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SECTION 1

OVERVIEW

' This is the final report of a theoretical and experimental investigation into

some properties of holograms. Optical holograms suffer from the existence of
complex conjugate terms and nonlinearities which add an unavoidable amount of
clutter. Because we were able to perform our experiments using a digital com-
puter (Data General Eclipse), these conjugate terms and nonlinearities were
not present. This provided a certain cleanness in the mathematics which will
be evident. It also showed that the essential properties of the hologram are
not restricted to a wave propagation environment. Thus, we have chosen to
provide the general name of Machine Holography for our investigation. The
name implies that the principles investigated here may be embodied by diverse
types of machinery, not just laser based optical systems.

The investigation was divided into two packages. The first explored the ulti-
mate storage capacity of what we have come to call Conventionally Multiplexed
Holograms. These are holograms which are multiplexed by a summation process
whereby each reference pattern participating is uncorrelated with the other
references in the ensemble.~ This subject was partially explored by La Macchia
and White* for certain types of optical holograms, and has been generalized
here, while also treating important new cases.

Theoretical treatment shows that the amount of information which may be stored
in this type of hologram is proportional to the number of degrees of freedom
available in the output of the holographic system. The theory also predicts
that it does not matter how the information is divided for storage. There may
be only a few pages of data with many bits on each page; conversely, a few
bits may be stored on each of many pages. Only the total number of bits to be
stored enters the calculation. These theoretical results were confirmed by
means of computer simulations.

“The primary goal of the second package of work was to demonstrate that a holo-

gram could be trained to reliably distinguish between two highly correlated
(reference) patterns.. This effort broke entirely new ground. -In an effort to
design a training paradigm to \demonstrate this prediction, a new kind of machine
was discovered. This new machine put a negative feedback loop around the holo-
gram. The hologram then became part of a servo mechanism in which both the
controller of the servo and the object of control was the stored hologram. {

\
Theory predicted that this new type of adaptive hologram is capable of cleaning
up clutter and false reconstructions. It also indicated that this type of
hologram could be trained for differential pattern recognition by a remarkably
simple procedure. Experiments have confirmed both of these predictions. We
report, then, the pioneering of new and potentially very fertile territory for
scientific exploration and technological exploitation.

*La Macchia, J. T., and White, D. L. "Coded Multiple Exposure Holograms,"
Applied Optics, Vol. 7, No. 1, (Jan 1968) pp. 91-94.
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SECTION 2

MULTIPLEXING THEORY AND EXPERIMENT

2.1 HOLOGRAPHIC RECORDING AND RECONSTRUCTION
2.1.1 INTRODUCTION

The formation and reconstruction of a hologram can be regarded as an exercise
in encoding and decoding an image. The encoding activity involves the linear
spatial transformation of the image and an appropriately configured reference
pattern. The transformed reference acts as an encoding key and is mixed with
the transformed image. The recorded result is the hologram.

Reconstruction involves inserting the reference into the system, transforming
it and playing it against the hologram. The reference then decodes th~ infor-
mation contained in the hologram. After an appropriate inverse transformation,
the image is restored to something like its original form. The degree of
similarity between the original image and its reconstruction will be deter-
mined by the properties of the reference pattern used, by the nature of the
linear transformation, and by the mode of multiplexing which may be employed.

2.1.2 DERIVATION

Let us consider first a simple unmultiplexed hologram. For the following
derivations we assume, for clarity, continuum images and transformations.
Perhaps the most typical and useful linear transformation is the Fourier
transform, which is adopted here. All functions will be annotated with a
single independent variable to avoid undue notational complexity. Generaliza-
tion to two parameters for a full description of two-dimensional images is a
straightforward but tedious exercise.

Suppose we have a subject image s(x) which we wish to record and reconstruct.
This will be paired with a reference image r(x), which will be used to encode
and decode the hologram. These two patterns are connected with the hologram
domain through a Fourier transform

iEx

R(E) = fr’(x) e 7 dx (1)

S(E) = J.s(x) o o (2)

During the recording process both the reference and subject images are trans-
formed according to Equations 1 and 2. Before they are mixed together the
reference undergoes a further transformation into its complex conjugate form.
The hologram is recorded as the product of the transformed subject and complex
conjugate transformed reference:

H(E) = S(E) R*(§) (3)

2-1
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Reconstruction involves the reinsertion of the reference pattern, r(x), into
the reference channel. The reference is Fourier transformed and delivered to
the hologram domain. During the reconstruction the transformed reference
does not undergo complex conjugation. Instead, it simply multiplies the
hologram resulting in a response pattern:

A = s(€) RY(E) R(E) @

Finally, this response undergoes an inverse Fourier transform to produce the
reconstructed image

a(x) = FA®)) (5)

The degree of resemblance between the reconstruction a(x) and the original
image s(x) will depend on the properties of the reference r(x) under a Fourier
transformation. This can be seen by noting that the inverse Fourier transform
of the triple product of Equation 4 results in the triple convolution:

a(x) = slx) * (r(x)()t1x)) (6)

Where r(x)C)r(x) represents an autocorrelation of the reference pattern.
This autocorrelation serves the purpose of a system point spread function.
The system output can therefore be written

a(x) = s(x) * p(x) (7)
where
p(x) = r(x) ®r(x)

It is within this context that the significance of the proper choice of
reference can be understood. Suppose that the reconstruction point spread
function is delta function-like; then

v
&

:
&

p(x) = §(x) (8)
but by definition
a(x) = §(x) * s(x) = s(x)

Thus, a delta-like reference autocorrelation will produce a perfect recon-
struction. In general, we might expect a reference to be delta-like only in
approximation. In such a case, the reference acts as a filter which degrades
the reconstruction somewhat. For example, if the reference autocorrelation is
finite in width it will act like a low pass filter to smooth or blur the
reconstructed image.

TR YR I S A T o
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Another type of reference pattern, which is of particular interest in this
investigation, is a random function. The autocorrelation of such a function
will usually show a very sharp and narrow spike at autoalignment.

This spike is delta-like and leads to a high resolution reconstruction of the
subject image. When the reference pattern is out of sutoalignment, the auto-
correlation will produce a low level random "noise." The convolution of this
noise-like pattern with the subject will result in a scrambled haze of clutter.
Thus, holographically associating a subject image with a random reference
pattern leads to a sharp reconstructed image superimposed on a low level random
clutter background.

Consider next what happens when the reference used for reconstruction, r'(x),
is not identical to the reference used for recording the hologram. The
reconstruction has, then the form

a(x) = s(x) * (r(x) C) r'(x)) (9
The system point spread tunction
p(x) = r(x)@r'\x) (10)

will be degraded by the degree of mismatch between r(x) and r'(x). The cor-
relation coeftficient, taken between r(x) and r'(x), provides a measure of the
similarity between these two functions and, therefore, of the quality of the
reconstruction. Uf r(x) and r'(x) are completely uncorrelated the point func-
tion of Equation 10 will usually produce a random pattern of low amplitude.
This random function, in turn, means that the attempted reconstruction ot
Equation 9 will contain only low level random noise.

