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LIST OF SYMBOLS

A amplitude of reference beam
a x dimension of rectangular aperture input signal
a’ X dimension of rectangular aperture to which

filter is matched
b y dimension of rectangular aperture input signal

b’ y dimension of rectangular aperture to which
filter is matched

D film density

d separation of transform lens and filter plane (Fig. 26)
Er exposure due to reference beam component

ES exposure due to signal component

fl focal length of transform lens

fz focal length of transform lens

G signal to which filter is matched

I intensity distribution

i V-1

K light amplitude illuminating input plane

k 27/x

m upper cut off frequency in x dimension

m’ lower cut off frequency in x dimension

n upper cut off frequency in y dimension

n’ lower cut off frequency in y dimension

S input signal

S/R signal to reference component intensity ratio
T amplitude transmission factor

iv



light amplitude distribution

X/ M4 |

Yo/ M4

input plane coordinates

frequency or filter plane coordinates

output plane coordinates

separation of filter plane and transform lens (Fig. 26)
separation of transform lens and output plane (Fig. 26)
spatial frequency, sin 6/)\

photographic film gamma

output plane scale factor (Appendix B)

angle which reference beam makes with the optic axis
wavelength of monochromatic light

diameter of circular aperture input signal

correlation function

denotes Fourier transformation

denotes complex conjugate



CHAPTER 1

INTRODUCTION

One of the more modern approaches to the problem of
pattern recognition utilizes techniques of coherent optics
to perform correlation analyses. An investigation directed
towards development of coherent optical data processing
techniques applicable to detection and study of meteor
trails has been conducted at The University of Tennessee
Space Institute under sponsorship of The National Aero-
nautics and Space Administration's Marshall Space Flight
Center/Space Sciences Laboratory. This report presents
theoretical and experimental findings from these research
efforts.

Implementation of a coherent optical data processor
for pattern recognition purposes can be effected by use
of the matched filter, a complex filter which is made to
detect a particular signal (generally, a two-dimensional
signal) in the presence of other signal forms and noise.
Basic to the research efforts reported here is the assump~
tion that meteor information is collected and made available
to the optical system by means of photographic film trans-
parencies. Thus, the matched filter must be capable of

detecting the presence of meteor trails while rejecting star



images and other forms of noise. Techniques and applica-~
tions of matched filter pattern recognition appear in the
open literature (1,2,3,455).* An analysis and discussion
of a coherent optical matched filter system is presented

in Appendix A of this report.

As shown in Appendix A, operation of the matched
filter is essentially that of performing a correlation
analysis between two signals; one signal is an input to
the system and the second is a signal to which the filter
is matched. The output of such a system is a light inten-
sity distribution proportional to the squared magnitude
of the resulting correlation function. Thus, the detect-
able output quantity is a measure of the similarity between
a known and an unknown signal.

Important aspects of matched filter operations which
have been investigated during the period of this contract
include characterization of the matched filter with regards
to its selectivity and output light distribution, deter-
mination of factors influencing filter diffraction efficiency,
and an investigation of the effects of input signal format
contrast. 1In addition, a matched filter optical configura-

tion which affords operational advantages in meteor trail

%
Numbers in parentheses refer to similarly numbered refer-
ences in the bibliography.



detection has been designed. Experiments have been con-
ducted to determine the limitations of the theory employed
and to demonstrate the practicability of optical data
processing techniques, as applied to meteor trail studies.

An important consideration here concerns the manner
in which the matched filter distinguishes between similar
signals. It has been shown that certain steps can be taken
in matched filter formation to improve the ability of a
filter to distinguish between similar signals (6). In this
regard, an appropriate matched filter model has been studied,
both from a theoretical and experimental viewpoint, to de-
termine parameters affecting filter selectivity as well as to
characterize practical matched filter operation. It is
shown that the matched filters bandpass characteristics
determine its selectivity and the output light distribution.
This study is presented as Chapter II. A narrow rectangular
aperture was employed as a meteor trail model in these studies.
An expression for the output light distribution (correlation
intensity) corresponding to rectangular signal formats is
developed and presented in Appendix D.

Typical hologram diffraction efficiencies are two to
three percent. Since the matched filter is in fact a Fourier
transform hologram, detection of the matched filter output
is affected by its diffraction efficiency. Experiments were

conducted to determine the proper matched filter film (or



photographic plate) density which would yield a relatively
high diffraction efficiency. Borrowing from the experience
of holographers, a bleaching step was added to the film pro-
cessing procedure. The effects of film bleaching were
studied to determine the manner in which bleaching affects
matched filter operation. It was found that matched filter
efficiencies can be improved by proper bleaching. Also,

the selectivity exhibited by unbleached filters is decreased
after bleaching. These studies are presented and discussed
in Chapter II11.

Chapter IV consists of discussions and experimental
results relevant to the effects of input signal format
contrast upon the operation of matched filters. This is
one of the more important factors in the use of matched
filter techniques for detection of meteor trails because
the input signals are recorded on photographic film with
typically low contrast between the signal and the signal
background. The contrast is dependent upon the properties
of the meteor (size and etc.) entering the earth's atmos-
phere and the characteristics of the film on which these
images are recorded. Effects of input signal (meteor trail)
rotation as a function of filter selectivity are also con~-
sidered in Chapter IV. Finally, the ability of the matched
filter to discriminate against circular aperture type formats

(representative of star images) is considered.



The design of a coherent optical matched filter system
is presented and discussed in Chapter V. An analysis of
this system appears in Appendix B. This system consists
of a spherical wave matched filter correlator which was
designed to minimize the number of lenses employed, subse-
quently minimizing the system noise introduced by the lenses.
Such a system also provides a transform plane scaling capa-
bility which allows similar input signals to be scaled to
a single matched filter. Several output detection schemes
are considered in the system design, and a closed circuit
television line scanner and visual monitor design is given
in Appendix C.

Finally, Chapter VI includes conclusions drawn from
these research efforts and recommendations for implementing

the various techniques reported here.



CHAPTER 11

OPERATION OF THE MATCHED FILTER AS A FUNCTION OF

ITS BANDPASS CHARACTERISTICS

In this chapter, the operation of the matched filter as
a function of its bandpass characteristics is considered. In
particular, the effects of filter bandpass characteristics
upon the filter selectivitys; or ability to distinguish between
similar signals;and the output correlation light distribution

have been investigated.

Physical Significance of Bandlimiting

In general, the energy density spectrum of a signal
reveals that a large percentage of the total energy is
concentrated in the low frequency range of the signal spectrum.
This low frequency information is common to signals which are
similar in form, while it is the higher frequency information
which distinguishes similar signals. One would therefore
expect that the selectivity of a matched filter can be im-
proved by blocking transmission of light in the low frequency
range.

Photographic £ilm has been and continues to be a basic
medium for recording data in optical processing and filtering

systems. One method for realizing the bandlimited matched



filter, using the saturation characteristics of photographic
film, is as follows. Overexposure by the signal light compo~
nent during filter formation causes the film to saturate in
the low frequency range since most of the energy is concen-—
trated near the zero frequency. Simultaneously, the signal
level is increased in the high frequency range and the signal
to noise ratio of the higher frequency components is increased
significantly. That is, the normally limited upper frequency
cut off has been extended (7). The situation discussed here
is illustrated in Figure 1, where films have been subjected
to different exposures to record the Fourier spectrum of the
signal (rectangular aperture).

From Figure 1, it can be seen that as the lower cut
off frequency increases, the high frequency cut off increases
and vice~versa. The upper cut off frequency can be deter-
mined by comparison of the noise level of the recording
medium (film) and the apparent spectral width of the filter
function,

In short, it can be said that the upper and lower cut
off depends on the exposure time, developing time, type of
film and signal to reference intensity ratio during exposure.
It is the latter factor which is employed in practice. Also,
in practice, the low frequency bandstop can be made to exhibit
uniform opacity by use of an opaque mask, thus alleviating

any gray area which might exist.
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Figure 1. Fourier spectrum of a rectangular aperture,
iliustrating bandwidth variations as a
function of exposure.
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Bandlimited Matched Filter Model

It has been intuitively reasoned in the previous section
that the selectivity of a matched filter can be improved by
use of a high pass filter in conjunction with a wideband
matched filter. A related aspect is the expectation that
such additional filtering will alter the output light distribu-
tion (i.e., the resulting correlation light intensity). Both
of these considerations have been investigated theoretically
by use of a bandlimited matched filter model. The idealized
meteor trail model or rectangular aperture was used throughout
this study as the input signal and the signal to which the
filter is matched.

