial signal in
the spatial domain. Second,
we recorded the resulting 1D
spatial signal using PAL-
SLML1. The 1D spatial signal
recorded here can be re-
garded as a spectral holo-
gram. Finally, we trans-
formed the recorded 1D spa-
tial signal into a modulated
temporal signal by using a
pulse shaper. In this proce-
dure, we were able to amplify
the signal by using a second
light source. Next, to perform
the time-to-2D-space-con-
version, the above is carried
out in reverse. The result of
the experiment is the suc-
cessful retrieval of the 2D
spatial signal.
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a temporal signal into a 2D Figure 2. A schematic diagram of the experimental system.

spatial signal, we only ex-

ecute the time-space conversion and the time-Experimental Verification
frequency transform, sequentially. The tempo- We constructed an experimental system toReferences

ral signal, once converted, can be transmittedverify the proposed architecture. Figure
by optical fiber. The inverse is carried out by shows the schematic diagram of the experimen-
simply performing the same procedure in re- tal system, composed of the 2D-space-to-times.
conversion section, a transmission section, and
Since each process in the proposed techthe time-to-2D-space conversion section. In the
nique can be executed either in the space oconversion sections, He-Ne lasers are used as
time domain, we have different approaches tolight sources whereas, in the transmission secs.
implementation that we choose as needed. Theion, a Ti:Sapphire laser is used as a source of
time-frequency transform and its inverse play ultrashort light pulses. In this system, we use a
important roles of the conversion between parallel-aligned nematic-liquid-crystal spatial
the 1D-signal and 2D-signal in our proposed light modulator (Hamamatsu photonics PAL- 4.

verse.

o

Acquisition
(2D-Space image)

technique. They can be realized by using aSLM) as an optically addressable spatial light
simple optical 1-D filtering system. However, modulatoré Since these devices can perform

such a system has a major disadvantage: optiparallel, but not ultrafast, operations, this ex- 5

cal power loss at the filters. To solve this prob- periment was intended only to provide a proof
lem, we propose a new architecture in which of concept.

this filtering procedure is separated from the

others.

First, we executed the spatial time-frequency ©-
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Signal processing using nonlinear
optical circuits with 2D feedback

A nonlinear optical feedback M3
system (NOFS) with a liquid _ |
crystal spatial light modulator

(SLM) can produce arich va- | EDs PAL-SLM PBS
riety of spatial outputs® Be- g POFs

cause they were generated co-
operatively, the patterns ob- BS
served in many past experi-

ments have been the result of

relatively similar operations.
More recently NOFS has been PS

(a) (b)
investigated for use in turbu-
lence signal generation, image
memory, adaptive optics, and LD1
interference measurement. To |LD2
perform optical processing op-
erations such as display,
memory, delay, and switching S CCD camera
of images, while maintaining 4k ‘
the spatio-temporal dynamics, M2 ;i"M 1
it is important to be able to \t\ | -
generate controllable inhomo- optical mask ARGS
geneous patterns at a desiredsjgye 1. Experimental setup.
position and time and then

move them in a desired direction. We are at-tions derived from abberation and ()

tempting to apply a NOFS to this kind of task. slight misalignement, the optical

Here, we demonstrate both memory and delayfeedback is set so as to be out of fo-

of images made up of one type of controllable cus. Thus the circular spots are trig-

inhomogeneous pattern: isolated spéts. gered only by the external lights as
Our NOFS is composed of a PAL-SLM (par- shown in Figure 2(b).

allel-aligned nematic liquid-crystal SLM, The slight directional emphasis of

Hamamat.su Photqniqs K.K.) and the optical the transverse intere_action leads to the _ Yoshio Hayasaki, Hirotsugu Yamamoto,

feedback is shown in Figureé'1 The PAL-SLM  self-scanning of the isolated spots, and a spatioynqnobuo Nishida

performs a nonllnear intensity modulatlop in temporal binary _pomt_—onent_ed image can be Department of Optical Science

combination with a polarized beam splitter recorded. In addition, if we pick out the output 5.4 Technology

(PBS)® The movements of mirrors (M1 and M2) at the appropriate position after self-scanning, University of Tokushima

adjust the focusing condition of the optical feed- an image delay is performed,. The delay time 5_ Minamijosanjima-cho

back. The antireflection-coated glass substrateis determined by the degree of anisotropy andqyushima 770-8506, Japan

(ARGS) gives a lateral displacement of the opti- the readout position. Figure 2(c) shows the self-ppone: +81-88-656-9426

cal feedback in order to perform a self-scanningscanning isolated spots from_left to right. The Fax: +81-88-656-9435

of the |solat¢d spots. An external s!gnal is givenspots (diameter = $0n) were |n(_iuced by the  £_mail: hayasaki@opt.tokushima-u.ac.jp

by a laser diode (LD2) and an optical mask, ortemporal sequences of the vertical 1D pattern.