This is a useful property which can be put to use in multiplexing holograms.
Suppose we establish an ensemble of reference patteras: r(x)} . The con-
dition to be met by these patterns is that each member is completely
uncorrelated with the other members of the ensemble. Thus

rk(x)®rl(x) = § S(x) + 0

S (x) an

KL

where

§,, = 0, when k # L
KL 0, when k # 1

" st k = L
KL 1, when Kk 1

Pkl(x) = a random function dependent on k and 1
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If the set of references has this property, multiplexing a set of subject
images can be achieved by addition. Each subject is paired with one reference
drawn from the engemble of references. The hologram is formed by adding up
all of these pairings. Thus, the form of the wultiplexed hologram is:

* * *
H(E) = S, (E) R () + 5,(E) Ry(E) + Sy Ry + ... (12)
or
R(E) = 5, S () R.(E
€ = I S.(&) R, (5)
If we write this in the output image domain we have

h(x) = I s, (x) C)rk(x) (13)

Reconstruction of one particular subject will occur when we reinsert the
associated reference into the system. In the image domain this process may
be written as:

aL(x) = rl‘(x) (‘%k rk(x) * sk(x)> (14)

. x <
al'(x) L (rl‘(x) @rk(x)) bk(x) (15)
Making use of Equation 11 in Equation 15 we have:

aL(x) = §(x) * SL(x) + Xk pkL(x) * sk(x)

aL(x) = sl(x) + noise (16)

The reconstruction of the subject associated with the chosen reference is
accompanied by clutter noise generated by various random cross terms. As we
increase the number of holograms stored in a multiplexed ensemble we will also
get a corresponding increase in noise. This noise ultimately sets a limit on
the amount of information which may be stored. This limit will be calculated
in detail in Paragraph 2.2. Note the important point that multiplexing by
this means (called conventional multiplexing) depends on a correlation process.
This correlation is the consequence of recording the hologram in the form of a
sum of Fourier transforms of the contributing images.

In summary, the process of holography depends on a convolutional association
between a reference and a subject pattern. Reconstruction results from the
creation of a synthetic point spread function resulting from the auto- or
crosscorrelation of two references. Multiplexing is possible because the use
of an uncorrelated reference in the reconstruction results merely in the
generation of a haze of clutter noise.




2.2 SIGNAL-TO-NOISE RATIO FOR RECONSTRUCTION OF A MULTIPLEXED HOLOGRAM
2.2.1 BACKGROUND

One of the major tasks of the contract was to explore the storage capacity of
a conventionally multiplexed hologram. A prime goal was to find out which
factors were significant in determining the storage limit. We also wished to
know what the functional dependence was on these significant parameters.

A conventionally multiplexed hologram is defined as a multiply exposed hologram
formed by adding together separately recorded subholograms. The result is a
summed ensemble. Random encoding of the individual references paired with each
subject is used to make each subject in the ensemble selectively retrievable.

A theoretical investigation of this task had previously been carried out for
a type of optical hologram*. But this investigation did not consider the
possibility that the subjects would be made up of multiple data points. Some
questions also existed as to the effect of sampling on the storage capacity.

These issues have now been settled with the following principal results:

(a) The storage capacity of a random reference multiplexed
hologram depends directly on the number of degrees of
freedom of the image output of the system.

(b) The storage capacity varies inversely with the energy
signal-to-noise ratio (clutter) required at the system
output.

(c) It does not matter in what configuration the data is
stored: a few frames of data with many data points will
produce the same signal-to-clutter ratio as many frames
with few data points each. Only the total number of data
points extracted from all the frames matters.

The last result appears to be new and is important in assessing the performance
of holographic data storage systems.

2.2.2 DERIVATION

Let us assume that the hologram plane is composed of n sample points. We

wish to store a total of H subholograms within this domain. Each subhologram
is presumed to have been formed with a unique random reference pattern, each
having a narrow autocorrelation function. We suppose that at each sample point
ir the hologram the contributed amplitude from any given subhologram in the
ensemble has, on the average, a value of a.

*La Macchia, J. T., and White, D. L. '"Coded Multiple Exposure Holograms,"
Applied Optics, Vol. 7, No. 1, (Jan 1968) pp. 91-94.
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We will find that the reconstruction includes clutter terms from two sources:
o Cross terms within the proper reference function.
o Cross terms between uncorrelated reference functions.

The limits of data storage capacity will depend on the amount of clutter which
creeps into the reconstruction process from these two sources.

The proper perspective for performing signal magnitude calculations is
developed by considering the following points:

(a) Every sampled image may be treated as a vector array of
sample values.

(b) The vector has a length derived from an appropriate sum of
these values.

(¢) A measure of the magnitude of the image vector is the square
of its length. This measure corresponds to the intensity of
a conventional optical wave.

(d) If we examine the image in the output domain we find that
each of its information bearing points is isolated and
unaffected by its associates. Thus, if the average amplitude
of each of these points is 0, the square magnitude for, p,
points will just be the sum of the squares of the individual
points:

)

Ml = po° (17)

Another way of saying this is that the magnitude of the
output image vector is determined by a root sum square (RSS)
addition of the output image points.

(e) If we examine the discrete Fourier transform (DFT) of this
image, we find that the sample values in this new space are
no longer independent and do not combine in RSS fashion.

In fact, they are coherently linked. This means that their
amplitude values add directly, and the square magnitude {s
the square of the sum of the individual amplitudes.

Thus, if the average amplitude of a transtormed image sample
in the Fourier domain is «, and if there are, n, such samples,
then the square magnitude of the image will be

Ml = (nu)” (8




Combining Equations 18 and 19 we find that:

na

g = *J-—p- (19)

The effect of clutter may be calculated by a detailed examination of the
reference function during reconstruction. We recognize that the reference may
be considered as a sample data function, in the Fourier domain, of the form:

reference = Rk(ﬁ)

Where £ is an index which locates a particular sample in a space of n such
samples. The index k labels the particular reference function from the
ensemble, which is being used.

