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RESUME

Les matrices de vecteurs et la multiplication des
matrices de dimensions larges pouvait etre accomplit
en utilisant un array d'ampoule et un acoustique-
opticue appareillage ou une matrice de transmission
procrammable comme le Light-MOD de Litton. Puisque
les processeurs optique/matric (OMP) se contienes un
nunereau @]1évé des operations parallel, les trans-
formation des matrices a temp réel est possible.
Consommation d'information dans l1a transformteur
n'exige pas de digitalisation, de cette maniéve, la
largeur des bandes de signhals sont plus facile qu'a
diriger. Pour tant, Tes advantages de systems des
transformations de temp discret sont tenable. Les
applications de la OMP en discussion dans la leter-
ature inclut: Ta decomposition des valeurs singu-
laives, la determination des valeurs "eigen", les
solutions des matrices d'équations linéaires, les
solutions des equations differential et 1a filtre
de Kalman.

L'object de cette papiére est d'examiner les
applications de Ta OMP avec les problemes de la
restoration de 1'image @ temp réel et transmission
des signals. Spécifiquement, la utilization de la
OMP pour la restoration des images ultrasonore
dégradé par Tes lentilles ultrasonique est examiner.
La OMP peut aussi etre utilizer pour ameliorer la
resolution de la fréguence de transformation
"Fourier" 3 temp réel en utilisant &'agorithm de
chirp.

SUMMARY

Matrix-vector and matrix-matrix multiplication
of large dimensions can be performed using an array
of Tight sources and an acousto-optic device or a
programmable transmission matrix such as Litton's
Light-MOD. Since Optical Matrix Processors (OMP)
feature a high number of parallel operations, real
time matrix processing is possible., Inputs to the
processor do not require digitization so high band-
width signals are easier to handle. However, the
advantages of discrete time processing are main-
tained. Applications of the OMP discussed in the
literature include: singular value decomposition;
eigenvalue determination, solution of linear matrix
equations, solution of differential equations, and
Kalman filtering.

The purpose of this paper is to discuss appli-
cation of the OMP to the real-time image restoration
problem and signal processing. Specifically, the
use of the OMP for restoration of ultrasonic images
degraded by finite ultrasonic lens spot size is
considered. OMP can also be used to improve the
frequency resolution of a real time Fourier trans-
former using chirp algorithm.

" *partially supported by NSF and ARO.

TPartially supported by Polaroid Corporation.

483 Z:;;;//



484

APPLICATIONS DES PROCESSEURS OPTIQUES MARTRICIELS AU TRAITEMENT D'IMAGES
APPLICATIONS OF OPTICAL MATRIX PROCESSORS IN IMAGE PROCESSING
P. Das, John Guilford and R. M. Payton

I. INTRODUCTION

Although all signals from a physical process are
analog, for signal processing purposes it can be rep-
resented as analog, discrete or digital signals. For
the case of discrete time signals, the time axis is
discrete but the values at discrete times are analog.
For the case of imaging, and multidimensional signals,
the spatial coordinates are discrete. If the dis-
crete signals are represented as a column matrix, the
processing of signals can be identified as different
matrix-operations, such as multiplication, inversion,
etc. In this format of signal representation matrix-
processors become synonvmous with signal processors.
Matrix-Processors can be implemented as digital array
processing or analog matrix-processing. Recently
there has been enormous activity in both the areas
with significant improvements in the performance.

For the digital case, the innovation of systolic
array architecture [1] is a real breakthrough. For
the analog case, the optical matrix-processor (OMP)
either using acousto-optic interaction [2] or the
programmable two-dimensional mask [3] promises to be
capable of handling 1000 x 1000 matrix in parallel.
For the digital processors one needs a fast highly
accurate A/D converter for processing images.
Excluding this disadvantage, the digital processors
are well suited for image processing and have been
extensively discussed in literature [4]. In this
paper, we shall confine ourselves to the optical
matrix processors which will be reviewed in the next
section. The main objective of the paper is to
apply this OMP for the restoration of ultrasonic
images blurred by the finite aperture of the ultra-
sonic lenses used to focus in an ultrasonic trans-
mission imaging system [5] or an acoustic micro-
scope [6,7]. An architecture of how the experiment
will be nerformed is proposed. Another objective of
the paper is to use the same matrix processors to
implement a "super-resolution® real time Fourier
transformer using surface acoustic wave (SAW) chirp
devices and chirp transform algorithm. This concept
has recently been proposed [8] and our objective is
to show a possible implementation.

