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Synopsis

‘I'he capacity of an optical correlator to identify, recognise and locate a (arget object in a
cluttered scene depends greatly upon the qualities of the spatial [ilter it uses to represent
the reference image. Noise in the input sccne degrades the discriminative powers of
correlators in the several optical configurations that have been proposed and realised. That
this loss might be ameliorated in the design of the spatial filter by trading-off the noise
tolerance of the classical matched filter with the high spatial resolution yielded by the
phase alone filter is examined herein. Spatial discriminant function filtets so designed are
evalaated by simulations of their performance that account for distortions of the target
object, the discrimination of the target from a nearly similar object and noise corrupting the
input scene. Criteria arc cstablished for the purposes of this evaluation, including
measures of the signal to noise ratio, the spatial discrimination of the correlation peak in
thce correlation plane and the ease of its detection. A cosine-wave joint transform
correlator is proposed, an alternate to the binary joint transform correlator, and is evaluated
by simulations of its performance when presented at its input with multiple objects

contained in noisy scenes.

The design strategy seeks an optimisation that values the sharp spatiai discrimination
contributed by the high spatial frequency components and the {olerance to noise imparted
by the low frequency components of the spatial filter. Chapter 3 examines the trade-oll
between (hese characteristics by applying a filter composed with two dillerence of
Gaussian, band-pass filters — one passing in a high frequency band the other passing in a
low frequency band — to a matched filter. An optimisation of the spatial discrimination of
the correlation peak that accounts for noisc in the input scenc is found by systematically
varying the two pairs of parameters that defline the composite filter. The primary cffect of
the optimal filter is to cut the low frequency spectrum of the matched filter in a sharply
defined band centred on its zero order. The high frequency spectrum is little affected.
This is a significant result, for the optimisation across four paramelers is complex and
computationally slow. The design of the more demanding spatial discriminant function
(SDF) filters might then proceed by variation of a single parameter in a function that

attenuates the low frequency end of the spectra of the training set of images.




A single parameter function is adopted in the optimisation of SDFs reported in Chapter 4,
which introduces the weighted amplitnde SDF. This design balances the sharpness of the
correlation peak against the filter's capacity to distinguish between similar target objects as
the signal to noisc ratio deteriorates. Though the location of the correlation peak produced
by the optimal filter is never left in doubt, in light of the results of Chapter 3 the chosen
weighting function is considered to be less effective than a shatp, low cut filter might have

heen.

Notwithstanding the sensitivity to noise of phase encoded filters, a SDF filter synthesised
from phase-encoded images and correlating phase-cncoded images is examined in Chapter
5 because this scheme can be realised in real time, using current phase modulating spatial
light modulators. The general case for this form of phase-phase correlation is not proved
by the results of the simulations performed, but valuc is to be found in this scheme

whenever the optical efficiency is at a premium.

Although the design goal is unchanged, the design objective in the case of the joint
transform correlator is to extract information directly from the joint power spectrum rather
than to modifly the spectrum of the reference image. A scheme is devised that is similar to
even function correlation of the phase information in the spatial frequency spectra of the
input and reference images, When an object in the input scene coincides with the reference
image the inversion of the cosine-wave term extracted from the JPS generates a pair of
delta functions in the output plane, being spaced apart by a distance corresponding to the
relative displacement of the object and the reference images. The performance of the
cosine-wave JTC is superior to that of the binary JTC and more especially so when
multiple targels are presented in a low contrast, noisy scene. However, the thresholding
function JTC is entirely comparable with the cosine-wave scheme. 1t remains for future

work to examine the relative sensitivity to noise of Lhese compeling systems.

In prospect a JTC is capable of real time correlation that accommodates distortion of the
input object and the depredations of noisc through the use of cosine-wave extracting SDF

filters.
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CHAPIER | 1

CHAPTER 1

Introduction

Pattern recognition emplaying optical corcelation of target and object images is investigated.
The research is of filter design, seeking un optimisation betwcen the capacities of filters to
recognise and locate target objects and tolerate noise. The application of the design ethos is
demonstrated in the constriction of synthetic discriminant function filters. Consideration is

also given to the design of joint transform correlators suitable for operation in real-time.

