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Adaptive quadratic associative memory using

holographic lenslet arrays
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Abstract

Optical implementation of adaptive quadratic as-
sociative memory for two-dimensional patterns is de-
scribed by using holographic lenslet arrays and spatial
light modulators. Basic experimental results demon-

strating its feasibility are reported.

Recently, optical realization of associative mem-
ory based on neural network models is studied by
many researchers.!~1? A neural network stores infor-
mation distributively in its weight interconnections,
and processes its information in ‘parallel. Another
important feature of the neural network is learning
capability by changing its interconnection weights be-
tween neurons. In this Letter, optical implementation
of two-dimensional (2-D) quadratic associative mem-
ory (QAM) that needs parallel N ¢ weighted intercon-
nections is described. We show that fully adaptive
interconnections for the 2-D QAM are realizable by
using two 2-D holographic lenslet arrays and two spa~
tial light modulators (SLM’s). Of course, this adap-
tive interconnection method can be applied to other
neural net models based on the connectionism such

as the Hopfield model'® and bidirectional associative

memory!*. For example, the adaptive interconnects
for Hopfield model may be implemented by using one
holographic lenslet array and one spatial light modu-
Jator. Thus two extensions of our previous work'? are
proposed; they are learning capability and storage of
2-D images in QAM. We also show basic experimental
results.

Extension of the 1-D QAM?!% to the 2-D QAM
is straightforward. Introducing an operator T that
transforms 1-D vectors to 2-D matrices may be a
solution®. We consider here only autoassociative
memory, which can be readily extended to a heteroas-
sociative memory. A set of M binary matrices V}}
(s=1, 2, ..., M and 3, j=1, 2, .., N) are stored in a
sixth rank tensor,

M
Wiskimn = 3 2V — D@V -1D(@Vaa -1 (1)

a=1

where the unipolar binary {1, 0} is assumed. The
tensor Wi ximn i8 used for the retrieval of stored in-
formation from erroneous or partial input matrices.
The ﬁensor—matrix product

N N
VE=Y0Y WikimaViiVnn (2

ki m,n

with thresholding operation on V‘f’ yields an estimate
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of stored matrix that is most like the input V“Jl . The
thresholded estimate matrix is fed back to the input,
and it converges to the correct stored image.

In the optical implementation it is convenient to

use unipolar W, by adding a constant to every

ijkimn
Wijkimn. This is compensated by input-dependent
thresholding operation.’!? Eq. (2) may be cast into

two equations as follows-

uk( Z uklmn mn (3(1)
N

Vi'j‘ = ZT.'?HVJ:I (3b)
ki

where the terms marked by * means they have unipo-
lar values. Then, V}, is obtained by an appropriate
input-dependent thresholding operation on f’.;‘ In
this case the thresholding level 6 is (3° 5 V,-")z.
both T}, and V& are to be thresholded like Ref. 12,
6t is 3o, VY.

Consider the implementation of Egs. (3a) and
(3b) with optics. We explain how each of the two

tensor-matrix multiplication can be realized by using

holographic
2-D lenslet array

e

ref.
beam

/ 1st order lens image
diffracted superpaosition
beams plane

connection

pattern

Fig. 1. Image superposition operation of holographic

lenslet array. The image of patterns in front of
each holographic lenslet array element is super-

posed in the image plane.

both a holographic lenslet array and an SLM. Each
holographic lens plays the role of a lens for the first
order diffracted beam when the reference beam is il-
luminated. Thus it is possible to superpose the im-
ages of patterns positioned in front of the holographic
lenses with the help of a lens as shown in Fig. 1. Each
holographic lens is made by exposing in a small area
of the hologram a parallel reference beam with an ob-
ject beam that is expanding from a focus. The array
of such lenses are obtained by shifting the holographic
plate and then exposing the two beams, repeatedly.
Since Eq. (3a) is a weighted sum, 3~ W, k,mnV,fm,
the holographic lenslet array is used to obtain T,
First, we encode the tensor weight W/, into 2-
D matrix pattern and position the pattern in front
of the holographic lenslet array. Then, by illuminat-
ing a light beam through the input N x N SLM that
represents an input matrix V£, ., Eq. (3a) is realized
in the superposed image plane as shown in Fig. 1.
A coding rule of the sixth rank tensor into the 2-
D SLM is shown in Fig. 2a, in which each value of

W+

ikimn is normalized and encoded by the degree of
light transmission through the pixel of the SLM. Thus

an N3% x N3 SLM is required for W, Similarly,

fikimn®
Eq. (3b) is realized after T}, is obtained. The total
system is shown in Fig. 3. Part A and B of Fig. 3
is the implementation of Eqs. (3a) and (3b), respec-
tively. Part B is similar to Part A except that the
weight pattern T}, is the result of Part A.