2. OPTICAL MATRIX PROCESSORS

For signal processing purposes using matrix-
processors, we shall be dealing with the following
matrix equation.

te] = [H] [F] (1)

Here [G] is a [n x 1] matrix, H is a [n x n] matrix
and [F] is a [n x 1] matrix. Often [G] and [F] will
be identified as input and output of a system having
the system represented by [H] matrix. In many appli-
cations of practical importance the system is linear
and invariant. For this case [H] becomes a Toeplitz
matrix. Also is the impulse response is finite, [H]
is banded. The basic matrix processor should be able
to perform the right hand side of eqn. (1). For the
case of OMP this can be done in the two following
ways: a) using acousto-optic interaction or b) using
programmable mask.

There are many ways one can implement OMP using
acousto-optic interaction. For our purpose, the
syitable one is shown in fig. 1. It consists of a
single light source whose output can be amplitude
modulated in time. For example, an acousto-optic or
electro-optic modulator can be used for this purpose
or, if a junction laser is used, it can be directly
modulated by modulating its current. Using the lens
Ly, the output from the source illuminates an ultra-
sonic delay line (either bulk or SAW).

The delay time, T, of the delay line is given by

T=

<

where % is the length of the delay line over which the
acousto-optic interaction takes place and v is the
velocity of the ultrasound in the delay line medium.
If the bandwidth of the transducer is Af, then the
time bandwidth product (TB) is given by

TB = TAf .

Note the typical values of T ~ 10 usec, Af -~ 100 MHz
and TB ~ 1000, although Af .~ 1 GHz and TB ~ 10,000 has
been reported.

The diffracted 1ight from the delay line is
focussed by Lo on the linear array of photo-detectros
or photo-sensitive charge coupled devices (CCD's)
placed at the focal plane of Lp. The number of
elements in the linear array is equal to the TB pro-
duct. To perform the matrix operation, at one
instance, one complete row of H matrix is frequency
multiplexed and used as input to the delay line trans-
ducer. At the same time the appropriate [F] element
is used to modulate the light source. The product
elements 1ike Hj; Fj are collected at the ith photo-
detector. The process is repeated until all elements
of [F] and all the rows of [H] are used up while the
photo-detector integrates the output 1ight. At the
end of this operation, the output [G] can be obtained
from the photo-detector outputs in parallel or ser-
jally if a CCD is used. For example, if T = 10 psec,
Af = 100 MHz = 400-300 MHz (250 MHz being the center
frequency of the delay Tine) we need a 1000 element
photo-detector linear array. The OMP can process
1000 x 1000 matrix in (1000 x 10 psec) = 10 msec which
is also the integration time for the detectors. The
laser is modulated with [F] each Fi lasting for 10
usec. Hjj elements are used to modulate the center
frequency f; where f5 = 300 MHz + i x 1000 KHz,
i=1, ... 1000.

The second implementation of OMP is shown in
figure 2 where the modulated Tight source is identical
to that in fig. 1. However, for this case the ultra-
sonic delay line is replaced by a mask whose trans-
mission coefficient can be changed. Again the output
is obtained from the detectors after integration as
shown in fig. 2a. The lens Ly after the mask images
the mask on the photodetector array. Note that if a
two-dimensional mask is available and an array of
input laser sources can replace the single input light
source then one can perform the whole matrix operation
in parallel and in one iteration. For this case no
integration of the output photo-detectors are needed
as the integration is performed by the cylindrical
lens L, situated after the mask as shown in fig. 2(b).
The lens system Ly, images the laser or light emitting
diode (LED) array vertically while spreading the Tight
from a single source horizontally. Lens combination
L, collects all light from a given column and focuses
it on one element of the photodetector array. Note
that for the OMP of fig. 1 and fig. 2(a) the [F]
matrix is fed serially, whereas, it is fed in parallel
for the implementation in fig. 2(b). The programmable
masks are commercially available. The "Light-MOD"

[9] for example, manufactured by Litton, is suitable
for our purpose. It is electrically alterable, high
speed, two dimensional, spatial light modulator and
uses Bismuth substituted transparent iron garnet film
grown on a non-magnetic substrate. Its typical char-
acteristics are 512 x 512 elements where each Tine or
pixel can be switched in approximately 1 usec.
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We have focussed our attention on two particular
OMP's which we believe are relevant to the applica-
tion at hand. However, OMP is a subject of very
strong interest and it has been applied for eigen-
value determination [10], singular value decomposi-
tion, solution of linear matrix equations [11], .
solution of differential equations [12], and Kalman
filtering [2]. It has also been used as a systolic
array processor [13].