Vander Lugt’s construction of a maiched filter! to record a hologram containing the complex
conjugate of the frequency spectrum of the object was a signal result for optical pattern

recognition. This work was the catalyst for current research of optical signal processing.

The matched filter provides the best signal to noise ratio when the input signal is corrupted by
noise impressed on the image or generated in the optical system. In many real images the
amplitude of the Fourier spectrum is greatest at lower spatial frequencies and smallest at
higher frequencies. Therefore, the Vander Lugt filter blocks much of the light incideni upon

|

it. The transmittance of a filter!”! is a maximum when it is entirely phase-encoded (Horner and

Gianino; 1984). However, though “phase only” filters may generate a sharp correlation peak,

they are greatly sensitive to noise in the input image'.

This is so because the weighting in
the Fourier plane inherent to filters constructed on complex representations of the spatial
frequency spectra discriminates against noise; an entirely phase-encoded filter passes all

frequencies equally well.

The design of a filter™ composed of two Gaussian form, band-pass filters is considered in
Chapter 3. The aim is to study the optimisation of filters accounting for the sharpness of the
correlation peak generated by the filter and its tolerance of noise that might be impressed on
the input image. The method adopted balances the tolerance of noise imparted by the low-

pass filler und the [inesse ol the comrelation peak generated by the high-pass filter. The

A S ter

PPN PR 1 Ry 3

N




CHAPTER 1 2

performance criteria were the accuracy with which the position of the target object might be

located and the extent of the deterioration caused by noise.

A challenge for the matched filter is its great sensitivity to distortion of the input image'™ with
respect to the reference image. Changes in scale and of angular orientation in the field of the
object constitute distortion. The synthetic discriminant function (SDF) introduced by Hester
and Casasent™™ is a powerful tool, having the capacity to resolve and detect distorted images.
The SDF filter is a composite formed [rom a lincar combination of reference images having
pre-determined distortions and constituting a training set. A cross-correlation of such a [ilter
with a distorted version of the target object detects the objecct and may quantify its distortion.
The training set images are so weighted that identical outputs are [ormed by all auto-
correlations with images that are members of the training sct. The filter’s capacity to
discriminate in-class from out-of-class abjects and its optical efficiency are enhanced when it
is composed [rom phasc-encoded images'”! Flowever, a penalty is exacted in the sensitivity

that this form of filter exhibits to noise in the image.

A compromise is sought in Chapter 4 between the capacity of an SDF Lo recognise and locate
the object und its tolerance of noise. A design method™ is described that optimises the filter’s
performance by applying an apprapriate weighting to the amplitude components of the spatial
frequency spectra of the training set of images. The relaxation algorithm proposed by Jared
and Bnnis™ is adopted to determine the weighting of training set images so that an equality of
the heights of auto-correlation peaks is achieved. The oplimisalion criteria are the quality of
recognition of in-class and rejection of out-of-class images and the optical efficicncy and

tolerance of noise.

In Chapter S an entirely phase-encoded SDF filter is designed by the methods of Chapter 4. A
simulation demonstrates the finesse with which this scheme recognises target objects when
the range of distortion is restricted. However, the susceptibility of phase-encoded filters to
noise is, once more, made evident.

[10

Weaver and Goodman''? demonstrated the first joint transform correfator. In the absence of

suitable interface devices, the ITC was left fallow unti) 1984, when Yu and Lut reported a




CHAPTER | 3

real-time, programmable JTC. Whilst the JTC is an attractive alternative to the [lrequency
plane correlator, a strong zero-order peak in the output plane, being the sum of the auto-

correlations of the reference and input images, overlaps the desired correlation signal.

A cosine-wave, joint transform correlator!' is proposed in Chapter 6, which removes the
zero-order term.  Simulations undertaken demonstrate the capacity of this correlator to
discriminate target objccts from other objects contained in complex scenes that are corrupted

by noise.
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CHAPTER 2 5

CHAPTER 2

Design of Optical Filters and Correlators for Image

Recognition

Those several definitions and theorems that are cmploycd throughout the thesis are

established here to avoid the need for their repetition.