Note that the weight pattern W[, is not
recorded in the hologram array. It is only positioned
in front of the holographic lenslet array. Thus an
adaptive system can be realized by changing W/,
value of the N2 x N3 SLM.

To show the feasibility of our system, a simple
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experiment is executed. Two binary images “L” and

l‘T”

1 00 1 11
L=f10 0], T={0 1 0 1)
1 11 010

are stored in 3x3 neurons. The 3% x 32 weight pattern

W i kimn aTe calculated and the film mask for Wiikimn

* *
Wit Wiatin
/

A

Fig. 2. (a) An example of the coding rule of the sixth

rank tensor W} into 2-D SLM when N=3.

i)kimn

The value of each W is represented by the

Jkimn
degree of light transmission through the pixel of
2-D SLM.

(b) The fabricated film for W;;ximn in the exper-

iment.

is fabricated as explained in Fig. 2a. The fabricated

film mask for Wi, ..

is shown in Fig. 2b. The ele-
ment size of 3x 3 holographic lenslet array we made for
the demonstration of our idea is 4mmx4mm, which
may be made far smalier. Inserting erroneous input
images in the implemented system of Fig. 3, we ob-
tain the correct output of the system. Experimental
results of Part A, Tt};,, and Part B, V* are shown in
Fig. 4. The lumped 3x3 image blocks shown in the
center photographs of Fig. 4 are detected by CCD
camera of Part A, and displayed by an N2 x N2 SLM
of part B. We use a liquid crystal television {LCTV)
for an N2 x N2 SLM. The 3x 3 image blocks displayed
by an LCTV is positioned in front of the 3x3 holo-
graphic lenslet array elements in Part B, with each
image block aligned with a corresponding lenslet ar-
ray element. Only the pixels of the input N x N
SLM that are switched on contribute corresponding

block images to forming the output superposed image

NxN
holograptic NxN?

lensiot arra;
N x NPSLM 4 suporpased

NxN \

nput

SLM\
P
reterence
beam Pact A

e 18] order

dilitaciod lens

Part B

fenslel array
npot
dependent

resholding

Fig. 3. Total system setup.

teodback
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ij‘ Fig. 4 shows that exact L and T are obtained
in the image plane of Part B. We did not perform
the feedback operation in this experiment. Thus only
an iteration was made. In many cases or:: iteration
is enough to obtain the correct output. Threshold-
ing and feedback using a CCD camera in Part B will
improve the memory performance.

The storage capacity of this system M, for N x
N neurons is proportional to N* (about 0.03N*).15
The required maximum pixel number of 2-D SLM is
N3 x N3. If we want N* rate memory capacity with
linear associative memory such as the Hopfield model
memory, we require N2 x N2 neurons and N* x N4

SLM for the weight pattern.

o
(@]

correct
output Vi‘j*

erroneous

; t - iR
input Vij 1%1

Fig. 4. Experimental results: Photographs of the output

Ti in Part A and the output V‘z‘ in Part B of
Fig. 3. (2) The case when the input matrix is an
erroneous L. (b) The case when input matrix is

an erroneous T.

Pixel size of a: few microns in the connection
pattern can be imaged with our holographic lenses.
Thus 10x10 neurons may be easily implemented by
a holgraphic lenslet array whose total size is about
SmmXx5mm. In this case M, is about 300, which is
a storage capacity applicable to practical memory us-
ages. To obtain a fully adaptive system with 10 x 10
neurons, a programmable SLM with 102 x 10® pixels
is required. However, there are a variety of applica-
tions in which full adaption is not needed. Probably,
partial learning using an SLM with a small number
of pixels is worthy of being studied until the advent

of an SLM with a large number of pixels.

The authors are grateful to Man-Jin Sonn of their

group for his drawing the figures in this paper.
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