In general, the bandlimited matched filter model consists
of a matched filter operating under band pass filter constraints.
The bandpass filter can be considered as a combination of a low
pass and a high pass spatial frequency filter. If an obstruc-
tion is located such that it prohibits light being transmitted
in a region above a certain spatial frequency (i.e., the high
frequency cut off), it is called a low pass filter., This
type filter is shown in Figure 2(a). Otherwise, if an opaque
obstruction is placed in the low frequency region (around
the zero frequency component) of the two~dimensional frequency
plane such that it prohibits light being transmitted through
that portion of the plane which is below a certain spatial
frequency (i.e., the low frequency cut off), it is called a

high pass filter. Figure 2(b) depicts this situation.
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Combining the characteristics of the high pass and
low pass spatial frequency filters produces a band pass
filter, as shown in Figure 2(c). This is an ideal band pass
filter in that it exhibits infinite rejection above and
below the respective cut off frequencies. In addition, the
filter transfer function is entirely real. Thus, the band

pass filter transfer function is given by
.12 . Y2
1, m” || < mand n”° <|=—i< n
Af AE
X y 1 1
q 2 2 | _ ,
1 ? - (1)

>¥f1 >‘flz 0, elsewhere

where (m“,n’) and (m,n) are respectively the lower and upper
cut off frequencies, in two dimensions. Here A is the wave-
length of the monochromatic light and fl is the focal length
of the transform lens (see Appendix A). Contrasted with its
electronic counterpart, the band pass filter described here
is a realizable filter,

A matched filter may be described by the transfer

function (2)

X y ~F L X y
H, [-ji_, _2_} « G [—i?u —5?}. (2)
Xfl kfl A 1 A 1

(a¥)

Here, G is the Fourier transform of G(xl,yl), the signal to
which the filter is matched.

Combining the transfer functions for the band pass
filter and the matched filter yields the composite transfer

function

11
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The above transfer function describes the bandlimited matched

filter model.

Analysis of Bandlimited Matched Filters

The correlation related output (amplitude distribution)
of a coherent optical matched filter system is given by
Equation A-8 of Appendix A, where a general matched filter
type optical correlator is described and analyzed. 1In
terms of a two-dimensional Fourier transformation, the out-

put can be written as

0,0 o0 ~ r\’*
@(XB,yS) « f) f‘ S (u,v) G (u,v) exp [-27i(xgu + y3v)]dudv,
—o0 =00 (4)

where (x3,y3) are the output plane variables and (u,v) are the
spatial frequency variables. The term in the argument of the
complex exponential, (-aAf), of Equation A-8 serves to translate
the output off-axis, but in no way affects the amplitude or
light distribution; thus, it will not be carried through the re-
mainder of this report.
A filter which is matched to a rectangular aperture
having dimensions as shown in Figure 3(a) was chosen for investi-
gation of bandlimiting effects. That is,
*1 71
G(Xl’yl) = rect[——} rect [——] (5)
a’ b’

and the two-dimensional Fourier transform is

12
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(a) The signal to which the filter is matched.

(* dimensions used in experimental work)
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Case 2: a’/a

2, ©b'/b =

]
]

Case 3: a’/a

il
ot

0.5, b’/b

(b) Input signal formats.

Figure 3. Signal formats used in theoretical
and experimental matched filter
model studies.
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G(u,v) = a’b’ sinc(ma’u) sinc(mb’v) (6)

Here, (x ) are the input plane variables, and the

1’71
apertures are assumed to be illuminated by light ampli-
tude of unit wvalue.

Three different input signals were chosen as shown in

Figure 3(b). For the inputs,

! Y1
S(xl,yl) = rect [~—- rectl:——} (7)
a b
and
g(u,v) = ab sinc (rau) sinc(7bv). (8)

It should be noted here that according to the inputs selected,
a correlation analysis will yield cross—correlation in the

X, dimension and auto-correlation in the Vg dimension.

3
A wideband filter (i.e., a matched filter with no

bandlimiting) can be analyzed by direct use of the above

output relation. For the bandlimited cases, the respective

cut off frequencies are introduced into Equation 4 through

the limits of integration as

n m *

@(XB,YS) < 2 j‘ fﬁ E(u,v) E (u,v) exp[—Zwi(xSu + y3v)]dudv.
n’ m’
(9)
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The above expression can be evaluated for rectangular
aperture signals as indicated in Appendix D. Use of
Equation D-2 was made to calculate various output cor-
relation distributions. The one-dimensional light inten-
sity distribution for the wideband filter is shown in
Figure 35, corresponding to ¥g = 0. It is seen in this
figure that the peak auto-correlation intensity equals
that for cross-correlation with a larger aperture., One-di-
mensional curves corresponding to Xg = 0 would be similar
to the auto-correlation curve except for a simple scale
change.

Cut off frequencies for the bandlimited cases were
estimated from several filters which were recorded for
experimental purposes. A typical low pass case is shown
in Figure 6. These curves demonstrate the fact that
typical upper cut off frequencies are sufficiently high
to be considered infinite, since the curves of Figure 6
are almost identical to those of the wideband filter
shown in Figure 5. Therefore, the assumed bandlimited
matched filter model can be considered to be simply a high
pass filter model, at least in the absence of noise.

For the high pass filter case, correlation intensity
curves are shown in Figure 7 and 8. The low frequency
cut offs correspond to the first and third zeros respect-

ively of the sinc function shown in Figure 4. In these

15
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figures, it is noted that the output light distribution
is significantly altered as a result of bandlimiting.
Especially notable is the fact that more than one 'spot"
of light may be observed in the output plane.

Concerning the filter selectivity as a function of
bandlimiting, it is seen that the difference in the values
of correlation intensities (measured along the ordinates
of Figures 5, 7 and 8) between auto-correlation and cross-
correlation increases as the lower cut off frequencies
increase. A more complete set of data on filter selectivity
is presented in Figure 9, normalized to unity to emphasize
the relative selectivity of the filters. The selectivity
curves in this figure were obtained from Equation D-2,
representing a wideband filter and filters with low frequency
cut offs corresponding to the first and third zeros of the
sinc function shown in Figure 4. The general characteris-
tics of the selectivity curves show that selectivity is
improved as the lower cut off frequency increases; however,
for the two bandlimited cases, the selectivity curves are
not monotonically decreasing curves about the point a/a’ = 1.
These results indicate that the process employed here to
enhance matched filter selectivity is not as straight for-
ward as it initially appeared to be. An explanation of

the radical behavior of the selectivity curves lies in the

21



*S9AIND A3TATIO09[SS JO93[TI POYOlBW polTWITpueg °g oansStg
s.ﬁ\.ﬁ
z'2 0°2 8T 9T %1 2T OT 8 9 % 2 0

i T ek

A

A ]

v\

N
—= o
S AR Ny

2| (0 0]

VIR TR T b s e gy

o oxio g mini

-
e

© = W;e

0 = U,;e

o = W,e

PR e SRR

¢ et
i Sl aes Fand

T

0°L

22



fact that correlation under high pass conditions actually
consists of a comparison of the edges of the rectangular
apertures involved. This is illustrated in Figure 10

where the reconstruction of a Fourier transform hologram
(matched filter) is shown. The absence of low frequency
information due to film saturation is noted here. Further-
more, the edges are not sharp as demonstrated in Figure 11

for a bandlimited straight edge (e.g., one side of a rectangu-
lar aperture). Thus, [@(0,0)[2 for crosscorrelation becomes

a complex function of aperture dimensions and cut off fre-

quency, as predicted by Equations D-2 and D-3.

Experimental Investigation of Bandlimited Matched Filters

The analytical results of the previous section show
that matched filter operation is a function of its bandpass
characteristics. It was shown that the output light distri-
bution is significantly altered as a result of bandlimiting,
while filter selectivity generally improves as the lower cut
off frequency is increased. It was assumed that the upper
cut off frequency is typically high enough to be considered
infinite. Further, it was observed that little change takes
place in the 1light distributions for normalized lower cut
off frequencies greater than unity. To lend support to the
theoretical results, several experiments were carried out
to determine the effects of bandlimiting upon matched filter

operation.

23



Figure 10.

Reconstruction of a bandlimited matched filter.
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Figure 11, Bandlimited image of a straight edge.
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The general steps carried out in the filter formation
and correlation processes were similar to those discussed
in Appendix A. The exception to this statement is that the
signal light component was made sufficiently large to over-
expose the film (matched filter recording medium) in the
low frequency region; thus, the resulting matched filter was
a high pass device. Aspects of film exposure and processing
will be discussed in Chapter III, where it will be shown
that a signal to reference component ratio, S/R, equal to or
greater than approximately 1.6 can cause film saturation.
Experimental results of bandlimiting are illustrated in
Figure 12, The filter from which these data were obtained
was a high S/R filter, with an estimated lower cut off
frequency corresponding to the first zero of the sinc func-
tion of Figure 4. Multiple "'spots" are seen to appear in
each distribution of Figure 12, as the theory predicts.
These points of high intensity are very useful when quali-
tative results are desired (see Figures 7 and 8).