by light-emitting diodes (LEDs) connected to The brightest spot on the left side was beingRreferences

plastic optical fibers (POFs) arranged in one di- recorded on this occasion. The speed of the iS04. R. Neubecker, G.-L. Oppo, B. Thering, and T. Tschudi,

mension. The point stop (PS) plays an impor-lated spots was proportional to the lateral dis- ~ Pattern formation in a liquid-crystal light valve with feed-

tant role by generating positive or negative spotsplacement up to ~3on. At above 3gm, the fﬁihé?ﬁ'ﬁ#é@? g?pt?;:r'éi:'/")/’_l'5sé""‘)t;r§g‘1’_‘é0%’jdls')gfma'

without any background patterns (such as rollsisolated spots were not sustained. 2. M.A. Vorontsov and W.B. Miller (Eds.Belf-organiza-

and/or hexagons). It does this for both in-focus At present, the temporal resolution is not  tion in Optical systems and applications in informa-

and out-of-focus optical feedback conditions high, because it is restricted by the response tion technology,Berlin, SpringerVerlag, 1995. )

across the entire range of SLM operation. time of the SLM. However, all-optical image * Sensnﬁgﬁfﬁgvse;g;:gggf?gﬁ:ﬁ;rssﬂgtlrgsf:?;on
Figure 2(a) shows how images made up of memory and delay are indispensable to all-op-  jinear optical feedback syste@pt. Commun. 136,pp.

isolated spots can be “remembered” when thetical information processing. We hope that this ~ 415-418, 1997.

optical feedback is in focus through optical method may eventually be used in practice,4- Y-Hayasaki, H. Yamamoto, and N. Nishidaalysis and

bistability. In order to prevent unwanted spon- once combined with high speed devices, such gggggl' ;;nsé’r":‘grg‘zﬂg'iqusz‘s;%%"“ggg’z‘f51'39"gggnerated

taneous generation caused by spatial varianceas semiconductor spatial light modulators ands, v, Hayasaki, H. Yamamoto, and N. Nishi@tical de-

in the SLM properties and the readout light broad-area laser diodes. pendence of spatial frequency of formed patterns on fo-

i i i i cusing deviation in nonlinear optical ring resonatopt.

Caused by the anisoropic traneverse interac-

Figure 2. (a) Isolated spots induced by an external 3x3
single-pulsed light source in the in-focus condition. (b)
Circular isolated spots induced by a 2x2 single-pulsed
light source in the out-of-focus condition. (c) Isolated spot
self-scanning from left to right.
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Heterogeneous integration of optoelectronic arrays

OurgroupatUCSDis & & mer liquid then pulled

actively involved in VWV EQ {-' lJ'-- L e K ‘ out. The monomer lig-
basic research aimed s« = & ., uid is naturally con-
towards the develop- = *° wioReOoP 8 fined to the hydryophilic
ment of future genera- R B -e_;: "Ll i ,:_ { e areas forming small
tions of integrated op- o - nm , lenslets that are defined
toelectronic array. In 3-8 3 £ . by the surface tension.
the area of near-term { These lenslets are then
applications of optical &% L& &8 Ef &8 &8 &F polymerized under UV
free-space intercon- -~ T e 2 exposure and can be
nects to chip-to-chip e & &b & €0 & & transferred to the sub-
and board to board . . sy strate by reactive ion
communication, S s K &g G G0 0 etching if desired.
UCSD leads the 3D i g gm m dm an i Using this tech-
OptoElectronic ™ [ 4N nique, UCSD research-
Stacked Processor R ers D. Hartmann and O.
(3DOESP) Consor- #+ &« = .l - -2 Kibar have fabricated
tium. _ _ _ 5 R PR L extrgmely low-cost high
In this project, in- 5 W N quality microlens arrays
tegrated VCSEL and (200x200) with diam-

detector arrays are be-
ing developed at the
wafer-scale level by
Dr. Y. Liu's team at

eters ranging between
10-50Qum, f-numbers

as low as 1.2, and fill
factors exceeding 90%

Honeywell Technol- - L with excellent unifor-
ogy éenter (HTC) 13q'lm nm mity. More recently,
and by Prof. L. Hartmann has demon-