3. APPLICATION OF OMP IN "SUPER RESOLUTION"
REALTIME FOURIER TRANSFORMER

Realtime Fourier transformation of signals f(t)
can be performed using the following chirp algorithm
¢
{1417.

T Y SR
Flo = %}J = | f(t) Bt x e Bt LRt (2)

where B8 is the chirp rate and F(w) denotes Fourier
transform of f(t). The symbol * denotes convolution.
The SAW chirp devices have a limited time-bandwidth
product. For example, the device might operate from
150 MHz to 250 MHz in 40 usec delay giving a TB pro-
duct of 4000. Because of the finite TB product, the
output Fourier transform can only be resolved approx-
imately to (TB) number of frequencies. The ideal
impulse response h(t,t') of the Fourier transformer
if implemented using eqn. (2) is given by

o
ok

J t'
h{t,t') = e

ol

(3)

Because of the finite duration of the, chirp wave-
forms, however, the impulse response of the Fourier
transformer as denoted in Fig. 3 is given by

JEY ¢

h(t,t') = e x rect (%) (4)

where rect (T) denotes the rectangular function of
duration T céntered at the origin. Then the output
of the actual Fourier transformer for any input f(t)
is given by

sin 8L

9'(t) {—gpr} Flo=EY (5)
KD

or g'(t) = J Sin%§%;§%%%ll. F(ﬁﬁl) dt" (6)

Equation (6) can be written for our purpose in terms
of a matrix equation given by

6 =H F (7)

Here G' is the corrupted result written in terms of
a column vector and F the desired value. -H' for
this is a Toeplitz matrix. It is also banded
because although theortetically sinc function goes
from -« to +«<, we shall consider it zero whenever
its value goes below the noise floor. To obtain F
from eqn. (7) we need to invert H' and use

F=HG' (8)

() = H (9)

It is well-known that egn. (9) is i11-conditioned
especially in the presence of noise. However, it is
also known that using methods such as singular value
decomposition [15] and linear programming {8]

with known constraints on the elements of H', H can

where

be obtained. Note that for a particular realtime
Fourier transformer this matrix inversion has to be
performed only once. Thus in actual implementation,
although OMP can be used for this matrix inversion,

it is better to use the conventional numerical tech-
nique using digital computers. For this particular
case, OMP's discussed in sec. 2 become directly appli-
cable. For the acousto-optic OMP the H-matrix is
known previously and is generated electronically by
frequency multiplexing in sequence row after row. The
output of the Fourier transformer can then be directly
applied to the light modulator. Let us consider a
simple example where the output of the Fourier trans-
former can be resolved to 10 points only if no OMP is
used. For this device Af = 1 MHz and T = 10 usec.

If we sample the output for 100 points at an interval
of 0.1 usec. we get 100 values for G. Using actual
experimental values or numerically we generate H' and
then H. We note that for using an acousto-optic OMP,
with T = 0.1 usec we need Af = 1000 ‘MHz which might
require quite an expensive delay line. However, a
better solution might be to change the OMP +to one
with T = 10 usec and Af = 10 MHz. For this case, to
slow down the sample values, G, one can use a 100
element CCD whose clock rate is switched by a factor
100 once the G values are loaded into the CCD. This
implementation is shown in fig. 4. An implementation
for parallel processing is shown in fig. 5. Note that
for this case, the mask is more or less constant and
needs to be changed only when the noise character-
istics change significantly. Note that for this
implementation, one needs to use a serial in-paraliel
out CCD.

In some applications, where the noise character-
istics are changing frequently one can use the iter-
ative scheme of matrix inversion discussed in refer-
ence 11,

It is to be noted that, in the example used, the
use of OMP has enabled one to use very low TB chirp
devices to obtain ten times better resolution.