A closed circuit TV system, as described in Appendix C,
was also used to obtain intensity recordings for correlation
outputs. The TV camera was placed such that the photosensi-
tive area of the Vidicon was located in the output plane. A
single line scan, passing through the center of the output
light distribution, was observed via an oscilloscope. Figure 13
illustrates this type of visual readout. The two traces in this

figure correspond to the autocorrelation and a crosscorrelation

26



(a) Autocorrelation with a=lmm; b=3mm

R

(¢) Crpsscorrelation with a=2mm; b=6mm

(d) Crosscorrelation with a=0.5mm; b=3mm

Figure 12. Bandlimited correlation intensity
distribution.
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(a) Autocorrelation with a=lmm; b=3mm

(b) Crosscorrelation with a=2mm; b=6mm

Figure 13. Traces of bandlimited correlation intensity
distributions.
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of Figure 12, Comparison of the relative intensities of
these two traces with the theoretical data shows good
agreement.

An experiment was conducted in an effort to lend support
to the matched filter selectivity characteristics which the
filter model predicts. However, it is difficult to obtain
a prescribed lower cut off frequency experimentally, pri-
marily due to the fact that the lower cut off frequency is
not well defined. An approximate relation between cut off
and S/R is developed in the next chapter. Nevertheless, de-
sired values of cut-off can be approximated. Selectivity
data were obtained via the TV line scanner for filters made
with a wide range of S/R values. These data are presented
in Figure 14.

Experimental results obtained in the study of band-lim-
ited matched filter operation is in general agreement with
the theory. Theory and experiment indicate little change in
filter operation when the lower cut off frequency exceeds
the normalized value of unity. The bandlimited output light
distributions contain "spots' of light which are useful in
attempts to characterize an unknown signal. In addition,
bandlimiting can be employed to improve filter selectivity
when needed.

Although the results obtained in the study of the

operation of the matched filter as a function of its band-

29
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pass characteristics are peculiar to rectangular aperture
type signal formats, several general conclusions may be
drawn. The output correlation light distributions are sig-
nificantly altered by bandlimiting, and the selectivity of
matched filters can be improved by means of high pass filter-
ing. Both of these effects are directly attributed to the
fact that correlation is taking place between the respective
aperture edges as opposed to the total aperture areas.
Finally, it should be pointed out that selectivity desired
for a particular application is a function of the objectives

of that application.
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CHAPTER III

SOME ASPECTS OF FILM CHARACTERISTICS AND PROCESSING

RELEVANT TO MATCHED FILTER OPERATION

A discussion of matched filter operation as a function
of its handpass characteristics was presented in the previous
chapter. 1In this chapter, photographic film (the medium
upon which the matched filter is recorded) characteristics
are considered, and the non-linear effects of the film as
they relate to the lower spatial frequency cut off of band-
limited matched filters are discussed. In addition, matched
filter diffraction efficiency is considered. Experimental

results of several bleached filter experiments are presented.

Film Characteristics

Several photographic films have been popular candidates
as recording media for holograms and matched filters. The
Agfa-Gevaert 8E and 10E series films offer high sensitivity
around 0.6 microns with resolution in excess of 2000 lines/mm
(8). These emulsions exhibit essentially a constant gamma
(v = 4.3). Presently, 8E75 and 10E75 are available. Another
film type often employed is Kodak 649F spectroscopic film.
This film offers resolution in excess of 3000 lines/mm, but
its sensitivity is less than the Agfa-Gevaert types. Kodak 649F
has an approximate gamma range of 1 to 3 for development times

of 2 to 10 minutes in Kodak D-19 developer (9).
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The experiments reported here were carried out using
Kodak 649F photographic plates. This particular film was
selected because its emulsion thickness of approximately
16 microns is desired for bleaching, contrasted with the
less thick emulsion of the Agfa-Gevaert type films. One
method of presenting film characteristics is by way of an
amplitude versus exposure curve., Such a curve is shown in
Figure 15 (10). The data for this curve were obtained by
exposing the film through step density wedges with a He-Ne
laser. The film was developed in Kodak D-19 developer for
three minutes at 76°F, stopped for 30 seconds, fixed for
three minutes and washed for 30 minutes. Figure 15 shows
that the maximum linear dynamic range of the film is achieved
when operating about an amplitude transmission of 0.5.

A number of matched filters were exposed for varying
times to determine the optimum density range with respect
to filter diffraction efficiency. After exposure, the plates
were developed according to the procedure described above.
The various filters were compared by measuring their diffrac-
tion efficiency wvia a photomultiplier tube. Diffraction
efficiency is defined here as the ratio of the total intensity
in the output correlation component to the total intensity of
the light incident upon the filter. Typical data obtained
in this experiment is shown in Figure 16, where diffraction
efficiency is plotted versus density. The density wvalues
were obtained by measuring the density due to reference bean

exposure only. This density value was used because the
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density resulting from exposure by the reference and signal
beam varies across the filter, as a function of the signal
spectrum. It was, therefore, necessary to relate the
components of signal and reference intensities by a signal
to reference intensity ratio, S/R. A series of filters
were made with several values of S/R and it was found that
the density range of maximum diffraction efficiency was

0.3 to 0.5 for each ratio. A plot of diffraction efficiency
versus S/R is shown in Figure 17. It is noted here that the
efficiency is reduced as S/R increases. This is due to the
fact that higher ratio filters are saturated in the low fre-
quency region of the filter where most of the signal energy
is concentrated; thus, much of the light is blocked in the
higher S/R filters. The higher S/R filters are non-~linear
and it was found that they produced higher order output
images. These were determined to contain up to 15% of the
energy of the first diffracted order (i.e., correlation out-

put component) for filters with S/R on the order of 100.

Bleached Matched Filter Experiments

Since the matched filter is actually a Fourier trans-
form hologram, the bleaching process which has been applied
to holograms was considered. A brief discussion of bleaching
theory is presented in Appendix E, along with several formulae

for chemical bleaches. The bleach used in this work was the
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potassium ferricyanide type discussed in Appendix E. Specif-
ically, the bleach was composed of eight grams of potassium
ferricyanide and seven grams of potassium bromide to one
liter of distilled water.

A series of matched filters were made with densities
(due to reference beam exposure only) of approximately 0.4.
The diffraction efficiencies were measured, each filter was
bleatched and the efficiencies were again measured. It was
found that the apparent optimum bleaching time was dependent
upon the S/R. Excessive bleaching of low S/R filters, for
example, caused the filter performance to deteriorate. 1In
guch cases, the selectivity curve was found to increase with
increasing values of a'/a, making the filter less useful fof
pattern recognition purposes. It is interesting to note here
that the model analysis predicts this type result for a’m’/ = 0
and am < 1.

The results of bleaching the higher S/R filters showed
an improved efficiency, depending upon the bleaching time.
A plot of diffraction efficiency for unbleached and bleached
filters is shown in Figure 17. Each filter here was bleached
for 10 minutes, washed for 30 minutes, rinsed in Kodak Photo-
Flo for 30 seconds and allowed to dry at least two hours in a
laboratory environment. The S/R = 0.7 filter was ruined as

a result of excessive bleaching, while the bleached S/R = 2.1
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filter yielded a high efficiency but its selectivity
deteriorated to a point where it was no longer useful
for pattern recognition purposes. The greatest improve=-
ment was noted for the S/R = 21 and 110 filters, where the
efficiencies are seen to be increased by a factor of about
7. The selectivity of these two filters tended towards that
of a wideband filter, but maintained a high degree of select-
ivity. Figure 18 illustrates cross—sectional autocorrelation
traces before and after bleaching°

From the foregoing discussion, it is apparent that
bleaching must be carried out on a trial and error basis in
order to obtain improved efficiency while maintaining suffi-
cient selectivity for a particular application. It is apparent
that a bleached filter exhibits bandpass characteristics which
are a function of the S/R value and the bleaching time. 1In
order to maintain some degree of selectivity, the filter
should not be bleached until it is completely transparent.
Practical use of bleached filters appears feasible when inade-
quate laser power is available. Otherwise, the problems associ-
ated with achieving optimally bleached filters probably do not

warrant the use of such.