Coldren’s group at Figure 1. Array of circu/ar microlenses fqbricated on SiO, substrates and deviation from the spherical of strated the ability to in-
UCSB. HTC’s arrays the center 130pm section of a 500pm-diameter lens. tegrate these lenses with

use oxide confined MEMS components
Vertical Cavity Surface Emitting Lasers and DNA-assisted pick and place of lifted-off op- (jointly with M. Wu'’s group at UCLA), VCSEL
MSM detectors operating at 850nm that are toelectronic components such as LEDs on sili- arrays, and optical fiber bundles. The combina-
further integrated with silicon CMOS chip con chips (carried out jointly with Drs. C. tion of low cost micro-optics arrays such as these
stacks by flip-chip bonding. The devices are Edman and M. Heller from Nanogen Inc.). with high-performance wafer-scale optoelec-
first transferred at the wafer level to a trans-  One of the important factors limiting the tronic arrays will be essential for future genera-
parent superstrate and the opaque GaAs subdsefulness of optoelectronic arrays is their cost.tions of photonic products.
strate where the devices are originally grown The wafer-scale fabrication used by HTC iskey  Jointly with Nanogen Inc., UCSD is also
is removed prior to flip-chip bonding. A 66 to this end. However, another cost factor, thatpursuing a novel means of integrating hetero-
array is capable of sustaining in excess ofof the micro-optical arrays that need to be inte- geneous semiconductor materials. The “DNA-
256Gb/s data rates and, within the next year,grated with the OE arrays, needs to be consid-assisted micro pick and place” technique uti-
UCSD, Irvine Sensors Inc., and HTC hope to ered as well. Towards this goal, we are explor-lizes the complementary nature of DNA mol-
demonstrate the use of these arrays in actuaing a new means for the fabrication and het- ecules to provide a means by which micron and
system prototypes. The arrays developed byerogeneous integration of organic, polymer nanometer scale devices of entirely different
UCSB operate at 930nm where the GaAs sub-microlenses with inorganic substrates (includ- material and origin can be integrated on a single
strate is transparent and does not require subing SiQ, SiN, GaAs, and MEMS devices) us- substrate chip in any desired configuration. The
strate removal. However, to detect the opticaling the hydrophobic effect. Although other re- procedure requires that short (20 mer) single
signals with acceptable responsivity, the de-searchers had suggested the use of the hydrastranded “capture” DNA molecules are selec-
tectors are placed within resonant cavities. Op-phobic effect to position and fabricate tively attached to a substrate chip in desired
tical channels sustaining 1.5Gb/s have beenmicrolenses, this technique had not been evaluiocations. The complementary DNA strands are
demonstrated using this approach. ated from an engineering point of view. We then attached to devices. When the devices are
In the longer term, the UCSD group is ac- recently demonstrated the potential of this ap-released in a fluidic solution on the substrate
tively engaged in research to lower the cost ofproach to provide a low-cost, simple alterna- chip, the DNA will tend to hybridize, resulting
integrated optoelectronic arrays and to removetive to standard microlens fabrication tech- in the selective attachment of the devices at the
the limitations imposed by flip-chip bonding. niques. The key to this new technique is thedesired locations on the substrate. Because
The group’s most recent contributions towards deposition and subsequent patterning by pho-DNA carries a net negative charge, this pro-
this goal include a novel method of integrating tolithography of a mono-layer of hydrophobic cess can be mediated through the application
high quality lenslet arrays on integrated opto- material on a hydrophilic substrate. The pat- of an electric field, which can assist in moving
electronic arrays, and the demonstration ofterned substrate is then immersed in a mono-+the devices to the appropriate locations on an
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LED s Fled

LED iz Plaee

Figure 2. Electric-field-assisted pick and place of an LED. The devices were fabricated
in J. Coleman’s group at the University of lllinois. Pictures are courtesy of Nanogen Inc.

electrochemical circuit. proach has excellent potential as a means
In those cases where only one single typeheterogeneous integration at the device ley

of device needs to be picked and placed, therather than at the chip level, providing a lev

recognition property of DNA is not required of flexibility and cost-effectiveness that can

and the process can be carried out with com-not easily be matched by other techniques.

ponents that have been pre-charged, for ex-

ample, with a suitable detergent material. The Sadik Esener

feasibility of this “electric-field-assisted pick ECE Department

and place” process has already been demonUniversity of California, San Diego

strated successfully, and an LED was placedLa Jolla CA 92093

on a silicon chip using this method. Recently, Phone: 858-534-7343

we have also extended our approach to include~ax: 858-534-1225

laser beams for additional local control of the E-mail: sesener@ucsd.edu

process. The DNA-assisted pick and place ap-

Optical pattern recognition
continued from cover

relations? A real-world image is focused onto
the spatial light modulator (SLM). Each of the
collimated neams generated by the lens array and
Fourier transform lens reads an input image out
from the SLM. Then, multiple Fourier images
of the input appear at the correlation filter plane
through the Fourier transform lens and the mul-
tiple correlation filters modulate each Fourier
image individually. The peaks caused by corre-
lation between the input image and multiple cor-
relation filters are superposed at the detector
plane by reflecting the light at the Fourier plane
and rotating its polarization using a quarter wave
plate. A polarizing beam splitter separates the
forward and backward light, directing it away
from/towards the spatial light modulator
repectively.