In a conventionally multiplexed hologram the resulting reference involves a
linear summation of many terms. 1f we ignore the associated subject functions
we may write a reference ensemble as:

* *
‘R " Y R (5) (20)

Let us now go through the reconstruction process by inserting a particular
reference RJ(£). The result will be to output a function of the form

v * 9
P(E) = R (E) I R (8) 21)

d 2 *
PCE) = |[R.(E)| “+ & R (5) R ()
J A %

Let us next express these reference components in terms of their image domain
representations. The connection is a discrete Fourier transform.

y -16x)2 | « ; -1Ex\ /. + &
PE) = |2 r (0 e ¥ 245 (5 £ () e Iory(y) et1Ey (22)
X J x J y k )
k£
Let us consider first the second term on the rignht, which contributes pure
clutter. Rearranging the summations in this term we get:

C.= £ E I r.x)c ¢y e 1E(x=y) (23)
1 kg XY J k

This i{s a random summation evidenced by the fact that the factor e—i&(x-y) is
nonzero and ranges uniformly over all values from =1 to +1 and from -1 to +i.
Thus the terms must be summed together RSS to get the equivalent vector
magnitude. Let us assume first that the average amplitude independent of
phase effects will be a such that

o = <r'(x) r:(v)> (24)
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Next, it is necessary to count terms. We note that both x and y range over n
samples. So the double sum over these parameters contributes n? terms. If
the ensemble has H separate subholograms, H-1 of these will contribute to Cl
and the remaining one will result in the reconstruction of the image. We
therefore have a total of (H-1)n? amplitudes contributing to clutter from this
component of the reconstruction. Since these terms are randomly phased, their
magnitude will be the result of an RSS combination. The clutter square
magnitude from this component will therefore be

b

v . Y :
(:“ = (H=n" o (25)

We examine next the first term on the right i{n Equation 22:

3 ) g — e Ve
X2 e e o ]® ¢ x Ir (x) v, (y) & 10 (26)

lﬁ‘ r‘(x) e
S xdy J

The first term on the right i{s the reconstruction term. There are n of these

terms each represented by an average amplitude a. Note that there is no phase
variation so that the summation of amplitudes (over the {ndex x) is coherent.

This leads to the square magnitude result given by Equation 18,

The second term on the right involves an incoherent sammation and contributes
to the clutter. (Note, that for certain types of reference functions, such

as a delta function in the image plane, this term is zero and results in a
perfect reconstruction when there is no multiplexing.) We recognize that
there must be n’-n contributions of amplitude a from this term. Since the
summation of these contributions is incoherent they will be RSS added and will
therefore combine i{n square magnitude with Equation 25, The total clutter is
therefore

s 2 2
(H=Dn"a” + (n"=n)x

(%)
B

4.¢ 2
C = Hn o - na

(|h\-l)l“\; 27)

-~
)
]

This is the clutter as measured in the Fourier domain. 1lts impact, however,
will be on the reconstruction in the image domain. Suppose that the image
domain contains a total of m sample points or degrees of freedom. 1t the
average amplitude of the clutter in the image domain is Vv, then the square
magnitude of this clutter will be (assuming incoherent summation)

Y Y

C" = mv” (28)




By equating Equations 27 and 28 we determine the average clutter at each
sample point of the output domain:

n(Hn-l)a2 = mv2 (29)

v = ’ﬁ (Hn-1) « (30)

(Note: The assumptions leading to Equations 29 and 19 involved implicit use
of Parseval's theorem.)

Now we can estimate the mean signal-to-clutter ratio by taking the ratios of
Equations 19 and 30.

(31)

(%)’(;)A '\[P(%-T) (32)

(2 represents an amplitude signal-to-noise ratio where the noise is due
A solely to crosstalk clutter. Rearranging Equation 32 we get

Mmae —E. § £ (33)
2 n
2
(5)
Equation 33 is the primary result of interest.
The total amount of data stored in the type of multiplexed hologram is P
points stored in each of H holograms or PH. We define the data total as:
PH = D (34)
Note that for a sufficient ratio of n to p we have, approximately:
Dw—2 (35)

2-9




Thus, the total amount of data stored is in proportion to the number of samples
(or degrees of freedom) in the OUTPUT image field. This is a new and very
; interesting result. An important consequence of Equations 34 and 35 is that

it does not matter how the division is made between numbers of data pages (H)
and numbers of data points (P) per page. |

The inverse square relationship with the amplitude signal-to-clutter ratio
corresponds to an inverse relationship to the "energy" (intensity)
signal-to-clutter ratio familiar from coherent optics. In the special case
where the output image plane has the same number of degrees of freedom as the
Fourier or hologram plane, we may write:

n P
= (36)

and

(%) 5 ek, 37
A JPHn~P

An example calculation is useful in establishing a baseline for the experi-
ments to be described shortly. Suppose we have an image field of 4096 points
and that our data field has many fewer points, so that

P << n (38)
then

(39)

(E) 5 i (40)
A N

Equation 40 describes the experimental conditions and results which we wish
to verify.
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2.3 RESULTS OF MULTIPLEXING EXPERIMENTS

In order to validate the theoretical arguments presented in the previous
paragraphs, a series of experiments was performed. The experiments involved
the formation and reconstruction of multiplexed holograms using random
reference patterns and conventfionalized subject images.

The primary object of these experiments was to determine the dependence of
signal-to-clutter ratio on the amount of data stored. Also, we wished to
find out whether or not the data limit was independent of page formatting,
as predicted.

In a typical experiment, several reference subject pairs were associated and
added together to form a conventionally multiplexed hologram. Then each of
the reference images was submitted, in turn, to the hologram and the associ-
ated subject image was reconstructed.

The signal-to-clutter ratio was determined by averaging the amplitudes, of the
data points and comparing this value with an average of samples taken from the
data-free border region. By varying the number of data points in the image,
the number of samples in the field, and the number of subholograms in an
ensemble a parametric study could be performed.

The apparatus for this experiment was a Data General Eclipse computer, com-
bined with a Printronix printer. The print characters were under software
control and were programed to produce images with ten levels of grayscale.

The image format for the experiments presented here consisted of a square

array of 4096 samples. The Fourier transform plane also contained 4096 samples.
The data arrays were also chosen as square arrays ranging from one point to
sixteen.

In Figures 1 and 2, sample outputs from five experiments are shown. The data
image for these experiments consisted of a square array of four points. In
order to show that proper independent reconstruction was taking place the data
arrays used to form different subholograms were located in different parts of
the scene.