Relationship of the Lower Cut Off Frequency to S/R

Returning attention to the amplitude transmission versus
exposure curve of Figure 15, an approximate relation between

the lower cut off frequency of bandlimited filters and S/R
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Unbleached (Vertical -~ 0.1 volts/div.)

Bleached (Vertical - 0.2 volts/div.)

Figure 18. Illustrative traces of autocorrelation
intensities before and after bleaching.
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can be obtained. The cut off frequency is the most useful
concept in theoretical considerations, where the S/R is
a quantity which is easily measured in the laboratory. The
ease with which cut off can be measured (e.g., via micro-~
densitometer) depends on the geometry of the spectrum.
Assuming a matched filter recorded with a density (due
to reference beam exposure only) of 0.4, it can be seen from
Figure 15 that a S/R of approximately 1.6 will yield an
amplitude transmission of approximately 0.1. Defining this
value of amplitude transmission as the point where cut off
occurs, an approximate relation between low frequency cut

off and S/R may be given as

i1

S sincz(wa'u)sincz(ﬂb'v) 1.6 .,

R u
v

m?
n’?

In this expression S = (Aa'b')z, where A is the amplitude

of light incident upon the input plane during filter forma-
tion. The values of u and v which satisfy the above expres-~
sion are then the lower cutoff frequencies, It should be
emphasized that this relation is only a first order aproxi-
mation in that it neglects the effects of amplitude modulation
of the average density of the recorded filter. In addition

to the film transmission-exposure characteristics, film
resolution and recording geometry (i.e., fringe frequency)

are also factors in determination of the low frequency cut~-

off due to exposure "spillover" between the high density

peaks of the matched filter fringes.
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CHAPTER IV

APPLICATION OF MATCHED FILTER DETECTION

TO METEOR TRAILS

The foregoing chapters have been concerned with charac-~
terization and operation of coherent optical matched filters.,
In this chapter, attention is restricted to specific applica=-
tion of matched filter systems for meteor trail detection.
Consideration is given here to rotational sensitivity of
matched filters employed for meteor trail detection and also
sighal contrast requirements foxr matched filter input data.
Finally, results are presented which are representative of the
ability of a matched filter to discriminate between meteor

trails and stars.

Rotational Sensitivity of Matched Filters

A matched filter is a space invariant filter. That is,
within the limitations imposed by the transform lenses, trans-
lation of the input signal yields translation of the corres-
ponding output by an amount proportional to that of the input
signal. However, the orientation of the input signal is
generally critical., The filter is matched to a particular
signal having a particular orientation.

An experiment was conducted using ideal meteor trail

models to determine the rotational sensitivity of matched
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filters as a function of S/R. Two filters were employed,
having S/R values of approximately 0.5 and 5. 1In each case,
the signal to which the filter was matched was placed in the
input plane and rotated while measuring the peak value of
the correlation intensity, l@(0,0)]z, with the television
line scanner. These data are shown in Figure 192. This
figure shows that the higher S/R filter is more sensitive to
rotation of the input signal (0.5 mm x 6mm rectangular
aperture) than the low ratio filter. The effect of rotation
in the input plane (and in the filter plane) is to smear the
output light distribution, thereby decreasing the peak output

intensity.

Effects of Input Signal Contrast on Matched Filter Operation

One of the most important factors affecting the operation
of matched filter systems is that of the contrast between the
input signal and the signal background. Here contrast is de-
fined as the ratio of the light intensity transmitted by the
signal (rectangular aperture) to that transmitted by the back-
ground. The effect of signal contrast is to alter the output
peak correlation intensity, the detectable output quantity;
and in addition, fhe light transmitted by the input signal
background is partially diffracted into the background of the
output plane. Thus, an output contrast can be defined as the
ratio of the peak correlation intensity to the average intensity

of the output background light. Figure 20 illustrates the
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(a) Output withhigh transmission background in input plane:
X4 magnification.

(b) Output with low transmission background in input plane,
X4 magnification.

Figure 20. Illustration of input plane background trans-
- mission effects upon output light distribution.
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correlation output corresponding to a very high input
contrast as compared to an output corresponding to a low
contrast input (one whose background is not opaque). The
correlation intensity distributions in this figure are for
rectangular aperture input signals and a matched filter
made with a signél to reference ratio of approximately 0.5.

A set of fixed dimension rectangular aperture input sig-
nals (a = a’/ =.0.5mm, b = b’ = 6mm) were recorded on photo-
graphic plates:with varying contrasts. These signals were
then applied to a matcheé filter and the outputs were measured.
Two cases were considered. First the input background density
was varied while the aperture area was made nearly transparent.
These data appear in Figure 21, indicating detectable outputs
for input contrast values of approximately 2 (see Figure 20).
The second case consisted of a fixed input background density
(D = 2), and the aperture densities were varied. The data
resulting from this'experimehf afe presented in Figure 22,
where it is seen that the peak correlation intensity wvaries
in proportion to the transmission of the input apertures. It
should be pointed out here that the minimum detectable output

is a function of input and system introduced noise. 

Star Pattern Rejection

Until this point, much has been said concerning matched
filter selectivity oxr the ability of a filter tc discriminate

between similar signals. This is the most severe test of a
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matched filter. 1In the case where star patterns (modelled
here by a cdrcular aperture) are compared in a correlation
analysis with meteor trails (rectangular aperture), very
little similarity exists. The star images (i.e., the

star images as they appear on film) may vary from tiny specks
to light distributions which are relatively much larger. An
example of a photograph of a night sky is shown in Figure 23,
illustrating the variation in the sizes of stars as seen by
an optical data processor. Dimensions of typical meteor
trails would appear to the data processor as having widths

of the order of star diameters, but the meteor trail lengths
would appear relatively long compared with star diameters.
Hence, because the two signal formats are dissimilar, a
matched filter should provide a high degree of discrimination
between the two.

The worse case with regard to detection of meteor trails
from a star background is when large star patterns exist.
Figure 24 illustrates a rectangular aperture autocorrelation
and a rectangular aperture crosscorrelated with a circular
aperture. These results show that the two light distributions
are easily discernible. The effect of varying the size of the
circular aperture is illustrated in Figure 25, which verifies
that the larger star patterns, having the greater energies
associated with them, produce the larger output intensities.

The results presented here are believed to be representa-

tive of the practical problem associated with meteor trail
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Figure 23. 1Illiustration of star patterns.
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(a) Theoretical curves of rectangular aperture autocorrelation
and crosscorrelation between a rectangular and circular
aperture of diameter p.

(b) Experimental autocorrelation (right) and crosscorrelation
(left), a’ = 4mm, b’ = 0.5mm and p = 2mm, X4 magnification.

Figure 24, Illustration of matched filter rejection.
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(a) Rectangular aperture autocorrelatiorn (a' 4mm )

Vertical - 0.315 volts/div. I

(b) Crosscorrelation between rectangular and circular
aperture (2mm diameter).

Vertical - 0.1 volts/div.

(c) Crosscorrelation between rectangular and circular
aperture (0.5mm diameter).

e i

Figure 25. Traces of correlation intensities from a filter
matched to 2 1 x 4mm rectangular aperture.
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detection by means of matched filtering techniques.
Further investigation in this area should include similar

experimentation with the actual data transparencies.
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CHAPTER V

AN OPTICAL DATA PROCESSOR FOR DETECTION AND

STUDY OF METEOR TRAILS

The matched filter has been studied in considerable
detail, including various aspects of selectivity or rejec-
tion characteristics, techniques for achieving relatively
good filter diffraction efficiencies and requirements for
input signal contrast. The results of these efforts will
appear in this chapter in the form of specifications and
design of an optical data processing system for detection
and study of meteor trails. It is assumed that meteor
trail information can be made available to the data processor

by means of photographic film positive transparencies.

Optical Configuration

A spherical wave matched filter optical correlator
configuration is shown in Figure 26 and an analysis of this
system is presented in Appendix B. Such a system is a
practically useful one in that it provides a transform plane
scaling capability, given by Equation B-2 as 1/Ad. Hence,
signal dimensions can be scaled (practically, scaling is
accomplished by the parameter d) such that they match the
filter even though the filter might have been made for a

larger or smaller signal originally. This means that a
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single filter can be employed to detect meteor trails
which vary in size by changing the position of the lens
L1 relative to the filter plane,

Additional practical advantages are also offered by
the spherical wave correlator. Lenses are a major source
of noise in an optical system. A lens will amplitude and
phase modulate an otherwise uniform light beam by means
of pits, scratches, non-uniform coatings and etc. which
are properties of most lenses. The spherical wave correlator
design of Figure 26 utilizes only two lenses; thus, effects
of lens noise are reduced, in addition to a reduction in
costs of high quality lenses. With reference to the first
transform operation (that due to Ll)’ effects of lens aber-—
rations are reduced because this configuration allows lens
operation to be restricted near the optical axis (compare
this to the configuration of Figure A-1).