A 10x10 lens array used in this optical sys-
tem allows the performance of the pattern dis-
crimination algorithm with 100 multiple corre-
lations. We are now constructing the optical sys-
tem in a setup that should end up being about
300mm long and 80mm in diameter. In this de-
sign, each lens in the array is 1mm in diameter,
the Fourier transform lens (produced by
KOSINA Co., Ltd) has a focal length of 80mm,
and the spatial light modulator used is a PAL-
SLM made by Hamamatsu Photonics K.K.

ofvaluation of operating speed

b| We evaluate the performance of this optical sys-
L| tem by comparing it with a digital computer.
When the input image size is 5812 pixels
and each correlation filter size iS4 pixels, a
super computer with 300GFLOPS speed will
perform 100 multiple correlations in about
1msec. The optical system can perform the same
operation in about 1-10msec when the spatial
light modulator has 1-10msec operating speed.
This suggests that the optical multiple correla-
tion system may be useful for real-world pattern
detection.

This research has been carried out as part of
the of the “Tera-optical-information-processing
technology” research project promoted by the
Japan Science and Technology Corporation.

Katsunori Matsuoka

Head of Information Optics Section
Department of Optical Materials

Osaka National Research Institute, AIST
1-8-31 Midorigaoka, lkeda

Osaka 563-8577, Japan
Phone:+81-727-51-9534
Fax:+81-727-51-9631

E-mail: matsuoka@onri.go.jp
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Optical wavelet transform using an LCTV-based
joint transform correlator

We introduce an optical wave-
let transform system that uses
the joint transform correlator
(JTCY configuratior? The sys- He-Ne laser f':”< ’
tem can perform a 2D wavelet
transform using a liquid crystal ]
television (LCTV) in conjunc-
tion with a CCD camera. A new !""_"" |
holographic encoding technique : ‘
is used to represent positive and
negative values of both object LCTV
signals and wavelet functions. Controller 3
The exact joint power spectrum E— e ——|
of object signals and wavelet [ —
functions can be obtained via the —_—
LCTV with this technique. PC

The wavelet transform can be Figure 1. Experimental setup of optical wavelet transform system.
performed by optical correlatots.
Let the mother wavelet function b€, y). Then
the daughter wavelet function is defined as

9, b, % Y) = (@b)*g[(x-c)/a,(y-d)/b], (1)
wherea andb are scaling parameters, and

andd are translation parameters. The wavelet
transform of functiori(x, y) is given by

T, .. 7(@D)Jff(x, y)gl(x-c)/a,(y-d)/b] dX( d)y

L2 ,, Polanzer LCTV L3 Analyzer L4

Equation 2 shows that the wavelet transform
can be optically executed by a cross-correla-
tion operation. The presented optical wavelet
system employs a configuration of the JTC that
is widely used for optical cross-correlators.

Figure 1 shows a schematic diagram of the
presented optical wavelet transform system that Figure 2. Cell structures: (a) positive and (b) negative signals.
is based on the JTC and consists of both opti-
cal and electrical devices. An object signal and
a wavelet function are encodecjzl by tﬂe com- (% ¥) = [h(x, y)| and k= 0 when h(x, y}: 0 h(x, y)=2[h, (x, y)a(x-mw, y-nw) +
puter, and displayed on the LCTV, which is h (x, y) = 0 and h= |n(x, y)| when h(x, y) <.0 h(x, yo(x-mw+w/2, y-nw)], ®)
illuminated with collimated He-Ne laser light. (4) wherem andn are integers, and is the
The wavelet function and the signal are Fou- size of a square cell. By performing the Fou-
rier transformed by lens L3. The joint power components on the LCTV: the cell consists of rier transform, we obtain a diffraction pattern
;spe(zjtrgnlrl]s %%]S'f'gd by '3'.”5 Ltiar.'d. tt:en Cap-four pixels. The transmittance of only two pix- H{un)as

ure " Y g K10 t%’ S?_%_'rr\'? the jomn pl)_?vxaer els in each cell is modulated by the encoding. H(1:n)=2Z [{H (u.n)+

tsrp(rewcr:wtijtrtn q ac f?h ECTV < or € ar?i]pnl lljte When a positive signal is givéh(x, y)=0), it H(un)expk)y du-kiwn-iw)],  (6)

thaé i?]ten;t Cgf?he 'c?int owerssIo gc?t?un? V?/hgn s fed to a pair of pixels as shown in Figure 2. wherek andl are integers (u,n), H,(1.n)
the LOTV )i/s iIIumJinateri o ainp the wavelet (@) Transmittance (x, y)of the right two pix-  andH (,n) are the Fourier transforms lofx,
transform can be obtained% tﬁe ccD els is proportional to the magnitude of the sig- y), h L (x, y)andh (x, y),respectively, the aster-

