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Abstract. The architecture and mathematical analysis of a new multi-
channel multistage holographic optical random access memory
(HORAM) architecture and an experimental demonstration of its feasibil-
ity are presented. The new HORAM can be used for ultra-high-capacity
storage and high-speed random retrieval of information. A two-stage
HORAM, using a Dammann grating and a multifocus holographic lens,
clearly shows the capability of storing 2000 holographic matched filters.
The functional requirements for key optical elements including laser
sources, spatial light modulators, and electro-optical shutters for making
a desired practical and compact HORAM are described. The potential
extension of the HORAM system for multiple-channel optical pattern rec-
ognition, classification, and image restoration are described. © 1998 So-
ciety of Photo-Optical Instrumentation Engineers. [S0091-3286(98)02503-3]
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1 Introduction

Instruments with high speed and large capacityin situ data
identification, classification, and storage capabilities are
quired for information management and analysis. For
ample, in National Aeronautics and Space Administrat
~NASA! applications, extremely large volumes of data s
must processed in space exploration, space habitation
utilization, and in various missions to planet-earth p
grams. Parameters such as communication delays, lim
resources, and inaccessibility of human manipulation
quire more intelligent, compact, low-power, and ligh
weight information management and data stora
techniques.1,2 For this reason, new and innovative tec
niques are being developed by many researchers in
field. Among the various techniques being developed,
3-D volume holographic memory has been considered
one of the most important and promising for da
storage.3–11 For example, Mok5 reported that more than
thousands of holograms can be stored in a lithium niob
crystal via angular multiplexing, Heanue et al.4 demon-
strated the storage and retrieval of digital data using a
ume hologram, and Yu and Yin have used a volume p
torefractive crystal to make a reflection type matched fi
applicable for pattern recognition.11 The purpose of this
paper is to present a new and basic concept of a multich
nel multistage spatially parallel holographic optical rando
access memory~HORAM! system and the theoretica
analysis of a two-stage HORAM architecture. The prelim
nary experimental results demonstrating the storage p
of a 2000-channel system and its potential for optical p
tern recognition are presented. We then present various
tical computing methods based on the HORAM archit
ture. The multistage HORAM can be used for the stora
Opt. Eng. 37(3) 779–788 (March 1998) 0091-3286/98/$10.00
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and random information retrieval among an extremely la
amount of data and a family of pattern recognition applic
tions. Advantages of the HORAM include large data st
age capacity and high-speed parallel retrieval without m
ing parts. For a two-stage HORAM, two orders
magnitude of increment of the storage capacity can
achieved as compared with that of the single-staged sp
multiplexed multichannel optical pattern recognition sy
tem previously reported.12–14 The practical limitations of
the new architecture, primarily due to the availability
some basic components, are described at the end of
paper to stimulate further technology innovation and a
vancement required for this important technique.

2 Theoretical Discussion

The basic concept of the HORAM is shown in Fig.
where the input informationT is presented in a 2-D imag
or data format, which is carried by a collimated laser bea
The input can either be presented with a phototranspare
or in real time by a spatial light modulator. An example
an inexpensive laboratory type electronically addres
spatial light modulator is the liquid crystal television spat
light modulator15 ~LCTV SLM!. The inputT is then ap-
plied through a multiple number of cascaded stages of
lographic optical elements~HOEs! and shutter arrays tha
are represented by theH blocks. EachH block may contain
HOEs and shutter arrays. The functions of these elem
are described by using blocksH1 andH2 as examples. The
HOE in H1 replicates inputT into an array ofh13h1 iden-
tical T’s. The shutter array inH1 can be electronically con
trolled such that it can let any one of the (h1)2 replicas ofT
pass through and stop the others. The subsequentH2 block
779© 1998 Society of Photo-Optical Instrumentation Engineers
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has the function of a multifocus holographic lens w
(h2)2 foci. A second shutter array can be used to select
of the foci of the multifocus lens. Hence at the output of t
block H2 , (h13h2)2 Fourier transforms ofT will appear
one at a time at planeF since each time one of the Fourie
transforms is selected, it is accomplished by the openin
one of each of the switches of the two shutter arrays. If o
applies a reference beam to interfere with the Fourier tra
form, a holographic filter can be recorded at planeF. By
using each Fourier transform in the array to record one
the images or 2-D data, a complete array of matched fil
can be recorded. For example, if twoH blocks are used
with h159 andh255, a minimum of (935)252025 Fou-
rier transforms ofT can be stored at planeF if only one
Fourier transform is recorded at each point of the arr
Since holograms can be superpositioned, if each poin
used to record four Fourier transforms by angular mu
plexing, over 10,000 matched filters can be recorded
planeF. If h1533 andh257 and a single matched filter a
each focus is recorded, a total of 53,361 Fourier transfo
of T can be stored at planeF. In the preceding examples,
the input data are images of human faces, then over 50
faces can be memorized in a HORAM. In the pattern r
ognition process, an input can be used to address all
stored holographic filters and therefore auto- or heteroc
relation signals can be obtained. On the other hand,
switching the shutter in each of theH blocks to let only one
channel of the reference beam pass, one of the input im
or 2-D data becomes randomly accessible.