Besides the transform plane scale factor, an output
plane scaling factor exists, as given by Equation B-9. This
factor gives the relation between the output light distribu-
tion and the true distribution in cases where measurement
of output distributions are required.

A limitation of the spherical wave configuration lies
in the fact that the limiting aperture in the input plane
varies with the distance d. A related factor is that the

input plane illuminating intensity also varies with d. It
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is thus necessary to design the system such that the beam
diameter, input signal format and desired scaling range are
compatible. It should also be noted that the output plane
position is related to the transform plane scale factor by
Equation B-11.

In addition to the basic components shown or implied
by Figure 26, accessories such as translation stages, liquid
gates and a bench mounted microscope are desirable. A
microposition xy translation stage, on which the matched
filter is mounted, and a bench mounted (with xyz positioning
capability) microscope are useful in achieving the critical
alignment of the filter. Liquid gates for the input and
filter transparencies will produce a more intense, sharply
focused 1light distribution in the output plane by making the
filter operation less susceptible to phase shifts caused by
variations in film emulsion thickness. The liquid gates are
filled with a matching fluid which matches the index of refrac-
tion of the fluid to the emulsion, and should be employed in

matched filter formation as well as the data processing step.

Data Input Considerations

It is assumed that meteor trail information would be
introduced into the data processing system by way of photo-
graphic film positive transparencies. The transparencies

could be in the form of a film roll which is fed through the
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input plane (using a liquid gate preferably) frame by
frame. As previously discussed, the matched filter is
sensitive to rotational position; therefore, either the
input plane or the filter plane must be rotated to accom-
modate trails with differing orientation. Recalling that
the matched filter is shift~invariant, it would be practi-
cally easier to rotate the input plane. Rotation of the
filter itself presents a mechanical design problem in that
filter alignment is critical. Rotation would occur for
each frame present in the input. Preferred meteor trail
orientation or possible meteor trail symmetry would reduce
the required amount of rotation to 180° or less. However,
continuous rotation at a moderate rate is probably desirable
from a design viewpointo

Results of the contrast studies of Chapter IV show
that input plane contrast has significant affect on detection
in the output plane. The lower 1limit on contrast is depen-
dent upon the methods employed in detection and readout.
Experience with a TV type detector and video readout indicate
that an input plane contrast value of approximately 2 is
detectable. Additional work is required to determine charac-—
teristics of representative meteor trail data, including

optimization of meteor trail recording processes.
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The Matched Filter

Based upon results of the matched filter studies, two
possible approaches can be taken to the meteor trail detec~
tion problem. First, the presence of a meteor trail in a
particular frame can be detected with a relatively low
S/R filter (S/R £ 2), assuming adequate input plane con-
trast. The low S/R filter is suggested here because of its
relatively large output distribution (physical dimensions),
the fact that such a filter exhibits modest selectivity
characteristics for similar signals and its relatively good
diffraction efficiency.

After a meteor trail has been determined to exist in a
particular frame, that frame can be re-processed at a later
time with a higher S/R filter (S/R = 30, or less) to deter-
mine more detailed properties of the meteor trail. Use of
a higher S/R filter produces intense '"spots" at each end
of the correlation function and at the center (see Figure 8),
which allows determination of the length of the trail relative
to that for which the filter is matched. Also, in this step,
the value of the output intensity can be measured and com-
pared with that of meteor trails with known properties.

A second approach is to employ a relatively high ratio
filter to detect and obtain detailed information concerning
the properties of the detected meteor trail. In this case,

it would probably be necessary to run the data several times
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because the higher S/R filters are more selective and they
will reject many meteor trails which are longer or shorter

than that to which the filter is matched.

Output Detection and Readout

Detection of a correlation intensity distribution in
the output plane which results from the presence of a meteor
trail in the input requires that the appropriate portion of
the output plane be searched (see Appendix A). Such a
search can be carried out with a scanning photomultiplier
tube or other such photosensitive device.

Another detection scheme utilizes a closed circuit
television, providing a rapid electronic search of the out-
put plane along with visual monitoring capability. A system
similar to that described in Appendix C can be expanded to
readout any desired data from the composite video, within
the limits that the signal to noise ratio imposes. A limitation
of the TV system lies in its limited dynamic range.

The output, however detected, can be related to a particu-
lar input frame, and even to the orientation producing the out-
put. This would allow certain frames to be re-processed or
otherwise examined; thus, discarding frames which do not

contain meteor trails.
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CHAPTER VI
CONCLUSIONS

The research efforts which have been reported upon
here were directed towards development of coherent optical
techniques applicable to detection and study of meteor trails.
The coherent optical matched filter has been investigated both
theoretically and experimentally for use in recognizing the
presence of meteor trails, as recorded on photographic film
positive transparencies, upon a background of star images.

Models of meteor trails employed in this work were long,
narrow rectangular apertures. A matched filter model was used
to determine filter selectivity and its output light distribu-
tion as a function of the bandpass characteristics of the
filter. It was found that selectivity can be improved by
blocking the transmission of light in the low frequency region
of the filter. This high pass matched filter operation is
useful when it is necessary to discriminate between similar
signals; for example, such a technique would have important
application in attempts to distinguish between meteor trails
which only differ in length. Another effect of high pass
matched filter operation upon meteor trails is to provide
intense '"'spots'" of light in the correlation light distribution

which aids in the determination of meteor trail image dimen-
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sions via correlation measurements.

Film processing for matched filter formation was
studied. Determination of an optimum range of film density
was made with regard to matched.filter diffraction efficiency.
In efforts to improve filter diffraction efficiencies, a
bleaching step was added to the film processing procedure.

It was found that the operation of bleached filters depends
upon the signal to reference light component ratio during
filter formation, as well as, the time of bleaching. These
two factors determine the selectivity of bleached filters.

In general, selectivity of a bleached filter is decreased as
compared with that of the same unbleached filter, a result
which is expected. TFinally, an approximate relation was
developed between the cut off frequency of a high pass matched
filter and the signal to reference component ratio employed in
filter formation.

Various other aspects of matched filter properties were
considered relevant to operation of the filter in meteor trail
detection. It was found that the meteor trail orientation re-
quirements which allow recognition by a matched filter are a
function of the signal to reference component ratio. That is,
the higher values of signal to reference ratio produce a filter
which is more sensitive to improper orientation of meteor
trails in the input plane. It is necessary to provide an in-
put plane rotational capability in order to accommodate trails

with varying orientation.
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One of the more important considerations with regard
to application of the matched filter in meteor trail detec-
tion is that involving the contrast between the meteor trail
and the input plane background. It was found that a portion
of the light transmitted by the input plane background is
diffracted into the output plane as a background for the
correlation intensity. Results of experimentation relevant
to this problem indicate that an input plane contrast of
approximately 2 will yield a detectable output. However,
this is obviously a function of the output detection scheme.

Matched filters can be made with sufficient selectivity
to distinguish between similar signals. A filter which dis-
tinguishes between stars and meteor trails requires very
modest selectivity characteristics. A spherical wave matched
filter correlator configuration was presented and analyzed
which offers a frequency plane scaling capability. This
configuration is advantageous in meteor trail detection
since a single matched filter can be .employed to detect the
presence of trails of differing sizes.

An output detection technique which was employed with
conéiderable success 1in this reported work involved use of a
closed circuit television system. This system provides a
visual monitor, exhibiting a capability for rapid search of
the output plane for revealing correlation intensity distribu-

tions. Electronic readout was effected by extracting desired
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information from the composite video signal.