The holoaraphic encodif ¥0b'ectsi nals Nal and the left two pixels are kept opaque. isk indicates the convolution integral, gpch)
and Wavele?fu';ctions is th?a ke] to rgalizin When the signal is negative, it is encoded asare the coordinates of the Fourier-transform

h LCTV-based | y ?Ashown in Figure 2 (b). Transmittanog, y)of plane located at the surface of the CCD. When
the present | -based wavelet processor. only the left two pixels is modulated to be pro- the first-order diffractior(k=1) is chosen, its
real input signah(x,y) of a two-dimensional o i5na to the magnitude of the signal. We amplitude distribution is equivalent to the Fou-
position(x,y) is decomposed into two compo- then describe the relationship between the in-rier transform oh(x, y).

Figure 2 shows the cell structure of two

nents as tensity distributions in the input plane and the  Figure 3 shows the encoded images of the
h(x,y) = h.(x,y) - h(x,y), (3 Fourier-transform plane. Lé{x,y)be the two-  Haar wavelet function and the input signal
where dimensional Dirac delta function. The sampled (capital letter T). The holographic encoding was

transmittancé_ (x, y)of the LCTV is given by  applied to represent positive and negative val-
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Figure 3. Encoded signal and Haar wavelet function.

ues of both the input signal and the Haar wave-
let function. In the experiment, the size of en-
coded images is 5%812 pixels, and the scal-
ing parameters of the Haar function are set to
bea=b=16 pixels. By displaying the encoded
image on the LCTV, we finally obtained the
wavelet transform as shown in Figure 4. It was
noted that corners of the input image are de-
tected by the Haar function. The LCTV used
was one driven by polysilicon thin-film tran-
sistors. The horizontal and vertical pixel pitches
of the LCTV are 4@m.

The suggested encoding scheme is easil

Figure 4. Optical wavelet transform from LCTV based JTC.
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Polarization encoding for
optical security system

Optical validation and
security verification
methods using optical
correlation systems
have been proposed.
We present one that
uses polarization en-
coding. In this method,
a grayscale image such
as a face or a finger
print is bonded to a po-
larization-encoded
mask. The mask con-
sists of randomly-ori-
ented linear polarizers
and can provide an ad-
ditional degree of free-
dom in securing infor-
mation by combining it
with a phase codeWe
call this composite im-
age the polarization-en-
coded image. In gen-
eral, this looks the same
as the original image
because the polarization
state cannot be detected
by an intensity sensitive
detector such as a CCD camera. coded image and the reference polarizati
To verify a polarization-encoded image, we mask are place side by side at the JTC ing
optically compare the polarization-encoded plane consisting of 5%512 pixels. The corre-
image with the reference polarization mask. We lation output obtained by a binary JTC is show
use a nonlinear JTC optical systdior verifi- in Figure 1. The bottom left of Figure 1 illus
cation. The polarization-encoded image and thetrates the case where the reference polarizat
reference polarization mask are placed side-by-mask is the same as the encoding polarizati
side in the input plane of the correlator. The mask, whereas the bottom right shows the ca
same polarization components between thewhen the reference mask is different from t
polarization-encoded image and the referenceencoding mask. It is clear that the correlat
polarization mask are optically interfered. The has verified the authentic polarization-encodg
joint power spectrum of the two is nonlinearly image and rejected the unauthorized image
transformed, to provide a high degree of dis-
crimination, then inverse Fourier transformed. Takanori Nomura andBahram Javidi
Finally we obtain the correlation between the E-mail: nom@sys.wakayama-u.ac.jp,
polarization-encoded image and the referencebahram@engr.uconn.edu

Reference Polarization
polarization mask encoded image

i

Frame Grabber
FFT| 2 L ..
| Certification

0 [

Authentic Not Authentic

Collimated
beam

2

Figure 1. Polarization-encoded optical verification system using a joint
transform correlator.