One possible implementation of the HORAM in a tw
stage architecture is to use a high-efficiency Damm
phase grating16,17 with a lens and a shutter forH1 , and a
multifocus holographic lens18 ~hololens! with a shutter for
H2 . The transmission of the Dammann grating can be
scribed as19

t~x,y!5Fcomb S x

Ld
,

y

Ld
D * g~x,y!Ga~x,y!, ~1!

where* indicates the convolution operator;Ld is the period
of grating;g(x,y) is the shape of the individual groove;

Fig. 1 Block diagram illustrating the concept of a HORAM.
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anda(x,y) is the aperture, which in general is the incide
Gaussian profile of the laser beam. However, for simplic
the aperture is assumed to be open and uniform, so
a(x,y)51. The Fourier transform of the grating19 is

T~ f x , f y!5Ld
2@comb~Ldf x ,Ldf y!#G~ f x , f y!

5 (
m52`

`

(
n52`

`

dS f x2
m

Ld
D dS f y2

n

Ld
DG~ f x , f y!,

~2!

where G( f x , f y) is the Fourier transform ofg(x,y), and
G( f x , f y) acts as a window function to attenuate tho
peaks of(m52`

` (n52`
` d( f x2m/Ld)d( f y2n/Ld) that are

not wanted. For a (2M11)3(2M11) array, we design
the grating in such a manner that ideally

G~ f x , f y!5 H1
0

umu,unu<M
umu,unu.M . ~3!

With Eq. ~3!, Eq. ~2! can be expressed as

T~ f x , f y!5 (
m52M

M

(
n52M

M

dS f x2
m

Ld
D dS f y2

n

Ld
D . ~4!

A traditional single-lens Dammann grating Fourier tran
form system is shown in Fig. 2.

A multifocus hololens18 with its architecture and func
tionality as shown in Fig. 3 can be used as the HOE inH2

Fig. 2 Diffraction of light passing through a Dammann grating and a
lens.

Fig. 3 Architecture and functionality of the multifocus hololens.
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of Fig. 1. The element was designed via a detailed Four
computation and diffraction analysis19 such that it will
work as a lens with an array of foci. This multifocus holo
lens is different from an array of microlenses because
multifocus lens has a single aperture where the array
microlenses form foci, each of which has its own apertu
Therefore the multifocus hololens can be used to produ
an array of Fourier transforms of the same input ima
where a microlens array cannot. For example, if the input
the multifocus hololens is a single laser beam, the beam
be directed to the array of foci with energy divided equal
among the foci. When the input is an image carried by t
collimated laser beam, in an ideal case, the multifoc
hololens will produce at its focal plane an array of rep
cated Fourier transforms of the input. When one of the fo
passes through a selection array spatial filter~in the form of
small openings!, it can be reimaged at the output plane
Special spectral modulation can be performed at the fo
plane and image processing can be performed at the im
plane. This architecture is therefore highly versatile. Mor
over, by properly cascading the two HOEs as describ
one can greatly increase the number of channels that ca
processed in parallel. For example, the interconnection
pacity and computation speed can hardly competed with
any other method.