A cursory examination of Figures 1 and 2 shows the qualitative feature that

the signal~to-clutter ratio (S/N) decreases as the number of images multiplexed
in an ensemble increases. This is as expected. The quantitative results con-
formed to the theory, also. This is illustrated by the numbers of Table 1,

and the plot of these numbers given in Figure 4. The theoretical values given
in the second column are computed using Equations 34 and 35. The standard
deviation given in the last column is compiled from measurements of the
reconstruction signal-to-clutter ratios of each member of a given ensemble.
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A. Nonmultiplexed, one image stored B. Multiplexed, two images stored
S/N = 33.56 S/N = 21.54

e Sample field has 4096 points

e Data Image has 4 points

e S/N ratios are for particular
images being reconstructed

e Each image represents a
different experiment

C. Multiplexed, four images stored
S/N = 15,71

938-17

FIGURE 1. TYPICAL RECONSTRUCTIONS OF MULTIPLEXED HOLOGRAM EXPERIMENTS
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A. Multiplexed, eight images stored B. Multiplexed, sixteen images stored
S/N = 10.97 S/N = 8,023

FIGURE 2, ADDITIONAL SAMPLE MULTIPLEXING EXPERIMENTS WITH FOUR POINT
DATA IMAGES (SUBJECT)
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Nonmultiplexed, one image Be Multiplexed, two images
S/N = 14,96 S/N = 11,38

O

AR

Ce Multiplexed, four images D, Multiplexed, eight images
S/N = 8,22 S/N = 5,99

e Sixteen-point data image used

}
e FEach image is a representative reconstruction from one experiment

93819
FIGURE 3, SECOND SERIES OF MULTIPLEXING EXPERIMENTS
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It should also be noted that the use of a random reference results in some net
clutter even when only a single image is being recorded and reconstructed.
This is {llustrated by Figure 1, view A.

This series of experiments was repeated for the case where the data image con-
sisted of an array of sixteen points (Figure 3). Again, as demonstrated in
/,

Table 1 and Figure 4 the experiments and the theory are in strict quantitative
agreement .

TABLE 1. SIGNAL-TO-CLUTTER RATIOS FOR MULTIPLEXED HOLOGRAMS

Output image domain has 4096 samples. Number of data points in each image is
as listed.

No. of Multiplexed
Holograms (H) S/N Theoretical S/N Experimental o,
4 Data Point lmage
1 32 33.50 -
2 22.63 22.36 0.825
4 16 15.00 0.910
8 11.3k 11.45 0.313
l6 8 §.00 0.062
16 Data Point lmage
1 16 14.90 -
2 11.31 12.27 0.89
4 8 8.670 0.57999
8 5.65 5.074 0.19%0

A final experiment in this class was performed to test the assertion that the
data which could be stored is primarily dependent on the number of degrees ot
freedom of the output image plane, in accord with Equation 35. 1In this experi-
ment the random reference emploved was windowed so as to be a minor portion

of the field of view.

The consequence of this windowing is that during reconstruction the clutter is
weighted by the autocorrelation of the window function. Moreover, because the
clutter is confined in the field of view, its magnitude is enhanced. 1t 1s
this enhancing factor which reduces the signal-=to-clutter ratio and,
consequent ly, the amount of information which can be stored.
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The reconstruction of this experiment is {llustrated in Figure 5. The
weighting by the autocorrelation of the window function is clearly evident.
The enhancement of clutter is evident when this illustration is compared
with Figure 3, view A,

e se
&N e

eNe

s e

i J

e Hologram is unmultiplexed
Clutter field tapered according to auto correlation of reference window function
e Peak clutter very much higher than if it were more widely distributed
(compare with Figure 3, View A
e No attempt made to measure signal-to=clutter ratio in this experiment

a8

FIGURE S. SAMPLE RECONSTRUCTION WITH ORIGINAL REFERENCE CONSTRAINED TO A FRACTION
OF THE FIELD OF VIEW
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SECTION 3

ADAPTIVE HOLOGRAMS

3.1 THEORY

3.1.1 INTRODUCTION

It was asserted by the proposal that a hologram could be trained to distinguish
between two very similar reference patterns.

The notion was that the common subset of the two reference patterns could be
canceled, leaving distinguishing features which could be used to reconstruct
identifying subject images. The technique makes use of the ability of a
hologram to coherently subtract by means of a phase change. The isolation of
the characteristic features was considered to be analogous to the Gram~Schmidt
orthogonalization technique. This concept is explored in detail in Appendix
A, which is borrowed from the proposal.

During a design of the training algorithm, which would implement this concept,
it was realized that a negative feedback process would achieve the desired
goal. The idea was to wrap a feedback link around the outside of the holo-
graphic system so that the reconstructed image would be subtracted from the
current subject input. The holographic recording mechanism would use this
difference image, combine it with the current reference, and add the result-
ing subhologram to the preexisting ensemble according to the rules of conven-
tional multiplexing. Figure 6 provides a schematic representation of this

process.

By supplying two different paired subject and reference patterns to the system
inputs according to some sort of alternation scheme, it was felt that the
common subsets of the reference patterns would be subtracted off. This would
leave the reconstructions to the mutually othorgonal features of the two
reference patterns.

This configuration was extremely interesting, but it involved a great deal of
computation in performing the forward and inverse Fourier transformations for

each iteration.

After some study it was realized that, because of the linearity properties of
these transforms, the feedback loop could be brought inside the transforms.

The adjustment process then would be entirely in the Fourier domain. Except
for initial transformations to prepare the subject and reference and an
inversion to display the ultimate result, there would be no need for repetitive

Fourier transformations.
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This change led to an adaptive holographic system which is schematically
illustrated by Figure 7. This system is easy to analyze and has a number of
exceptionally interesting properties. Implementation of the arrangement {n
software showed that it can be unstable, Some minor adjustments in the
description of the {teration process insured unconditional stability with-
out violating the clarity of the basic idea. These matters will be discussed
in detail fn the next section.

The possibility ot this simple feedback arrangement, with its powerful properties,
was a surprise. It is the outstanding result of this study ettort.

3.1.2 BASIC THEORY

In the adaptive holographic scheme the set of valtues, Hn(f), of the hologram,
at any given time, is derived from a summation of past inputs. The process is
related to conventional holographic multiplexing because of the formation of

an ensemble of subholograms. At each step of the process the current patteras
arriving through the subject and reference channels are multiplied together.
This product forms a new subhologram which is added to the preexisting ensemble
ot holograms. The equation which describes this summation is

*
H () = gB (5) R (F) +H ) 4ty
n n n n

=1

In this equation H,_)(£) is the preexisting multiplexed hologram. H () is
the new multiplexed hologram. R"(f,) is the current reference pattern, Bn(.",
is the current subject pattern and g is a loop gain constant.

The subject pattern is derived from two sources. One is a Fourier transtormed
version of the current subject input

S (£) = F [s :x)] (42)
n

Subtracted trom this is a pattern A(L) . A(Y) is the consequence of an instan-
tancous reconstruction process which is on-gofnpg. This Qruvcss is only
fmplicit in Figures 6 and 7. The conjugate reference, RY({), is used to torm
the hologram, as shown.  The unconjugated reterence R(E) is used to reconstruct
the hologram according to the procedure

A () =R (E) H (E) (43
n n n

Ap (L) is inverse transtormed, upon demand, and thereby produces an image,
ap(x), appropriate for examination.

By subtracting An trom h‘” we get H“.