DI

polarization mask. When they are the same, a
strong correlation is produced. When the two References
masks are different, the correlation signal is 1 B- Javidi and J. L. HorneQ@ptical pattern =~
lower. Thus, we can verify the image in terms g;ﬁ g;'fg_’%;%;” ag'éi;'g;iﬁgefguﬁy verification,
of the correlation between the polarization-en- 2. B. javidi and J. Wanginary nonlinear joint
coded mask and the reference polarization transform correlator with median and subset
mask. megjian thresholdingAppl. Opt. 30 (8), p. 976

We performed computer simulations in AP 1991
which the image and a polarization masks con-
sist of 12&128 pixels. The polarization-en-

Reconfigurable
free-space

continued from back cover

cal interconnection module is acting as the in-
terface between two optoelectronic processor
arrays. Since the interconnection topology and
the functionality are fully programmable, we
could distribute optimum processing and com-
munication loads among the layers of the pro-
cessors to get the computational maximum effi-
ciency. Global interconnectivity is also achiev-
able since the communication channels are con-
structed via optical paths in free-space. Optical
paths in OCULAR-II can efficiently implement
data transfer between distant processors.

As for the PE array with parallel photode-
tectors, a 6464 version has been successfully
fabricated. We are also trying to build more
compact optical systems.

Masatoshi Ishikawa; Makoto Naruse;
Toyoda Haruyoshi, andYuji Kobayashi®
"Department of Mathematical Engineering
and Information Physics
Graduate School of Engineering
University of Tokyo
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656,
Japan.
Phone: +81 3 5841 8602
Fax: +81 3 5841 8604
"Hamamatsu Photonics K.K.
Hirakuchi 5000, Hamakita,

NShizuoka 434-8601, Japan

UtPhone: +81 53 586 7111
Fax: +81 53 586 6180
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Liquid-crystal spatial light modulator
for phase-only modulation

MAY 2000

Two-dimensional phase-only Transparent Electrode
light modulation has drawn a
great deal of interest in applica-
tions for optical correlatiohpp-

tical interconnectior, phase-

Glass Substrate

Spacer AR Coaling
Y
TTITT T

e

Glass Substrate
AR Coating

N

contrast techniquesadaptive write Light N Readoul Light
opticg and so forth. We have de-  _ YON - -
veloped a unpixelated, optically- — —m= ;‘;Z§ - - -
addressed, parallel-aligned nem- —- N -~ bl
atic-liquid-crystal spatial light - :;:;% - N
modulator (PAL-SLMjin order 2~ N >~ -
to make these applications prac- . QAN - -
tical. The electro-optical charac- “;E;i§ s

teristics of the parallel-aligned /)r VR, N

nematic-liquidcrystal layer allow w.SiH f \/ Liquid Crystal

a large depth of phase-only
modulation.

Further, a phase-only modu-
lator must be controllable by a
computer for the real-time dis-
play of computer-generated pat-

Dielectric Mirror - Alignment Layer
Figure 1. Structure of the PAL-SLM.

=
o
=
Q

terns. One practical way of do- Bug ;o e
ing this is to use a liquid crystal "5 i ) o f
display or LCD as an accurate, ;= ;1— Theoretical limitation:33.9%
addressable mask for the PAL-4= 8.3

SLM. We have developed a two- "

dimensional, electrically-ad- § g 2 +

dressed phase-only light modu-w= 7

lator module by combining the 5

PAL-SLMandthe LCDwithop- (@ 8.1 |

timized optics’, and have used -,.’: i

these spatial light modulators for Y= AR N S

several applications. =
The PAL-SLM has a sand- a
wich structure consisting of an

18
Spatial frequency (Ip/mm)
undoped hydrogenated amor- rio e 2. piffraction efficiency of the PAL-SLM.
phous-silicon (a-Si:H) photocon-
ductive layer (used for address-
ing), a dielectric mirror, and a =n

28 38 48 58

parallel-aligned nematic-liquid- 2 8.5¢
crystal layer for modulating be- @ E
tween the two transparent con-'e; @.4! Qo o

ductive electrodes (ITO), as = E o
shown in Figure 1. By illuminat- : 0 3E
ing the a-Si:H layer with “write” .
light, voltage is supplied to the

liquid crystal layer. This causes — .2
the liquid crystal molecules to tilt

and the readout light is modu- E 8.1
lated, in parallel, corresponding y= ~*
to the write-light information. =

The phase shift of overadi- = @ = e
ans (at 680nm) can be accom- 0 5
plished with write-light intensity
of 200W/cn% (at 680nm) when
the applied voltage is 3.0V. Here,
the readout laser light is polar-
ized parallel to the molecular axis

10

Spatial Frequency (Ip/mm)
Figure 3. Diffraction efficiency of the LCD coupled PAL-SLM.

15

of the liquid crystal. The response time was
measured at be 30msec, for a phase-modula-
tion depth ofrtradians.

Figure 2 shows the diffraction efficiency of
the device. At low spatial frequencies (<5 line
pairs/mm), the diffraction efficiency was 31%,
which was very close to the theoretical maxi-
mum of Raman-Nath diffraction (33.9%).