The described HOEs can be invoked in an architectu
as shown in Fig. 4, as one way to implement the conce
shown in Fig. 1. The architecture utilizes a cascaded co
bination of a Dammann phase grating and a multifoc
hololens. A laser beam from an argon ion laser is divid
into an object beam and a reference beam by a beamspl
~BS!. The object beam is collimated by a spatial filter an
lensL1 combination. The collimated beam is used to illu
minate the Dammann grating and the input transparency
the output carries the input object. LensL2 is used to Fou-
rier transform the object-carrying input beam multiplied b
the transmittance of the Dammann grating into a (2M
11)3(2M11) equal-intensity Fourier transform pattern

Fig. 4 Experimental setup of a HORAM system utilizing the cas-
cade of a Dammann grating and a multifocus hololens.
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array at the focal plane ofL2 , where shutter array 1 is
placed to selectively let one order pass in the record
process. The input pattern carried by the single diffract
order is imaged byL3 to pass through the multifocus len
and is then Fourier transformed into the (2N11)3(2N
11) foci array at the focal plane of the hololens, whereN
is the maximum diffraction order of the hololens. At th
focal plane, the selection shutter array 2 is placed to se
tively let one order to pass. LensesL4 andL5 are used to
reimage the passed Fourier transform where a hologra
matched filter can be recorded. In the recording process
reference beam is collimated by a spatial filter and lenL
combination and is used to interfere with the Fourier tra
form of the object beam at the matched filter plane. If o
let one object pass at each recording and let the refere
beam to interfere only with that order, a total of (2M
11)23(2N11)2 array of input data can be stored at th
focal plane ofL5 , as shown in Fig. 4. The data/image fo
mation property of the HORAM shown in Fig. 4 is de
scribed in the following.

2.1 Amplitude Distribution at Plane P2 (Fourier
Transform Plane of L2)

The object is illumined by an array of beams diffracted
the Dammann grating. The overall transmittance may
described ast(x,y)O(x,y), wheret(x,y) and O(x,y) are
the transmittance functions of the Dammann grating a
the object, respectively. Assuming that the combin
grating-object is placed at one focal length in front of le
L2 , the result is an optically Fourier transformed array
cated at the back focal planeP2 of L2 . The beam ampli-
tude distribution atP2 can be represented by a (2M11)
3(2M11) array of Fourier transform of the object by len
L2 :

S2~ f x , f y!5
A

j l f 2
F2@ t~x,y!O~x,y!#

5
A

j l f 2
(

md52M

M

(
nd52M

M

dS f x2
md

Ld
D

3dS f y2
nd

Ld
D * F2@O~x,y!#

5
A

j l f 2
(

md52M

M

(
nd52M

M

dS f x2
md

Ld
D

3dS f y2
nd

Ld
D * Õ~ f x , f y!, ~5!

where l is the wavelength of the laser,A is a constant
associated with the collimated laser input wave amplitu
f 2 is the focal length of lensL2 , 1/Ld is the period of the
Dammann Grating in frequency domain, andFn denotes
the Fourier transform by lensLn(n51,2,...),
781Optical Engineering, Vol. 37 No. 3, March 1998
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Õ~ f x , f y!5F2@O~x,y!#

5E E O~x,y!exp @2 j 2p~ f xx1 f yy!# dx dy,

~6!

where f x and f y are the spatial frequencies:f x5x2 /(l f 2)
and f y5y2 /(l f 2); and (x2 ,y2) are points in planeP2 . The
amplitude distribution atP2 can also be expressed in term
of the position at planeP2 :

U2~x2 ,y2!5S2S x2

l f 2
,

y2

l f 2
D

5
A~l f 2!2

j ~l f 2! (
md52M

M

(
nd52M

M

dS x22
l f 2

Ld
mdD

3dS y22
l f 2

Ld
ndD * ÕS x2

l f 2
,

y2

l f 2
D

5
A

j ~l f 2!
Md~x2 ,y2!* ÕS x2

l f 2
,

y2

l f 2
D , ~7!

where

Md~x2 ,y2!5~l f 2!2 (
md52M

M

(
nd52M

M

dS x22
l f 2

Ld
mdD

3dS y22
l f 2

Ld
ndD . ~8!

An aperture can be placed at planeP2 with a selection
filter, which is set to select one of the (2M11)3(2M
11) equal-intensity diffraction orders.

2.2 Amplitude Distribution at Fourier Plane of Lens
L3

LensL3 is placed at distancef 3 from planeP2 . Due to the
input at planeP2 , the amplitude distribution at the Fourie
plane of lensL3 can be written as

S3~ f x2
, f y2

!5
1

j l f 3
F3@U2~x2 ,y2!#

52
A

~l f 2!~l f 3!
F3$Md~x2 ,y2!* F2@O~x,y!#%

52
A

~l f 2!~l f 3!
F3@Md~x2 ,y2!#

3F3F2@O~x,y!#. ~9!