4. APPLICATION OF OMP TO ACQUSTIC IMAGING

Ultrasonic imaging is of great interest because
it can image through materials where X-ray fails or
is not desirable. Many forms of acoustic imaging
systems' and acoustic microscope exist [5-7]. However
we shall concentrate on the focussed transducer trans-
mission imaging system shown in fig. 6. The procedure
discussed here is applicable to other systems also if
proper modifications are made. The focussing lenses
have a finite aperture of radius “rg". - For uniform
ultrasound of wavelength XA incident on the lens of
focal length f, the radiation pattern at the focal
plane is given by

2T raT
0
Jq (“75?’7)

2m ror
Af

u(x,y,f) = (10)

1/2
where r = (x2 + yZ)A and Jy is the Bessel function
of the first kind. If the actual transmission func-
tion of the object, is given by f(x,y), the corrupted
image, g(x,y) obtained will be given by

g'(x,¥) = u(x,y,f) * f(x,y) (11)

If egn. (11) is converted to matrix equation like the
one given by egn. (8), we note that for a 256 point x
256 point image the dimension of the G and F matrix is
65576 x 1 and H' matrix is given by a (65576 x 65576)
matrix. This is a formidable task for an OMP although
it is known that most of the elements of H' matrix are
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zero. To make the problem manageable, we note that
although Bessel function theoretically extends from

: 1/2
-= te in o= (x2 + yz) , due to noise and limita-
tion of the amplifier at the output transducer, one
should only consider values up to a finite radius, as
shown in fig. 7 for a typical case. Thus we note
that, as shown in fig. 7, for the object point P at
the center of the circle only the points within the
circle interact with it in egn. (10) through non-zero
elements of the H matrix. Note that the radius of
the circle is dependent on (%ﬁ) and the number of
sidelobes of eqn. (10) one should include before it
is swamped by noise. Thus if we can relabel our G
values in the matrix using line delays and element
delays as shown in fig. 8, the matrix equation appli-
cable for this case is given by

G=HF (12)
where the matrices G, F and H' are of much smaller
dimensions. Again for a particular system, H', is
in deneral fixed and it can be inverted numerically
using stable algorithms. Note that in an actual
case, if H' is measured using a 'point' object, it
can include the effect of defocussing and noise also.

Once H = (H')'1 is obtained one can use the OMP's as
discussed in sec. 3. A typical case is illustrated
in fig. 9.

5. DISCUSSION

0MP's have enormous potential in different
fields of signal processing where a large array of
data is to be manipulated. Its major strength is
the parailel processing it can perform using analog
signals. However, there are many questions that
need to be answered before it becomes viable. For
example, for a 1000 element case, the dynamic range
of the detectors has to be at least 60 db or more.
The electronics involved with matrices of large
dimensions can be quite complex and should be given
careful consideration. For the image restoration
case, eventually the output of OMP must be in a for-
mat so that it can be displayed on a conventional
electronic display. Digital processing of signals
is quite expensive. However, with the coming of the
systolic array processing, dramatic improvement in
the cost factor is expected.

One important topic we have not considered in
depth is that if the noise in measurement system is
quite large, then we may not be able to obtain the
optimum [F] without performing the iterative solution
of the following equation

G=HF+N

where N represents noise. The linear programming
method [8] proposed for this problem can be directly
implemented using OMP and electronic feedback to
perform iterative solution [11]. However these
methods are more complex than the ones discussed
here. Inititally our goal is to experimentally
implement these simpler ones and study their per-
formance.
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Fig. 3 The chirp transform algorithm to obtain
real-time Fourier Transformation.

imaging Lens
Linear Array
Mask Photo-detect
Light
Source
f Ly f Lz ‘
FI H]; G,
Fa Hy; (<P
F'3 G3
(a)

LASER DIODE ARRAY

e

LIGHT-MOD
(F1%

e ]
e s 2 PHOTODETECTOR ARRAY
Hyy - - /
n,, - - 6

Y

1

Y2

Y3

(b)

Fig. 2 Optical matrix processor using programmable masks.
a) Programmable mask with linear array elements and integration of
photodetectors are needed.
b} A two-dimensional fixed mask and no detector integration is
needed for this implementation.
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