The LCD (64480 pixels) and the PAL-
SLM were coupled by a set of lenses for 1:1
imaging. We designed an optical system that
would not transfer the pixel structure of the
LCD, thus preventing the noise diffraction it
would cause.

The transfer characteristics were measured.
Uniform patterns of each gray level were dis-
played on the LCD and the amount of PAL-
SLM phase modulation was measured as a
function of grey level. The relation between
them was almost linear and more tham-éa-
dian modulation was achieved.

The diffraction efficiency of the device was
also measured as shown in Figure 3. Binary in-
tensity gratings of vertical line were displayed
on the LCD. More than 35% of diffraction ef-
ficiency was obtained even when the spatial fre-
quency was 480 TV lines.

We have applied these spatial light modulators
to an optical correlator for fingerprint identification,
displacement measuremémthase contrast tech-
niques® and optical interconnectidrusing a
reconfigurable computergenerated hologram.

Tsutomu Hara

5000 Hirakuchi, Hamakita-city, 434-8601
JAPAN

Phone: +81 53 586-7111

Fax: +81 53 586-6180

E-mail: hara@crl.hpk.co.jp

References

1. Y. Kobayashi, H. Toyoda, N. Mukohzaka, N.
Yoshida, and T. Har&QPTICAL REVIEW, 3,

(6A), p. 403 (1996).

2. H. Toyoda, K. Kobayashi, N. Yoshida, Y. Igasaki,
T. Hara, M. Ishikawa, and M. H. WQSA
Snowmass Meetings, SLM '99 technical digest,
SMB3 (1999).

3. J. Gluckstad, L. Lading, H. Toyoda, and T. Hara,
OPTICS LETTERS, 22, (18), p. 1373 (1997).

4. T. H. Barnes, T. Eiju, and K. Matsudapt.
Commun., 132,p. 494 (1996).

5. N. Mukohzaka, N. Yoshida, H. Toyoda, Y.
Kobayashi, and T. Harappl. Opt., 33, (14), p.
2804 (1994).

6. Y. lgasaki, F. Li, N. Yoshida H. Toyoda, T. Inoue,
N. Mukohzaka, Y. Kobayashi, and T. Ha@pt.
Rev., 6,p. 339 (1999).

7. H. Toyoda, Y. Kobayashi, N. Mukohzaka, N.
Yoshida, and T. HardEEE Transactions on
Instrumentation and Measurement, 44,3), p.
755 (1995).

SPIE’s International Technical Group Newslette@ H



OPTICS & INFORMATION SYSTEMS MAY 2000

Calendar

2000

Optical Data Storage
14-17 May
Vancouver, BC, Canada

Sponsored by IEEE/LEOS, OSA, SPIE. Contact:
IEEE/LEQS, 445 Hoes Lane, P.O. Box 1331,
Piscataway, NJ 08855-1331 USA. Phone: (1) 732
562-3897. Fax: (1) 732 562-8434. E-mail:
e.cabrera@ieee.org.

Fifth International Conference on Material
Science and Material Properties for Infrared
Optoelectronics

22-24 May

Kiev, Ukraine

Organized/Sponsored by Institute of Semiconductor
Physics/National Academy of Sciences of Ukraine,
Ministry of Science and Technology of Ukraine,
SPIE/Ukraine Chapter. Contact S. A. Kostyukevich,
Institute of Semiconductor Physics, Prospect Nauki,

Fax: 380 44 265 54 30, E-mail:
sekret@spie.ukr.kiev.ua. Web: www.spie.org.ua.

45, Kiev-252650, Ukraine; Phone: 380 44 265 62 05.

Optics in Computing-OC 2000 2001
18-23 June

Quebec Hilton Hotel Photonics West
Quebec City, Canada 19-26 January

SPIE is a cooperating organization. Contact: Dr. Denis San Jose Convention Center

Gingras, Digital and Optical Systems. INO, 369 rue San Jose, California USA

Franquet, Sainte-Foy, G1P 4N8, Quebec, Canada. Phone: e
418/657-7006. Fax: 418/657-7009. Web: www.ino.qc.ca. LASI?’Ol High PomyerFl)_asers a.nd Al

@B Optical Science and tions
Technok)gy * OP'I_'OELECTROI_\IICS '01—Integrated
Devices and Applications
SPIE’s Annual Meeting » BIiOS '01—International Biomedical Optics
Symposium

30 July-4 August S ) .
S Bicsn Comvariian Camar ¢ SPIE/IS&T’s El '01—Electronic Imaging:
Y Science and Technology.

San [_)'690' (_)a_llfornla, USA Education Program and Short Courses; Technical
Technical Exhibit: 1-3 August Exhibit.