The amplitude distribution Eq.~9! can also be expressed
terms of the position at Fourier plane of lensL3 , that is
782 Optical Engineering, Vol. 37 No. 3, March 1998
U3~x3 ,y3!5S3S x3

l f 3
,

y3

l f 3
D

52
A~l f 2!2

~l f 2!~l f 3!
M̃dS x3

l f 3
,

y3

l f 3
D

3OS 2
f 2

f 3
x3 ,2

f 2

f 3
y3D , ~10!

where

M̃d~ f x , f y!5F3$Md~x,y!%.

2.3 Amplitude Distribution at the Fourier Plane of
the Holographic Lens

The holographic lens Fourier transforms the inp
U3(x3 ,y3) to a (2N11)3(2N11) array of spectrum onto
its Fourier transform plane. The amplitude distribution i

Sh~ f x3
, f y3

!

5
1

j l f h
(

mh52N

N

(
nh52N

N

dS f x3
2

mh

Lh
D dS f y3

2
nh

Lh
D

* Fh@U3~x3 ,y3!#

52
A~l f 2!2

j ~l f 2!~l f 3!~l f h!

3 (
mh52N

N

(
nh52N

N

dS f x3
2

mh

Lh
D dS f y3

2
nh

Lh
D

* FhF M̃dS x3

l f 3
,

y3

l f 3
D G* FhFOS 2

f 2

f 3
x3 ,2

f 2

f 3
y3D G

52
A

j ~l f 2!~l f 3!~l f h!

3 (
mh52N

N

(
nh52N

N

dS f x3
2

mh

Lh
D dS f y3

2
nh

Lh
D

* FhF3@Md~x2 ,y2!#* FhF3F ÕS x2

l f 2
,

y2

l f 2
D G . ~11!

The amplitude distribution@Eq. ~11!# can also be ex-
pressed in terms of the position at the Fourier plane of
holographic lens, that is
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Uh~xh ,yh!

5S3S xh

l f h
,

yh

l f h
D

52
A~l f 3!4~l f h!2

j ~l f 2!~l f 3!~l f h!

3 (
mh52N

N

(
nh52N

N

dS xh2
l f h

Lh
mhD dS yh2

l f h

Lh
nhD

* MdS 2
f 3

f h
xh ,2

f 3

f h
yhD * ÕS 2

f 3

l f 2f h
xh ,

2
f 3

l f 2f h
yhD

52
A~l f 3!4

j ~l f 2!~l f 3!~l f h!
Mh~xh ,yh!

* MdS 2
f 3

f h
xh ,2

f 3

f h
yhD * ÕS 2

f 3

l f 2f h
xh ,

2
f 3

l f 2f h
yhD , ~12!

wheref h is the focal length of the holographic lens, 1/Lh is
the period of the holographic lens in the frequency doma
and

Mh~xh ,yh!5~l f h!2 (
mh52N

N

(
nh52N

N

dS xh2
l f h

Lh
mhD

3dS yh2
l f h

Lh
nhD . ~13!

2.4 Light Amplitude Distribution at the Matched
Filter Plane

For simplicity, L4 and L5 are selected as a pair of lens
with the same focal lengthf 4 . LensL4 is placed at a dis-
tancef 4 from the Fourier plane of the holographic lens a
lens L5 is placed 2f 4 from lens L4 . The matched filter
plane is at the focal plane of lensL5 . The amplitude dis-
tribution at the matched filter plane can be expressed a

Um~xm ,ym!52
1

~l f 4!2 F5F4@Uh~xh ,yh!#

52UhS 2
f 4

f 5
xm ,2

f 4

f 5
ymD . ~14!

Since f 45 f 5 , we have

Um~xm ,ym!52Uh~2xm ,2ym!