B (£) =S (&) - A _(8) (44)
n n n
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The combination of Equations 41, 43, and 44 results in a difference equation.
For example, using Equations 41 and 44

A
- 8§ = + i /
"n 8 ( n An)kn n-1 (45)
Employing Equation 43 in 45 gives
* 2
= p S - O e + 4
Hn & an 8 |RnI "n Hn-l iad
We can solve for "n
*x
H + g SR
Ho= R . St . 1)
L+ glR [°

This is the proper iterative difference equation to describe the operation of
the adaptive hologram. 1t is unconditionally stable. Notice that in the
derivation of this equation it was assumed that the formation of the increment
to the hologram ensemble, g(S, - A“)R;. used a reconstruction, A,, which itself
depended on the increment. This seems like a bootstrap operation and is
counter intuitive. The procedure is known as backward differencing and is
essential for stability.*

Suppose we were to use a more intuitive approach. Let us make the subject
channel input depend on the reconstruction of what has already been recorded.
Thus

W o *
- g s - + 48
lﬂ) b Rn n 8 Rn Au-l ”n—l (48)

Now, we substitue Equation 43 into Equation 48 to get
1 1

* o * /
H = gR"§ =-g - 49)
n ® ®a “n 8 Rn Rn—l ”n-l » “n—l >
* - o .
= - B 1 + g RY 8 (50)
“n L 8 Rn Rn—l) n=1 & ®n T
Equation 50 is the forward difference equation version of the process. 1t is

unstable tfor positive g when

*

¥ & (31)
n o=l

£ R

For negative g it is always unstable, which is also true for the hackward

difference case of Equation 47,

*Oppenheim, A.V., and Schafer, R.W., "Digital Signal Processing,”
Englewood Cliffs, New Jersey: Prentice-Hall (1975), pp. 203-206.
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In the initial series of experiments on the adaptive hologram the forward
difference Equation 50 was employed. We found that the process would converge
for awhile, but then would begin to rapidly diverage. We were using random
reference patterns for these experiments. In order to get the convergence
time within reasonable limits, the value of g was made moderately large. 1t
would turn out that some spatial frequency component of the power spectrum of
the reference, |Rn(£)|2. would be large enough to satisfy Equation 51. This
spatial frequency would exhibit positive feedback and the system would blow
up. By switching to the backward difference Equation 47, we completely cured
the problem.

3.1.3 CONTINUUM CASE

In order to gain further insight into the properties of the adaptive hologram,
let us carry the differencing process to the infinitesimal limit. [f the step
interval between n-1 and n represents a time At, we may rearrange Equation 4o
and write:

‘B[ - “n-}

2 * )
- = - + S 52
At 8 l Rn I Nn LI . (

n

Carrying this to the limit we get:

dH (&, t)

2 . N
= -p |R (I,0) H(E,t) + g S(E,t) R (E,t) (53)
dt n

Equation 53 is the most general description of the adaptive holographic
process. With specialization of the terms we can draw out some interesting
results. We choose as a special case a reference and subject which both
switch on to a constant level.

du (i, )

/ .
G = =g [RE)|" B(E,t) + g S(E) R (B) (54)

for t>0

If H=0 for t < 0, the solution of Equation 54 is straightforward, and results
in the equation:

*x
B(E,t) = SEam il 1] - exp (-g [REY]|" &) (59)




3.1.4 IMPORTANT PROPERTIES

There are two things to note about Equation 55. First, the hologram converges,
in the limit of infinite time, to the spatial pattern.

H(E) = S R'(E) _ S()
[R(E)|* (£) (56)

We see that the reference pattern is thrown into the denominator.
Reconstruction of the hologram, using this reference, is described by:

N * N
AME) = r(E) ue) « SR G RE [ SEJE) L o (57)
IR |

Thus, the reconstruction is a perfect reproduction of the subject, regardless
of the function which is used for the reference.

This is a substantial improvement over the conventional recording and recon-
struction process. Even if a completely random function i{s used for the
reference, there will be no background haze with this type of hologram. In
terms of the description give by Equation 11,

0 @ 10 =5, () + 0, (), (n

the random crosstalk term, P, (x), is forced to zero.

KL
We can regard this outcome as a sidelobe cancellation process whereby the

sidelobes of the point spread function, produced through the autocorrelation
of the reference, are suppressed.

(It has not escaped notice that the functional form of Equation 56 is essen-
tially the same as that employed in image restoration work. It may very well
be that a variant of this technique will prove useful for image restoration.)

The second issue of consequence arises from consideration of the functional
ratio of Equation 56. Selection of an arbitrary function, r(x), to serve as

a reference will usually result in the transformed pattern, R(f), taking on
the value zero for certain frequencies, {. We might expect that the hologram,
apparently having zeros in the denominator, will be infinite in value at some
points. 1In fact, this does not happen.

The resolution of this problem is tound by examination of the time constant of
the exponent in Equation 55:

TE) » e ‘“l""‘i (58)
g R |




The time constant is a function of spatial frequency which is inversely pro-
portional to the power spectral density. For those spatial frequencies at
which R(§) = 0, the time constant is infinite and no change in the hologram
takes place during the adaptation.

There are interesting correlaries of this important result. First, all por-
tions of the hologram do not adapt at the same rate. Thus, the hologram is
not formed as a unit. Second, spatial frequencies where the power spectral
density is highest will adapt most quickly and come to equilibrium. For most
reference scenes these will usually correspond to the dc¢ background and slowly
varying terms. High spatial frequency terms are usually low in amplitude and
will adjust slowly. This means that finely detailed structures and features
will have influence only after a substantial time has passed.

These results may be summarized by the rule that the basic form and shape (low
frequencies) of an object will tend to impact the hologram before the fine
details and texture (high frequencies). This rule will be violated only when
the high spatial frequencies dominate the power spectrum as when a scene is
composed mostly of contrasty textures.

A final correlary is that spatial frequencies of a subject image will not be
recorded unless the corresponding spatial frequencies exist in the reference.
This rule is true for conventional holography also.

These properties of the adaptive hologram will be of great significance {f the
concept is employed for pattern recognition.

3.1.5 DISTINGUISHING BETWEEN TWO PATTERNS

Given the interesting properties of the adaptive hologram, it becomes rela-
tively simple to set up a global training paradigm to train it to distinguish
between two similar patterns. The patterns to be recognized are fed in through
the reference channel. Associated with each reference is a subject pattern
which serves to label its assoclate.