International Symposium on Optical Memory

5-8 September

Chitose Institute of Science and Technology
Chitose, Japan

For More Information Contact

SPIE « PO Box 10, Bellingham, WA 98227-0010§
Phone (1) 360/676-3290 « Fax (1) 360 647-144
E-mail spie@spie.org  Web www.spie.org

4ip)e] Quality technical training

4 When you need it.

Can't wait for live presentations?
Can't afford high travel costs and tuition?

Can't afford the time out of the office?

You have a solution! SPIE's education video short courses offer:

= convenient and cost effective continuing education in optical science and
engineering

= customized training to any number of people who may learn at their own
pace, and in a time-frame and environment convenient to them

= flexibility in viewing only those topics that are important to current
projects or for viewing specific segments time and again.

You can also find descriptions at www.spie.org/web/courses/video_update.html

To request a brochure listing SPIE's more than 70 video short courses, their descriptions,
learning objectives, and prices contact SPIE at 360/676-3290 or send e-mail to videos@spie.org.
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Reconfigurable free-space optical
Interconnection module

We have realized a recon-
figurable free-space optical
interconnection module that
connects VLSI chips with
parallel optical input and out-
put (I/0O) channel$.The in-
terconnection topology is
reconfigurable by modifying
a computer generated holo-
gram (CGH) written on a par-
allel-aligned nematic liquid-
crystal spatial light modula-
tor (PAL-SLM), developed
by Hamamatsu Photonics
K.K., and located at the Fou-
rier plane of the module. The
appropriate interconnection
topology can therefore be
built to meet the requirements
of a given application. For ex-

ample, a pixel can be madd>TOCESSOr (2)

to transmit data to several
pixels simultaneously if a
fan-out diffraction pattern is

Figure 1. Optical interconnection module.

Optical Interconnection Module
Processor (1)

FT lens is shared for input and
output and is implemented in
a zoom lens configuration to
shorten the working distance
(155-200mm). In addition, the
optical path is folded by mir-
rors several times for compact-
ness and modularity. The
PAL-SLM is addressed by a
compact liquid crystal display
(LCD) panel that is illumi-
nated by a visible laser diode.
The LCD and the PAL-SLM
are coupled by a planar micro
lens (PML) array with a work-
ing distance of 32mm. The
size of the module overall is
250mnx140mnx62mm.

A key component of the
unitis the PAL-SLM used as
a 2D optical phase modula-
tor, which consists of a-Si
layer for optical addressing
and a liquid crystal layer for

written into the phase modulation at the Fou-

rier plane. Such a pipelined parallel optoelec-

tronic processing system has been combined
with processor arrays, yielding a processing
capability that does not suffer from the usual

data-transfer bottlenecks. This is thanks to the
dense interconnection bandwidth supplied by
the optical interconnect.

Following it through the optical interconnec-
tion module shown in Figure 1, the optical beam
is first generated by a vertical-cavity surface '
emitting laser (VCSEL) array, then goes through |
the prism and Fourier transform (FT) lens, after
which the collimated beam reflects from the sur-
face of the PAL-SLM where the beam is dif-
fracted depending on the CGH pattern. The dif-
fracted optical beam then goes back through the x
FT lens, is reflected by the prism and imaged

phase modulation. This device is capable of
modulating the phase of the light beam beyond
2m, thus enabling excellent diffraction effi-
ciency. The PAL-SLM has a 20m@0mm
active area with a resolution of 20 Ip/mm (at
50%MTF). The LCD used is a 102468-pixel
1.3" XGA-LCD (LCX023BL, produced by
SONY) with a 2¢im horizontal pitch. The dif-
fraction efficiency resulting is between 10%
and 50% of the ideal value and depends on the
interconnection pattern.

This optical interconnection module was de-
veloped for a pipelined parallel optoelectrnic
computer called OCULAR-II (Optoelectronic
Computer Using Laser Array with Recon-
b v : figurability).? Each processing layer consists of

: e ) a general purpose processing element (PE) ar-

& : ".t ray, each “pixel” of which contains an Arithmetic

onto the photodetector array. By the using @ Figure 2. Two-layer pipelined system. Logic Unit (ALU), local memory, 4-neighbor-
prism in a reflection-type configuration, the in- hood connections, and optical I/O channels. Fig-
put and output surfaces are located on oppositple, ranging from 360mm to 440mm to com- Ure 2 shows a two-layer system where the opti-
sides. The result, therefore, is pipelined andpensate for temperature fluctuations and to ease

stackable. The focal length of the FT lens is vari- the alignment. To make the module compact, the continued on p. 8
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