5
A~l f 3!4

j ~l f 2!~l f 3!~l f h!
Mh~2xm ,2ym!
* MdS f 3

f h
xm ,

f 3

f h
ymD

* ÕS f 3

l f 2f h
xm ,

f 3

l f 2f h
ymD , ~15!

where (xm ,ym) is a point at the matched filter plane. It ca
be seen that the amplitude distribution at the matched fi
plane is proportional to a (N3N) with (M3M ) array of
the Fourier transforms of the object

Õ~ f x , f y!5F@O~x,y!#

5E E O~x,y!exp @2 j 2p~ f xx1 f yy!# dx dy,

where

f x5
f 3

l f 2f h
xm and f y5

f 3

l f 2f h
ym .

2.5 Recording of the Holographic Matched Filter

In the recording of the holographic matched filter, two s
lection shutter arrays are placed at the planeP2 and at the
Fourier plane of the holographic lens, respectively. T
shutter arrays are set such that only one order each from
Dammann grating and the holographic lens is selected
pass. Once the order (m1 ,n1) from Dammann grating and
the order (m2 ,n2) from holographic lens are selected, th
amplitude distribution at the matched filter plane, or E
~15!, becomes

Um~xm ,ym!5
A~l f 2!2~l f 3!4~l f h!2

j ~l f 2!~l f 3!~l f h!
dS 2xm2

l f h

Lh
m2D

3dS 2ym2
l f h

Lh
n2D * dS f 3

f h
xm2

l f 2

Ld
m1D

3dS f 3

f h
ym2

l f 2

Ld
n1D

* ÕS f 3

l f 2f h
xm ,

f 3

l f 2f h
ymD

52 jA~l f 2!~l f 3!~l f h!3dS 2xm2
l f h

Lh
m2D

3dS 2ym2
l f h

Lh
n2D * dS xm2

l f 2f h

f 3Ld
m1D

3dS ym2
l f 2f h

f 3Ld
n1D

* ÕS f 3

l f 2f h
xm ,

f 3

l f 2f h
ymD , ~16!
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Um~xm ,ym!52 jA~l f 2!~l f 3!~l f h!3ÕS f 3

l f 2f h
xm

1
f 3

f 2Lh
m22

1

Ld
m1 ,

f 3

l f 2f h
ym1

f 3

f 2Lh
n2

2
1

Ld
n1D , ~17!

where m1 and n1 range from2M to M and m2 and n2

range from2N to N. Once (m1 ,n1) and (m2 ,n2) are se-
lected by shutter arrays 1 and 2, only one Fourier transfo
of the input image is recorded at matched filter plane. Fr
this analysis, we can see that the total number of chan
of the system is determined by the Dammann grating
the holographic lens used.

3 Experimental Demonstration

To show the feasibility of the HORAM, a preliminary ex
periment using the configuration shown in Fig. 4 was p
formed. In the experiment, we used a Dammann gra
with M54 (2M1159) and a 25-foci hololens withN
52(2N1155). A 25-mW Spectra Physics Model 16
He-Ne laser was used as the input laser source. F
length of the lenses used in the system aref 1510 cm, f 2

520 cm, andf 35 f 45 f 5538 cm with corresponding aper
tures of 4 and 5 cm forL1 andL2 respectively, and 7.62 cm
for the SORL lensesL3 , L4 , andL5 , the focal length of
the hololensf h525.4 cm. The effective aperture used f
the input image is about 5 mm. The experimental outpu
a two-stage HORAM at the mulplexed Fourier transfo
array output plane of Fig. 4 is shown in Fig. 5. A total
2025 Fourier transforms in a 2-D array of 45345 foci
format has been obtained in an area of 232 cm at the
matched filter plane. Matched filters at a single focus a
several randomly selected focuses have been recorded
the correlation signals have been observed.

Fig. 5 Experimental demonstration: a 2025-channel (45345) Fou-
rier transform array at the plane F in Fig. 1 of a two-stage optical
RAM.
784 Optical Engineering, Vol. 37 No. 3, March 1998
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4 Optical Pattern Recognition and Computing
Methods Based on the HORAM

The HORAM has a broad range of applications. Based
the multistage HORAM architecture, a few optical patte
recognition and special-purpose optical computing meth
can be implemented as described next.