We did a number of experiments in which these patterns were fed to the system

in different orders with variable amounts of adaptation permitted., In a typical
experiment, a particular reference~subject pair was fed in and many {terative
cycles were computed so as to permit the adaptation to go nearly to completion.
Then a second reference subject pair would be introduced, again with sub-
stantial adaptation. At the end of a double pairing process, a test would be
made to see whether or not talse reconstructions occurred. This test con-
sisted of applying each reference in turn and seeing whether or not a trace of
the unassociated subject appeared. We usually found that it was necessary to
flip back and forth between the associated pairs several times before all

traces of false reconstruction were rendered invisible (that is, suppressed
below the lowest level of the print gray scale).

3-8




We also tound that the disappeavance and tform of this crosstalk was path
dependent. Thus, it made a difference how much adaptation was permitted
before the reference-subject pairs were exchanged. This peculiar result led
to some doubts about the nature of the pattern rvecognition process. 1t seems
that the Gram-Schmidt explanation outlined in the proposal (and Appendix A)
may not be correct. In order to verity the validity of the experiment an
existance proot was constructed. This proot, given in Appendix B, shows that
the adaptive hologram can be trained to completely distinguish botween two
partially corrvelated reterence patterns.

Jolo5.1 Critical lssue, Superpacking. The generalizatfon of this property of
ditferential recognition to separation between three or more similar patterns
has not been demonstrated, as vet. Proot that this is possible for an
arbitrary number of patterns would have very important consequences.

Perhaps the most signiticant consequence would be that the amount of intorma-
tion which could be stored in a hologram would be vastly increased. 1t was
demonstrated in an earlier section that the storage capacity of a conven-
tionally multiplexed hologram is proportional to the number of degrees of
freedom ot the svstem in which the hologram is embedded. The limitation was
established primarily by the reconstruction crosstalk between various members
of the multiplexed ensemble.

It the adaptive apparatus were used to torm a multiplexed hologram ensemble it
may be possible to completely cancel the crosstalk between ecnsemble members.
1f this proves to be the case, then the storage capacity of the hologram
increases to the square of the number of degrees of freedom.

The argument behind this conclusion runs as tollows:  The hologram vepresents
a vector space with n degrees of treedom.  We may theretore embed n vectors in
this space. Each vector represents a ditterent retervence-subject paiving,
During the reconstruction the subject vector is reproduced along with a cross-
talk term, 1t the crosstalk can be canceled awvay, then the subject vector

will be in pristine form. It the subfect vector also has n deprees of treedom,
it therefore can represent this many bits of data. Since, with crosstalk
cancellation, there can be n of these subject vectors reconstructed hv‘(hv
system, the total number of data bits which can be stored {8 n x 0 = n-,

This hypothesis, ot course, has vet to he validated. 1t it proves to be cor-

rect, {t will have at least the following fmportant consequences. First, the

amount of effort to pack the hologram tull ot intformation will be very great,

This is because the crosstalk cancellation process fnvolves an fteration among
the contributing reference=-subject paftrs. Moreover, the move pairs are to be

stored, the greater the number of iterations that will probably be required to
achieve convergence.
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Second, addition of information to an adapted hologram requires a great deal

of adjustment. The new image will generate cross terms with all the other
images previously stored. These will have to be adapted out one by one.
Moreover, this first order adaptation process will in turn create new cross
terms which will require at least second order correction. Clearly, the
amount of iteration required to stuff a new pair into an ensemble will be a
very strong function of the number of old pairs already making up the ensemble.

A third consequence is that the adaptive hologram may provide an immensely
powerful mechanism for pattern recognition. This is because, if crosstalk
cancellation happens, the number of reference patterns which may be recognized
will be equal to the number of patterns which may be embedded. Which is, of
course, the number of degrees of freedom.

Consider a practical case. It is within the state of the art to provide
Fourier transforms, over an array of 4096 elements, many times a second. If
the above argument is correct, a pretrained system of this size could be made
to distinguish among as many as 4096 similar and different patterns in a
single pass (milliseconds).

The possibility that this superpacking of the hologram may work sets a clear
direction for follow-on research. We must discover {if full cross talk can-
cellation is possible or if the rules of conventional multiplexing set the
limit. [If superpacking proves possible, then an investigation should be made
to find an efficient training scheme. Once this basic research work is
successfully completed practical applications will rapidly follow because the
technology base is ripe.

3.2 EXPERIMENTAL RESULTS
3.2.1 TESTS OF ADAPTATION

The discovery of the adaptive hologram substantially modified our original
experimental plan. We had intended to move straight into an exercise of train-
ing a hologram to distinguish between two similar patterns. Instead, we
decided to first explore some of the convergence and clutter rejection proper-
ties of the adaptive system.

Our initial series of experiments employed a single subject-reference pair.
The subject was a data array of sixteen uniform amplitude points, and the
associated reference was a random pattern. The choice of these images was
made because we had just concluded a detailed properties study of this class
of holograms.

After some wrestling with the software and adjusting the teedback loop gain
coefficient, we found that the adapting system gradually cleaned up the clutter.
This was a notable and exciting event. Further iteration resulted in diver-
gence, however. The reconstructed subject patterns showed characteristic peri-
odicities indicating that the divergence was occurring at localized points in
the Fourier plane. Figure 8 shows a representative sequence of divergence.

3-10




This sequence of reconstructions shows
the effect of runawav feedback when
forward difterencing is used. Note
the periodic structures indicating
that high amplitude spatial trequen=

..e.

cies begin the runawav process,
Lower amplitude frequencies catceh up
as the high amplitude terms saturate
resulting in the last figure in the

sogquence.

FICURE 8. RECONSTRUCTIONS EFFECTED RY RUNAWAY FEEDRACK
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Upon investigation the problem was traced to our use of a forward difference
equation to describe the feedback process. In the preceding theoretical sec-
tion there is a detailed discussion of this issue. By switching to a backward
difference equation, the instability was eliminated and no further problems

of this kind were encountered.

A typical early experiment with the corrected system is illustrated by Figures 9
and 10. Figure 9 shows reconstructions of the data field subject with the image
showing the characteristic clutter caused by the autocorrelation of the random
reference pattern. Note that the initial signal-to-clutter ratio is close to
the ensemble average value of sixteen predicted by theory. The other entries

in Figure 9 graphically demonstrate the improvement in reconstruction quality

as the system iteratively adapts.

The quantitative results of this experiment are illustrated by Figure 10. The
subject amplitude was 100. Initially the reconstructed image had a much lower
amplitude. This was a consequence of the values chosen for the magnitudes of
the reference pattern, and the loop gain coefficient, g. Upon iteration the
amplitude of the reconstruction exponentially converged to that of the subject
in accord with Equations 55 and 57. The signal-to-clutter ratio also improved
dramatically during this convergence process.

3.2.2 TESTS OF CONVERGENCE

In the initial series of experiments the reference was a random pattern. This
type of reference had approximately a uniform power spectral density. The
theory, as exemplified by Equation 58, indicated that, in this case all spatial
frequencies in the reconstruction would converge at approximately the same rate.
This was apparently the case in the initial set of experiments.