Actual meteor trail signal formats were not available
for consideration during the period of time in which this
research was conducted. All research efforts reported here
were carried out using a rectangular aperture as a meteor
trail model. The results of this work indicate that matched
filter techniques developed here can be successfully employed
for detection and study of meteor trails; however, further
study is recommended, using actual meteor trail signal for-
mats. Specifically, additional information concerning the
chafacferistics of actual meteor trails is necessary. In
this regard, refinement of the meteor trail model is desirable.
In addition, determination of contrast requirements should

be made for actual input signal formats.
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APPENDIX A

DESCRIPTION AND ANALYSIS OF A

MATCHED FILTER CORRELATOR

The system employed by Vander Lugt provides a means
by which a complex filter can be made, recording both ampli-
tude and phase information on a medium responsive to intensity
(e.g., photographic film)(6). Formation of the matched filter
can be described with the aid of Figure A-1. Collimated
monochromatic light is made incident upon the input plane,
which contains a signal to ﬁhich the filter is to be matched.
Let the input signal be represented in a two-dimensional
coordinate system as G(xl,yl), then the complex light ampli-
tude distribution transmitted from the input plane is propor-

tional to G(Xl,yl) and is collected by lens L This lens

1°
provides a Fourier transformation of G(xl,yl) in its back
focal plane, (xz,yz). The light amplitude distribution in
plane (Xz,yz) is proportional to

1.~ K2 Yy

) G [—, —] (A-1)
int kfl kfl

1

where tilde denotes Fourier transformation. Here onward,
xz/,\f1 = u and yz/Xf1 = v is defined.
In addition, as shown in Figure A-1, a second portion

of the collimated light passes below the signal G(xl,yl),

65



*UOT}BWIOY JOITTJF PayoOleuw JOF uorjreandtyuoo [eorado °I-vV oandtd

3IY3TT
OTlBWOJIYOOUOUW

Po1BWITTOD

ANkﬁuN
auerd wJIoIsur.Ij aueird 3oelqo

X) (Lselx)



striking lens Lr which focusses this light at the object
plane and it is finally made incident on the back focal
plane of lens L1 with an inclination 6 with respect to

the optic axis. This beam is known as the reference beam,
The tilted reference beam produces a light distribution in
the transform'plane which can be expressed as,

Ur(xz,yz) = A exp(izwayz) (A-2)

where the spatial frequency a is given by

and A is the wavelength of the laser light. Now, the total
light amplitude distribution in plane (xz,yz) can be
written as

U(xz,yz) « [g(u,v) + A exp(iZwayz)] (A-3)

The total intensity incident upon the (x5,¥5) plane can

be obtained from Equation A-3, and that is
= * -
I(Xzyyz) = U(X-Z’yz) U (XZ’YZ) (A-4)

To make a matched filter, a photographic film is to
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be exposed by placing it in the (x2,y2) plane, taking note
that the film responds to the optical intensity rather
than the field amplitude. (Here, it is worth noting that
the exposure time of the film should be selected properly
according to the requirements as discussed in Chapter III.)
The intensity to which the film is exposed can be written

from Equation A-3 and A-4 as
~o
I(x9,¥9) = [G(u,v) + A exp(i2way,) ]
sk
[+ G (u,v) + A exp(—iZwayz)] (A-5)

The transmittance of the film is proportional to 1_7/2,
and by making the slope of the Hurter-Driffield curve, v,
equal minus two (i.e., a photographic positive) the desired
linear relation between signal amplitude during exposure and
light amplitude transmittance of the film can be achieved.
In practice, the reference light amplitude is made much
greater than that of the signal throughout the band pass
region of the filter (small signal conditions) to yield an

amplitude transmittance

T (X5,¥,5) < a? - x| L la(u,V)Iz + a8 (u,v)
2’72 2
2 Loty

x exp(i2way,) + Ag(u,v)exp(~12ﬂay ) (A-6)
2 2
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The binomial expansion is used to obtain Equation A-6 and
terms of higher order than one are dropped. The result-
ing film (Fourier transform hologram) can be utilized as a

matched filter.

Input Data Processing

With the above matched filter, the input data can be
processed as shown in Figure A-2. In data processing, the
reference beam is blocked, the filter is placed in the back

focal plane of lens Ll and an additional lens L, having a

2
focal length f2 is introduced to the system as shown in
Figure A-1.

Consider that a signal format described by S(xl,yl)
is placed into the input plane. A field distribution pro-
portional to g(u,v) is incident upon the matched filter as
lens L1 provides the Fourier transform of the signal format
in its back focal plane. The light amplitude transmitted by

the filter can be described from Equations A-1 and A-5 as,

T(x5,¥9) = §(u,V) g(u,V) a*(u,V)

21\, o ~s
+ A° S(u,v) + A S(u,v) G(u,v)
~, sk
X eXp(-iZway2)+ A S(u,v) G (u,v)

X exp(i2way2) (A-7)
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Considering the individual terms of Equation A-7, the
Tirst two terms correspond to light distributions centered
on the optic axis in plane (x3,y3). The last two terms
correspond to light distributions located at positions on
opposite sides of the optic axis, displaced according to
6. Of the latter terms, the third term represents a con-
volution operation, while the last term is the correlation
operation as it represents the conjugate of G(xl,yl). Here
onward in the analysis, only the last term is considered.

Lens L2 collects the filter transmitted light corre-
sponding to the last term of Equation A-7, and performs a
Fourier transform on this amplitude function. The trans-
formation results in a complex light amplitude distribution
in the back focal plane of lens L2, which can be expressed
by convolution notation (taking note of the reflected co-

ordinates (x3,y3) as shown in Figure A-2) and letting

fl = f2 = .
o o
. g ok
CD(XS,YS)Oc f f S(u,v) G (u,v)exp{-Zvi[xSu + (yB—&xf)v]} dudv
—C0 =00 (A-’-S)
*
®(x5,y3) = S(x5,¥5) ® G (-%5,-y3) @ 6 (x53,y5 + arf),
and also
oo "
o(x5,75) = J [ S, 6 (6 - xg,m-yg-orf) dedn,  (A-9)
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which is the crosscorrelation of G and S centered at co-
ordinates (G, -a)f) in (x3,y3) plane.

The term —-o)f, in the argument of the complex expo-
nential of Equation A-8, and in the argument of G* of
Equation A-9, serves to translate the output correlation
component light distribution off-axis. Since fhis term
does not affect the light distribution, it is not included
in the expressions in the text, nor in fiéures and diagrams,
for reasons of brevity. In practice, the value of o must
be selected such that the correlation light distribution does
not overlap or interfere with the light distribution existing

on-axis in the output plane (2).

72



APPENDIX B

ANALYSIS OF THE SPHERICAL WAVE

MATCHED FILTER CORREIATOR

The spherical wave coherent optical Fourier transform
configuration is a practically useful one in that it provides
a transform plane scaling capability. Incorporating this
scheme in a matched filter correlator as proposed by Vander
Lugt (11) offers additional advantages. The configuration as
depicted by Figure 26 does not require a collimating lens;
thus, the cost is reduced and a major source of system noise
is removed. In addition, lens operation can be restricted
near the optic axis where aberrations are minimized.

In the analysis to follow, the system limiting apertures
are assumed to be sufficiently large to accommodate all input
signal formats of interest. Thus, with reference to Figure 26,
it can be shown that the light amplitude distribution incident
upon the input plane (xl,yl) may be expressed by (2)

k

., — 2 2
U(xl,yl) = K exp[~ i 24 (x1 + Yy

)] (B-1)
Here, it is assumed that a monochromatic source of light with
wavelength A is collected by lens L1 which has a focal length

f and k = 27/)X. An input signal format whose amplitude

1’
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transmittance is S(xl,yl) is Fourier transformed and mixed
with a reference light amplitude (A/de)eXp(—j2way2) to

yield an amplitude distribution in the (x2,y2) plane given

by
- 1 . k 2 2
U (X5,¥5) = — exp[i — (x,° + ¥,7)]
2772 ind 24 2 2
~ X Yy
* {A exp(~ iZwayz) + KS(—Z, _3)} (B-2)
ad Ad

where o = sin 6/) and tilde denotes Fourier transformation.
The transform plane scaling factor, 1/Ad, is noted in the
above expression. A photogfaphic film’exposed to the inten-
sity corresponding to this amplitude distribution is processed
and returned to the (xz,yz) plane fb function as a matched
filter. The quadratic phase factor is seen to cancel here
when intensity is considered, due to the location of the
reference point source in the input plane.

Blocking the reference light, a new input signal format
described by G(Xl’yl) is placed in the input plane. The 1light

amplitude distribution incident upon the filter becomes

K .k 2 ~ Fa Y
== exp(i = (x,0 + ¥, ]6(E, B (B-3)
ixd 2d ad  Ad

The amplitude component transmitted by the filter which is

of primary interest in matched filter correlation is
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U+(X2,y2) - L KAzexp[i E—(x22 + yzz)]
ixd 2d

~ Xy Vg K Xy Y
. G(—=, /=)S (=, ——)exp(— 12way2) (B-4)
ad  Ad ad  Ad
and the proportionality constant associated with the film is
set to unity for convenience.