4.1 Multichannel Pattern Recognition System

The recording and addressing architecture of a multich
nel pattern recognition system are shown, respectively
Figs. 6~a! and 6~b!. In Fig. 6~a!, the object is presented t
the system via a spatial light modulator illuminated by
collimated laser beam. The image is replicated in a sim
manner as that in the HORAM as described. The replica
images form an array of Fourier transform patterns at
holographic matched filter plan where the matched filt
can be made by using a single plane reference wave du
the image storage process. For each image, a shutter is
to select one of the Fourier transform of the array. In t
addressing process, if an input object image is one of
images stored, the output correlation signal will imme
ately reveal the answer. To give a numerical example, if
same image is rotated five times and stored in the sa
location of a matched filter, an array of 2000 would ena
10,000 images to be stored. The capacity of storage wo
allow recognition of images with rotation and scale var
tions.

4.2 Multichannel Pattern Classification System

The recording and addressing architecture of a multich
nel pattern classification system are shown, respectively

Fig. 6 (a) Multichannel pattern recognition system reording archi-
tecture and (b) multichannel pattern recognition system addressing
architecture.
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Figs. 7~a! and 7~b!. The recording and addressing proces
are similar to those described in Sec. 4.1. The major dif
ence is that in this case, an orientation variable plane w
is used for the image storage process. The images or
tures belong to the same class is stored with a certain
lected orientation of the reference beam. In the addres
process, if an input object image is one of the class of
images stored, the position of the output correlation sig
will immediately reveal the class that the image belongs
For example, the 10,000 images of the example given
Sec. 4.1 can be classified into 100 classes by using
reference waves each of which is oriented at a distinc
angle.

4.3 Multichannel Pattern Restoration System

The recording and addressing architecture of a multich
nel pattern restoration system are shown in Fig. 8. A sin
plane wave is used for all the image storage process sim

Fig. 7 (a) Multichannel pattern classification system recording ar-
chitecture and (b) multichannel pattern classification system reord-
ing architecture.

Fig. 8 Multichannel pattern restoration system addressing architec-
ture.
-
-

0

-

r

to that of Fig. 6~a!. In the image restoration process, th
object beam is shut off and the (i , j )’th stored object image
can be restored by using the same reference beam and
tronically controlled selection shutters placed in front of t
output imaging lens. The image stored at the (i , j )’th
matched filter position will be holographically retrieved b
the recording reference beam. In this case, only one im
at each filter can be stored and recalled. The inverse Fou
transform is performed by the lens placed after the matc
filter array. The restored image can be displaced at its fo
plane.

5 Discussion

The definition and functional requirements for a tradition
RAM have been realized electronically with impressive a
complishments and on-going progress in capacity, spe
and compactness. The optical RAM described in this pa
is not intended to compete with the digital electronic RAM
The optical RAM architecture can offer an unique featu
in high-speed parallel optical pattern recognition over
extremely large database. However, to achieve the spe
purpose computing goals, technological advancement
breakthroughs in some of the key optical components
required. The challenges and opportunities in the resea
and development of the components are now briefly d
cussed.

5.1 Laser Sources

It is desired to have a laser source comparable to a l
diode in size with a power level comparable to that of
argon ion laser. However, the laser diodes have very p
coherent length and are not suitable for making hologra
The diode-pumped solid state laser has high power ou
but also lacks of coherence. Hence at the present time
necessary to use large-frame lasers as recording sourc

5.2 SLMs for Data Input

The SLM for the input in the optical RAM poses a cha
lenge for device technology development. Many kinds
SLMs have been developed. These include the Hughes
uid crystal light valve, the microchannel plate SLM, th
microdeflection mirror SLM, the ferroelectric liquid crysta
SLM, and the liquid crystal television SLM. For high-spee
optical RAM operation, high-frame-rate SLMs with hig
dynamic range, small size, and large numbers of pixels
required. The desired functional requirements for the SL
are listed in Table 1.

No single currently available SLM has all the desir
features, and the price of high-quality SLMs is too high

Table 1 Desired SLM functional requirements.

Functional Features Desired Specifications

Space-bandwidth product 104231042

Aperture dimensions (mm3mm) 535

Speed (frames/s) 1000

Dynamic range 100:1

Light efficiency 90%

Cost $100 or less
785Optical Engineering, Vol. 37 No. 3, March 1998
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use to construct a practical optical RAM. The liquid crys
television SLM is the only inexpensive SLM that meets t
low-cost requirement, but it has other limitations includi
speed, contrast, and resolution.

5.3 Optical Lenses and Mirrors

To achieve optimum light utilization efficiency, Fourier op
tical lenses and mirrors must be specifically designed
fabricated. Ideally, a miniaturized optical system with
input lens of an effective aperture of less than 535 mm
and with other components designed based on this ape
is desired.