We decided to try a much sterner test of the convergence of the system. We
selected a reference pattern almost completely dominated by low spatial fre-
quencies with the high frequency terms being relatively very weak. This refer-
ence was paired with a subject which was small, complicated and composed pri-
marily of very high spatial frequencies. In conventional holography there
would be no chance of getting a useful reconstruction of the subject, but the
new theory predicted chat, after adaptation, a clear reconstruction was possi-
ble. The reference for this experiment was a two dimensional square wave,
half filling the field of view. The Fourier transform of this function has
the usual form of Sin £/{ and thus assures there is at least some signal at
the highest spatial frequencies of the spectrum. This function also contains
regions of zero signal, which provides an interesting test of the theory.

The subject chosen to be associated was the image of the letter character, W
(see Figure 14B). The structures of this character were one pixel wide and,
therefore, most of the signal energy was concentrated at the high frequency
end of the spatial spectrum.
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A. TInitial frame of sequence. B. Reconstruction after partial
Reconstruction has S/N of 15,11, adaption, showing partial clean
compared to theoretical of 16. of autocorrelation produced

clutter. S/N = 21.26
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The clutter is initially generated
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random reference image. No multi-
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1 experiment.
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Figure 11 illustrates the reference used, together with reconstructions after
various numbers of iterations. The early reconstructions lack any useable
detail, as indicated by Figure 11B. Here the energy of the low spatial fre-
quencies in the reference totally dominate the holographic process. This

image is representative of (although somewhat better than) conventional holog-
raphy. After many iterations the characteristic shape of the W becomes visi-
ble. Figure 11D provides an example, late in the iteration sequence of this
particular experiment. There are some peculiar features of the process indi-
cated by this reconstruction. Since the effects of the low spatial frequencies
have been adapted away, the high frequency terms are dominant. Note the traces
of the corners of the reference indicated by the secondary reconstructions at
the left and bottom edges of the field. These reconstructions illustrate that
cross correlation between the corners is very strong. Note also the influence
of the edges of the reference function which is apparent in the streaks radiat-
ing from the principal (central) reconstruction.

Since convergence was slow, we repeated the experiment with a much stronger
feedback coefficient. The results are shown in Figure 12. The first figure
in the sequence apparently picks up at the end of the previous experiment.

As the sequence progresses the primary and secondary reconstructions become
clear and accurate representations of the original subject. The impact of the
edges of the reference function have nearly faded by the end of the sequence,
and the reconstruction process is dominated by the corners.

There is some fluctuation in the secondary reconstructions as the convergence
process progresses. The left-hand reconstructions start to increase slightly
in strength as the bottom reconstruction begins to fade. Presumably, the left
reconstructions would peak and fade if the iteration process continued long
enough (about two hours of CPU time was used for this experiment).

A third experiment in this series validated the preliminary conclusions drawn
from the earlier experiments. For this experiment the square wave was thinned
down to just its edge. The reference thus took the form of an empty box (see
Figure 14D). This enhancement of the high spatial frequencies in the refer-
ence greatly speeded the convergence; Figure 13 evidences the result. 1In the
early iterations the reconstruction looks much like the late forms of Figure 12,
By the end of the experiment, the principal reconstruction is nearly perfect,
whereas traces of the secondary reconstructions are nearly eliminated.

We conclude from these tests that the major features of the theory of adapta-
tion are confirmed. More detailed quantitative studies might show some unex-
pected phenomena. However, we felt that there would be a greater return for
our efforts by pressing on to a test of differential pattern recognition.

3.2.3 RECOGNITION OF DIFFERENCES

Having successfully demonstrated that the adaptive hologram follows the theo-
etical predictions, the experimental effort returned to the originally scheduled
task. As described in the foregoing theoretical section, it was believed that

a hologram could be trained to distinguish between two similar (highly corre-
lated) patterns. With the machinery of the adaptive hologram available, a test
of this idea was relatively easy.
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Reference pattern. This pattern B.
consists mostly of low spatial
frequencies.

Further in the iteration sequence. D.
High spatial frequency structure
is becoming apparent

This experiment attempts to reconstruct
a small highly structured subject (the
image of the letter W) with a much
larger nearly unstructured reference.
In conventional holography the
reconstruction would show virtually

no structure.

3-16

Reconstruction after first series
of iterations. Note dominance
of low spatial frequencies.

Aaiors DTSR
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Reconstruction at end of test run.
The shape of the subject is becom-
ing clear. Reconstruction is now
dominated by the reference edge
structure. Repeat images are the
result of high cross correlation
among the corners of reference
box image.

93811

FIGURE 11. ATTEMPTED RECONSTRUCTION OF SMALL SUBJECT
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Reconstruction after 75 iterations.

A. Initial reconstruction. The result B.
is very similar to the final result The W structure is becoming clear,
of Figure 1l. This experiment is Repeat of the image is caused by
corner cross correlations.

properly regarded as a continuation
of that experiment.

C.

A

Basic

Continued clean up of main image D. Final Tmage in experiment.
and further weakening of secondary trends continue to prevail except
for a slight enhancement of the

reconstructions.
upper left secondary image.

Experiment simflar to that of Figure 11,
but with increased loop gain. The final
reconstruction clearly shows the desired
image in the center of the frame.
Secondary reconstructfons should fade
out after further iteration.
23812

FIGURE 12, ATTEMPTED RECONSTRUCTION OF SMALL SUBJECT WITH INCREASED LOOP GAIN
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A. Reconstruction at beginning of B. Continued clean up of
iteration series. Note Similarity reconstruction.
to 12A. Secondary reconstructions
start out weaker in this series.

D. Final reconstruction in test
sequence. Primary image {s almost
completely clean. Secondary
reconstructions are nearly
eliminated.

C. Further reduction of secondary
reconstructions

03813

FIGURE 13, EXPERIMENT SIMILAR TO FIGURES 11 AND 12, EXCEPT THAT THE REFERENCE
CONSISTED OF JUST THE EDGE OF THE BOX (SEE FIGURE 14D)
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An experiment was designed in which two different subject-reference pairs were
presented, alternately, to the system for training. Upon presentation of one
such pair, the system was allowed to adapt for several iterations and a test
was then made of the reconstructive properties of the partially trained holo-
gram. This consisted of separately presenting the two reference patterns to
see what form the reconstructions would take. After this test the alternate
reference-subject image pair was injected and the iteration continued.

Typical results are illustrated in Figures 14 and 15. In Figure 14 the refer-
ence and subject images are shown. The images were chosen based on previous
experience with the system convergence properties, and by the need for simplic-
ity to avoid tedious hand entry of data.