The lens L2 performs a Fourier transformation upon the
amplitude distribution transmitted by the filter. The desired
results could be written immediately except for the presence
of the multiplicative quadratic phaée factor. Because of
this factor, it is necessary to determine its affect upon
the transform operation. That is, determination of the plane
in which the transform exists must be made. Use of the
Fresnel diffraction formula shows the output amplitude distribu-

tion to be

2 z T

U(Xq,Vq) = exp{i —5—[1 -1 2](x 2 + Yo Ot
3’73 2 3 3
.4d) 222 o

co o0 " K y -f z
f fG(— )S (——- —-g)exp{i l{-[ z22,1,1 ]
-0 ad  Ad ad 2d 2 o d z1

2 2 .
(xz + Vg )}exp(- 12way2)
kf2
. exp{— i —;— (x2x3 + y2y3)}dx2dy2 (B~5)
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where ¢ = f2(21 + zz) ~ ZZg.

In order for the output light distribution to focus
in a plane and provide the desired Fourier transformation,
the quadratic phase factor within the integrand must be

made equal to unity. This is accomplished when

£f_(z, + d)
2y = 2 1 (B-6)

(z1 + d) - fz

Normally, the output intensity is required (i.e., the correla-
tion intensity), and the quadratic phase factor outside the
integral in Equation B-5 is unimportant. However, it too can

be made equal to unity by letting

(B~7)

~In this case, the light amplitude distribution in the output

plane is proportional to the Fourier transform of GS* centered

off-axis. 1In either case, the output correlation intensity is
given by
2
|UGxg,55) |
co 5]
= |ka® [ [ofet,en)srle(6-xy) e (n-yy) + ordldedn]?  (B-8)
=00 =00

76



where

€ = — (B~-9)

is the output plane scaling factor. Under the conditions

of Equation B-6, this scaling factor becomes

z, +d - £
c - 1L 2 (B-10)

o

If the conditions of Equation B-7 are adapted, the
location of the output plane relative to lens L2 is given

by

Zg = (B~-11)

€ = (B-12)

Of practical importance is the fact that the proper loca-
tion of the output plane is that position where the reference
point source image appears, in the absence of any obstruction
in the filter plane. This can be seen by considering the lens

equation for Lz;
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thus gives a reference point source image distance Zg identical
to Equation B-6. The relations of Equations B-6 and B-10 are
depicted by Figure B-1,

It has been shown that the location of the output plane
is dependent upon the position of the input plane and second
transform lens relative to the filter plane. Also, in addition
to the filter plane scale factor, an output plane scaling

factor has been determined.
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€ or 22/f2
[0S

(z1 + d)/f2

Figure B-1l., Relationships between system parameters and
output plane position and scale factor.
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APPENDIX C

CLOSED CIRCUIT TELEVISION LINE SCANNER

A closed circuit television system can be adapted to
provide an analog voltage readout while maintaining visual
monitoring capability. The analog voltage may be presented
on an oscilloscope CRT (or otherwise processed), the voltage
being proportional to the intensity incident upon the Vidicon.
A system is described here which allows isolation of one
horizontal scan line, or a portion of one scan line, from
which the video signal may be extracted. Such a system is
most easily realized through the use of an oscilloscope with
a delayed sweep function. However, it is necessary to obtain
syncronization pulses from the camera in order to syncronize
the oscilloscope. If a sync pulse output is not available
from the camera, it can be extracted from the composite video
output of the camera. A circuit which can be used for such
is shown in Figure C~1l. Use of this circuit makes it unneces-
sary to make connections internal to the camera and permits

use of the line scanner technique with different cameras,

Sync Recovery Circuit

With reference to Figure C~-l1, composite video signals
enter transistor Q1 and are amplified; the signal is then DC

restored at its output. Transistor Qz removes the picture
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information, and, due to the low pass characteristics of

Q3 and its circuitry, only the vertical sync pulses reach
the vertical sync signal output. From Q2 the horizontal
sync pulses are separated by a differentiator circuit which
includes transistor Q4. Transistor Q5 inverts the signal
which is then used to synchronize a unijunction (Q6) saw-
tooth wave generator with the horizontal sync pulses from
the camera. The sawtooth signal constitutes one trigger
source to be used by the oscilloscope, the vertical sync
pulse from Q3 the other.

In addition to the recovery of the sync signals there
is a divider network that allows the use of a gate pulse
from the oscilloscope to produce a white line marker for
the television monitor, thus facilitating data location.
This marker is used to locate the position of the scan line

from which data is read out via the oscilloscope.

Set—up and Test Procedure

The following is a setup and operation procedure for
the line scanner system. Although the procedure is for
the sync pulse recovery circuit used with the type 3555
Tektronix dual beam oscilloscope equipped with a 21-A (time
base A) and a 22-A (time base B) plug in unit, the test set-
up should be applicable to most oscilloscopes with delayed
sweep capabilities. This delayed sweep function is used to
isolate and expand the desired portion of the video signal

to be studied.

82



The composite video signal from the camera is
applied to the input of the sync pulse recovery
circuit and to channel one of the oscilloscope.

The "A" time base is set to trigger on either
positive or negative going slope and uses the
vertical sync pulse output from the sync pulse
recovery circuit as an external trigger source.

The useful ranges of "A" sweep times were 5, 2,

and 1 milli sec./cm. The trigger vernier is

set to provide a stable trace of the composite
video. |

The "B'" time base is set to trigger on the posi-
tive slope of the sawtooth output of the recovery
circuit. The sawtooth wave rises from its valley

to its peak during one horizontal scan by the tele-
vision so that by oscilloscope "B" trigger vernier
adjustment any convenient trigger point along a
horizontal scan line can be obtained. The positive
"B" time base gate pulse output from the oscilloscope
is fed to the divider network to provide a marker for
the television monitor. The "B" time base is useful
in the .5 to .1 u sec/cm sweep ranges.

The "B" trigger vernier provides the means by which
location of any portion of a horizontal scan 1line to

be expanded and observed is obtained. In practice
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the marker line seen on the television monitor

is the portion being read by the oscilloscope.

The marker line position can be adjusted to

the left of the screen by the "B" time base

course trigger vernier and is shifted to the

right along the horizontal scan line by the fine

trigger vernier adjustment. The delay vernier con-

trol on the oscilloscope is used for the choice of

the particular horizontal line to be observed.

Prior to the use of the line scanner system described

above, the dynamic characteristics of the TV camera employed
should be determined. This information provides a knowledge

of the linear range of operation for such a system.
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APPENDIX D

DEVELOPMENT OF BANDLIMITED

RECTANGUILAR APERTURE CORRELATION FUNCTION

The output correlation light amplitude distribution
can be found by substitution of Equations 6 and 8 into
Equation 4 of Chapter II. 1In order to simplify the mathe-
matical manipulations involved, use is made of the fact
that the substitution results in a separable function.
Thus, the two-dimensional problem can be handled as two
one~dimensional problems, the two dimensional result being
the product of the two one~-dimensional results.

In one-~dimension, Equation 4 becomes

m
@(xg) « 2 aa’ j‘ sinc (7rau) sinc(va'u)cos(ZwuxS)du. (D~1)

m’

Using trigonometric identities, the above expression can

be integrated to give
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@(x3/a' « 2L

21 Ta’'m

[mcos(plwa'm) - cos(pzwa'm)

1

Ta’'m’

+ cos(p3wa'm) + cos(p4wa'm)] + [cos(plwa'm')
+ cos(pzwa'm') - cos(p3wa'm') - cos(p4wa'm'4

~Py [Si(plﬂa'm) - Si(plwa'm'ﬂ i [Si(pzwa'm) - Si(pzwa'm'ﬂ

+Pg [Si(p3wa'm) - Si(pswa'm'ﬂ + Py [Si(p4wa'm) - Si(p4va'm'ﬂ ,

(D-2)

where

Py = 1 - a/a’ 2x3/a'
Py = 1 ~a/a’ 4 2x3/a'
Py =1+ a/a’ - 2xg/a’

Py = 1 + a/ar + 2x5/a’

The sine integral appearing above is a tabulated function

defined as

x
Si(x) = f‘ sin(z) 4,
z
o

The expression for the one-dimensional correlation light
amplitude distribution given by Equation D-2 is quite general.
It may be employed to calculate both autocorrelation and

crosscorrelation distributions for wideband and various band-
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limited matched filters. It should be noted that a/a’ =1
gives autocorrelation and a #£ a’ crosscorrelation (see
Figure 3). The cut off frequencies m’ and m (see Figure 2)

for these filters are as follows:

Wideband filter: m’ = o
m =
Low pass filter: m’ = o
m = prescribed upper cut off
frequency
High pass filter: m’ = prescribed lower cut off
frequency
m = 00
Band pass filter: m’ = prescribed lower cut off
frequency
m = prescribed upper cut off
frequency

Further examination of Equation D-2 reveals that normal~
ized correlation distributions can be depicted in terms of
@(xs/a')/a', as a function of x3/a'. The normalized cut off
frequencies are then a’'m’ and a’m.