5.4 Shutter Arrays

A single-aperture mechanical shutter can be used to w
the input data into the memory. Mechanical shutters h
an aperture of 100% transmittance. The position of
shutter can be precisely translated under the control o
PC. An alternative method is to use a liquid crystal shu
array. These shutters are available mostly in reflect
mode with high distinction ratios. In the addressing mo
the shutters can be completely removed and hence will
affect the performance of the memory retrieval or patt
recognition functions.

5.5 Holographic Recording Materials

Candidates for real-time holographic recording mater
include nonlinear photorefractive crystals, photopolyme
and thermoplastic materials. The recording sensitivity
the thermoplastic material is comparable to that of sil
halide film. A simple and compact charging system must
developed for the thermoplastic recording device. Mo
sensitive photorefractive and photopolymer materials m
be developed for large-capacity memory.

5.6 Output Detectors

Photodiodes can be used for the detection of a single ou
signal. An array of output signals can be detected by a C
array. Large-array position determinable smart pixel
vices are required for pattern classification applications

5.7 Light Budget Estimate, Speed, and Applications

Next, we make an estimate of the light budget for a tw
stage HORAM based on realizable optical components.
sume a laser power of 5 W is used. The collimating optics
reduces its power by a factor of 70%, the input SLM r
duces its power by a factor of 90%, the Dammann grat
by 80%, the hololens by 50%, and each of the shutter
rays by 50%. Since part of the beam is used by the re
ence beam, another factor of 90% will be multiplied, m
cellaneous light loss of the components is represented
factor of 70%. The overall factor is the multiplication of a
the factors. The resulting factor is about 4%. By dividi
the resulting light power by 2000, a maximum of 100mW
is available for the recording of a single matched filter. T
same power level is available for retrieval. If the match
filter has a 50% diffraction efficiency, the correlation sign
has an output of at most 50mW, which is sufficient for the
detection devices. Based on this estimate, the power le
will reach its limit if we have a 10,000-channel HORAM
786 Optical Engineering, Vol. 37 No. 3, March 1998
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The retrieval and processing speed is limited by that
the input SLM. For a 10,000-channel HORAM, if all th
optimum values of the parameters are used and we ass
that the speed the input SLM is 1000 frames/s with 4
3600 binary pixels, the processing speed is estimated t
240 Gbits/s. This speed for pattern recognition is valua
for certain specific applications.

With respect to the applications of these specific opti
computing methods, one example of these application
illustrated in Fig. 9. Figure 9~a! shows how memorization
is accomplished in the HORAM by placing the objects
represented by the satellite and space shuttle in the vie
a video camera. Over tens of thousands of 2-D data ca
stored. Microprocessors can be used to control the rand
access to any data set from the memory. After the HORA
memorizes all the images presented to it, it becomes sm
When an input such as a partial and noisy space shuttle
shown in Fig. 9~b!, is presented to it, the HORAM ca
recover and display at the output screen the perfectly
trieved image. In addition, the HORAM can be used
recognize an input and tells us whether it belongs to
memory. For example, if the fingerprints of FBI’s mo
wanted criminals are stored in the memory, the HORA
can determine whether an arbitrary input fingerprint b
longs to one of the criminals. The recognition can be
complished remotely and the HORAM can make a decis
at the speed of light!

6 Conclusions

We have described a new technique of using multi
stages of free-space interconnection holographic elem

Fig. 9 Examples of HORAM applications: (a) memory process and
(b) information retrieval.
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to implement a HORAM. We have demonstrated the te
nique with a memory capacity of over 2000 images. Pot
tially, seemingly limited only by the laser power, tens
thousands of images can be stored. Microprocessors ca
used to control the random access to any data set from
memory. Each of the thousands of Fourier transforms in
array can be used to record a matched filter of an in
image. Simultaneous optical pattern recognition and/or d
processing of the superlarge array means a compu
speed of the order of at least 1011 bits/s. This speed is faste
than those obtainable by any other methods reported.
example, if the fingerprints of FBI’s most wanted crimina
are stored in the memory, the HORAM can determ
whether an arbitrary input fingerprint belongs to one of
criminals. The recognition can be accomplished remot
and the HORAM can make the decision at the speed
light!
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