As illustrated a narrow, rectangular box served as the reference for the sub-
ject letter image N. A wide, square box was selected as the reference to be
paired with the letter image W. The purpose of the experiment was to show
that after suitable training, according to the simple paradigm just described,
the narrow box would reconstruct only the image of the N, whereas the wide box
would reconstruct only the W.

The cross correlation coefficient between the two reference patterns was calcu-
lated to be 0.689, so a failure of the system to distinguish between the two
reference patterns would show up as strong secondary reconstructions. In order
to make these shadow reconstructions evident, the N and W images were located
in slightly different positions within the field of view.

Figure 15 demonstrates the success of this experiment. Figures 15A and 15B
show intermediate results after a certain amount of adaptation has occurred.
The desired primary reconstructions are becoming clear. Substantial secondary
reconstructions of the unpaired subject shows the correlated subset of the two
references has not been entirely cancelled out.

The last two subfigures picture the state of the system after further adapta-
tion. The reference subject pair used immediately before this test reconstruc-
tion was the W-square box. This shows in the perfectly reconstructed image of
the W. It also shows in the slight imperfections of the N image when the
narrow box reference is played through the hologram. Although this was the

end of the test sequence, convergence was not yet complete. Evidently spatial
frequencies of low amplitude were still impacting the reconstruction process
and causing false reconstructions.

Other experiments of a rough sort indicated that convergence is path dependent.
That is, it matters what the strength of the feedback is or how many iterations
are made before switching reference-subject pairs. The degree of cross correla-
tion between different reference patterns also appears to have an, as yet,
undetermined impact. Both of these topics may be important and should have
priority in future investigations.
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I

. Subject image paired with narrow . Subject image paired with wide
box reference box reference
C. Narrow box serves as reference D. Wide box serves as reference
pattern for subject letter N pattern for image of W

The correlation between the two references is 0.689

93818
FIGURE 14. CONTRIBUTING SUBJECT AND REFERENCE IMAGES FOR PATTERN SEPARATION AND
RECOGNITION EXPERIMENT




Reconstruction using the narrow

box image as reference. Note the
false reconstructions. This image

was produced after a sequence of
alternating subject reference
pairs had been presented to
partially train the system in
differential recognition.

Reconstruction with training
almost completed. The last
iteration sequence had used a
W-wide box combination. This
explains the residual cross talk.

B. Reconstruction with wide box image
after partial training. Note
false reconstructions of N near
the W. Note also the false
reconstructions due to the other
corners of the box.

D. Reconstruction with wide box
reference and the system in the
same state of training as
view C.

The system has learned to distinguish

between reference patterns that have

a 0.689 correlation,

FIGURE 15. RESULTS OF DIFFERENTIAL TRAINING EXPERIMENT 93816
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NOTE: The software included in this document is
configured for a Data General Eclipse Computer
supported with a 100 M Byte disk memory.
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I SECTION 4

MACHINE HOLOGRAPHY SOFTWARE

4.1 SUMMARY

The machine holography exercise explored the data storage properties and some
image recognition properties of holograms through use of a computer simulation.
The software developed for the hologram simulation consists of five main
classes of programs:

(1) Image creation routines

(2) Hologram routines

(3) 1I/0 routines
(4) Utility routines
(5) Borrowed and miscellaneous routines

All machine holography software resides on disk under directory HOLO.DR. The
directory is saved on magnetic tape. File O of the tape contains the holo-
graphy programs, and File 1 contains the holography image files.

The image creation routines create various simple point images and random
noise scenes in the integer disk file format used by the machine holography
software. The image creation routines have file names of the following
form: CR—.FR. All image creation software is a variation to the CRSCN.FR
program which creates a point image at specified coordinates in an integer
array stored on disk. CRNOI.— program creates random noise integer arrays
in the standard disk format used by machine holography software. There
appeared to be some correlation between different random scenes, so the
random scenes were input to the program SCRAM.FR to "scramble" (randomly
shift) the rows and columns of the data file. The following are scene
creation routines:

CRSCN.— Creates single point image file; ex. file P3333. is a
point at coordinates X = 33 Y = 33

CRNOL.— Creates a random noise scene; ex. file NOISEl is a
random noise file

SCRAM.— Used to "randomize'" a random scene. This program
modifies a file that had been previously created.

R T
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CR4SCN.— Creates a four point image; ex. file F3232 is
a file of four points with LH corner at X = 32,
Y = 33
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CRIOSCN.— Creates a sixteen point scene; ex. S3232 is a
file of sixteen points with LH corner at
X=32, Y=32

CRLNOI .~ Creates a random noise scene of limited
size (Lb4x64)

CRN.— Creates an image "N"; ex. 7ile IMAGEN was
created by CRN.SV

CRW.— Creates an image of "W'"; ex. tile IMACGEW
was created by CRW,SV

CR3.,- Creates an image file of a

CR4 .~ "+" and an integer. These

CRS.— were used to create the

CRo.— Tank 1.D. files: TID1, TID2,
TID3, TID4, TIDS, and TIDo.

CRSQ.— Creates a square image

All image tiles can be examined by executing the program IMAGER.SV. IMACGER
reads the image from disk and outputs a grayscale plot to the line printer.
i The subroutine SDEF (contained in disk file IREAD.—) is used by machine
holography software to read the image files trom disk into memory,

The actual holography routines consist of tour programs: HDRV.—, HSDRV.-
MHOLO.— FBORVT.—, and CRSUM.-.

: HDRV . — Creates a single hologram and pertorms
: an image reconstruction
HSDRV .~ Creates a multiplexed hologram
MHOLO.— Reads a hologram, performs an image reconstruction,

and outputs a grayscale plot. MHOLO. is used in
conjunction with HSDRV.

: FBDRVT. Creates a hologram teedback loop

CRSUM.— Is a utility program used to zero a complex array
file on disk. CRSUM. is executed to create a zevo
valued hologram file prior to running HSDRV.-

I1/0 routines are RBLC.—, RBLKC.—, WBLC.—, and WBLKC.—. These¢ routines are
used to read and write 64 by 64 complex arrayvs to and trom disk.

Several routines were borrowed from difterent dirvectories. These are
FFT2D.RB, GSPLT.—, PICPLT.RB, and PLPT.RB.




FFT2D.RB Performs a two-dimensional Fourier transform
on a complex array

I
l
I

GSPLT.— Performs a grayscale plot of a complex data
array. The program was modified to calculate
S/N of the array.

&

GSPLTX.— Is a modified version of GSPLT.— which has a
parameter in the call statement specifying
how many points are used in the S/N calculation

PLPT.RB and Are used by GSPLT and GSPLTX
PICPLT.RB

The software operates on 64 by 64 complex arrays. Because of limited memory,
as the programs execute they swap data back and forth from memory to disk.
The driver programs create file<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>