A one~dimensional problem has been solved above. The
expression for the second one-dimensional correlation ampli-
tude distribution is similar to Equation D-2. The distribution

®(y3/b') is obtained by changing Xq,87,2,m’ and m to
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y3,b',b,n' and n, respectively, in Equation D-2. Thus,
forvthe rectangular aperture signal format, the two one-
dimensional distributions differ by only a scale factor.
Finally, the two dimensional correlation amplitude distri-

bution is given by

X y X y
a’ b/ a’ b!

Data are presented in the text corresponding to one-di-
mensional curves (e.g., y3/b' = 0) of correlation intensity,

which is the detectable output quantity. These data represent

|<1>(x3/a')/a'|2
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APPENDIX E

IMPROVED DIFFRACTION EFFICIENCY OF MATCHED

FILTERS BY CHEMICAL BLEACHING

The coherent optical matched filter is a Fourier trans-
form type hologram of the signal to which the filter is
matched., Several authors have theoretically predicted that

the diffraction efficiency of simple plane wave holograms

may be increased by chemically bleaching the hologram (12, 13, 14,

15, 16 ). The chemical bleaching of amplitude holograms
produces phase holograms, the difference between the two types
of holograms being that an amplitude hologram is recorded on
photographic film as an absorption grating, whereas the

phase hologram is recorded as an index of refraction grating.
Theory predicts that the maximum diffraction efficiency of

an absorption type hologram is 6.25% (2); in practice, the
efficiency values achieved are generally lower than this value.
In contrast to these relatively low efficiency values of absorp-
tion holograms, one author has shown theoretically that the
diffraction efficiency of phase holograms should approach

100% (12). Here again, this theoretical value probably cannot
be obtained in practice. However, the two theoretical values
do indicate the large potential increase in diffraction effi-

ciency for phase holograms. Since the coherent optical matched
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fiiter is in reality a Fourier transform hologram, it would
seem that the bleaching process might be applicable to the
matched filter.

In this study, matched filters are made for the rectangular
aperture meteor trail model on Kodak 649F spectroscopic plates
and bleached in a potassium ferricyanide solution. The purpose
of this work is to demonstrate the feasibility of bleaching
matched filters, and to determine the effects of bleaching

upon matched filter operation.

Theory of Bleaching

As stated previously, phase holograms have the potential
for achieving much greater diffraction efficiencies than
amplitude holograms. One convenient method of producing a
phase hologram is by first making an amplitude hologram and
then bleaching it with an appropriate chemical solution.
Because such holograms operate on the phase rather than the
amplitude of the incident light wave, it is necessary to
find a bleaching material which will leave the hologram
completely transparent (14)., Phase modifications to the
incident beam will then be caused by an index of refraction
variation in the emulsion.

During the exposure and development of an émplitude

hologram, the silver halide particles of the film emulsion
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are converted to silver; a fixing step follows, during
which the unexposed silver halide particles are removed from
the emulsion, leaving the silver image. To change the ampli=-
tude hologram to a phase hologram, the silver sites are con-
verted to a transparent compound which has an index of refrac-
tion different from that of the emulsion.

The mathematical development of the absorption type
matched filter is given in Appendix A, where an expression
for the transmittance of the amplitude filter is given by
Equation A-6. In general, the transmittance of a hologram

may be expressed as an amplitude and a phase; thus,

T(x5,¥9) = t_ exp[i¢(x2,y2)].

When dealing with an amplitude hologram, the transmittance
function is ideally a real function, and the phase is equal
to zero; this ideal case was assumed in the development of
Equation A-6., When the amplitude hologram is bleached, the
amplitude variations are removed and to approaches unity
(i.e., the hologram-is transparent). Thus, the transmittance
of the bleached hologram (or matched filter) can now be

expressed as

T(X2’y2) o« exp[iQ‘(Xz’YZ)]’

where the phase variation ¢ (XZ’ yz) has been introduced as
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a result of the index of refraction grating n(x ) created

2° Y2
by the bleaching process (17), The variation in n(xz, y2) for
the bleached hologram is approximately proportional to the
mass of silver which was originally exposed in making the
amplitude hologram; in other words, the more silver sites
which were originally exposed, and were then converted to a
transparent material, the greater the change in index of
refraction (). Thus, absorption holograms which have high
original densities give the greatest index of refraction
variation after bleaching. Now, the density of the absorption
hologram is proportional to the intensity during exposure;
thus, since ¢(x2, y2) is proportional to I(x2, y2), we may

express the transmittance of the bleached hologram as
T(xz,yz) « exp[iI(xz,yz)].

The intensity incident upon the film during matched filter

formation may be written as

I(X5,¥9) « a2 . IG(u,v)lz + 2A|G(u,v) | cos[2may,-¥],

where

G(u,v) = IG(u,V)] exp[i¥ (u,v)].
Finally, the transmittance becomes

T(XZ’yz) o exp{i[A? + la(u,v)lz]}exp{i[2Alg(u,v)] cos(27rocy2—\lf)]}°
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Thus, we see that the transmittance of a bleached hologram
is ideally a pure phase quantity.

To emphasize the concept of the refractive index grating
caused by bleaching the amplitude hologram, we may express

d(xz, y2) as

¢(x2,y2) « n, + ny cos(2way2-w),

where n, is the average index of refraction across the
emulsion and n, is one-half the maximum change in the refrac-
tive index. To minimize distortion in the optical output of
the bleached matched filter, the phase modulation should be

kept small.

Bleaching Chemicals

A wide variety of materials have been investigated as
possible bleaching agents for the production of phase holo~
grams. Among the bleaches most often used are mercuric
chloride (HgClz), Kodak Chromium Intensifier Bleach, potassium
ferricyanide (3K3Fe(CN)6), cupric bromide (CuBrz), and the
so~called R-10 bleaches. It is generally agreed that the
chemical reactions that occur with the silver particles during
bleaching are the following (12,13,14,15,16):

1. Mercuric Chloride

Ag 4+ HgCl, > AgCl HgCl

2
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2. Potassium Ferricyanide
Ag + K3Fe(CN)6 + KBr - AgBr + K4Fe(CN)6
3. Copper Bromide

+ H,O, -~ 2AgBr + H

2 272
4, R=10 Bleach

2Ag + CuBr 0. + Cuo

271

9Ag + 12NaCl + 7H2804 + (NH4)2CI'207 >

Cl, + 74,0 + 6Na,SO, + (NH

9AgCl + Cr2 3 2 950,

47250

The Kodak Chromium Intensifier Bleach probably has a reaction
equation similar to that of the R~10 bleach, since they both
contain Cr,0

with either ammonium (NH4)2 or some other

2717

compound.

As can be seen from each of the above reaction equations,
each bleach reacts with the silver of the amplitude hologram
to produce an insoluble transparent compound; thus, the
resultant hologram is left transparent. 1In bleaching the
amplitude hologram, it is necessary to make the hologram as
transparent as possible so as to cOnvert»the hologram to a
pure phase hologram,

Each of the bleaches mentioned above has certain
desirable properties. For example, the mercuric chloride
bleach often produces phase holograms which have greater
diffraction efficiencies than those of the other bleaches.
However, mercuric chloride bleach forms compounds that are
unstable and which have a tendency to become more opaque with

exposure to light (6). Thus, an additional processing step
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is necessary after bleaching to make the emulsion stable; it

has been found that by soaking the bleached plates in a solution
of a mercuric halogen they become more stable. Another factor
to be considered concerning mercuric chloride bleach is the

fact that mercuric compounds present a certain safety hazard,

as they may be absorbed through the skin,

The copper bromide bleaches also give good diffraction
efficiencies; however, like mercuric chloride phase holograms,
holograms produced by copper bromide are unstable without
further processing after the bleaching step.

The potassium ferricyanide solutions are very appealing
as potential bleaching agents. Unlike mercuric chloride,
potassium ferricyanide presents no safety hazards. A second
advantage of potassium ferricyanide is that it produces phase
holograms which are stable witﬁoﬁt further processing. It
is true that potassium ferricyanide produces diffraction
efficiencies that are somewhat lower than those produced
by mercuric chloride; however, if one is willing to accept
the small decrease in diffraction efficiency associated
with potassium ferricyanide, he gains the increased ease of

handling and stability of the bleached plates.
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