2.1 THE SAMPLING THEOREM

The representation of analogue optical signals at discrete intervals occurs whenever the signal
is detected by a finite photo-detector array or else is encoded in a spatial light modulator. A

band-limited, continuous function g(x,y) has a Fourier transform G(u,v), that is zero for
spatial frequencies Eu‘ >W, and M >W,. W, and W, are the cut-off frequencies of the

spectrum. The one-dimensional sampling function is defined by

comb(x) = i@(x —n) 2.1

fim oo
with # an integer.

The sampled version of a continuous function g(x, y}is

g, (x, )= g(x, y)comb[—z-}comb(%j , (2.2)

when the sampling is at intcrvals aand # in the x and y directions respectively, Remembering
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that the Fourier transform of the sampling (unction is
Fleomb(x)} = comb(u), (2.3)
the Fouricr transtorm of Bquation 2.2 is found to be

G, (1, v) = G(u,v)Oab - comb{au)comb(bv}, 2.4

in which © indicates the convolution operation, and G, (#,v) and G(u,v} are the Fourier
transform of g_(x,y)and g(x, v}, respectively, G, (u,v) is plotted in Figure 2.1.

|GJ. {1, v)|

I A R AN
—

il

it

) -

(a) (b}

Figure 2.1. The Fourier spectra of (a) a continuous band-limited function and {(b) the same
function sampled at intervals a and b in the x and y directions. Replicas (aliases)
! and b_<_~l-.
2W,

do not overlap when a <

14

Thus, sampling with the comb function replicates the original Fourier distribution G(u,v)

. ) 1 L. o . .
around points spaced at intervals — and — in the & and v directions, respectively. These
a

replications of the original distribution are called aliases. It is evident from Figure 2.1(b) that
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aliases do not overlap when

a52;cmdb53%n @2.5)

u v

Therefore, the sampling interval must be sufficiently fine that the highest frequency
componcnt occurring in the spectrum is sampled at least twice. (In this work, the word “pixel”
is adopted to represent a sampling interval with dimensions ¢ and & in two-space.) Equation
2.5 expresses the Nyquist critecion. When this criterion is satisfied, the original continuous

function g{(x,y)can be recovered by applying a low-pass filter to the sampled function

g,(x,¥). The spectrum is recovered as

P
G@u,v) =G, (u,v)recﬁt 2;;“ )rect[ ?JvVv J, (2.6)

in which the low-pass filter is represented by

AR R P
rJif’ 2W,| 2 (2.7)
L 2W:i .
. 70, otherwise.

The mathematical operation on the sampled function g (x,y) is a convolution

g(x, ¥) =g, (x, »)O[AW, W sinc(2W, x)sinc(2W, )1, (2.8)
with
sinc{x) = [sin(%x)]/m . (2.9)

Equation 2.8 expresses the Whittaker-Shannon sampling theorem.
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2.2 ROTATION AND SCALE CHANGE AFFECTING CORRELATION

The capacity of an optical correlator to detect patterns independently of their spatial position
is a dircct consequence of the shift invariance property of the Fourier transform (Appendix).
However, correlation is sensitive to other variations of the input pattern; specifically, it is

9

severely allected by rolations and scale changes™. The correlation of a pattern function

h(x, y)of size 2L x 2L and a scaled version of this pattern 2(#x,2y) is

h(x, ) ® " (1,1y)

i . ! AN ‘. ‘ x’ 1y’ e
= J f i(x',y )rect[;—L}ec{g—L]h (Ix —x 0 —y)x rect(-;z - x}r«ct[ayz— y)dx dy

1
—cuo—pc

\
(2.10)

Consider first of all the effect of scaling on a single, two-dimensional complex spatial

frequency component of amplitude Ax,v) and size 2L x 24, viz.

- Lt

h(x,y) = A(n, V)recz( ;} Jrect[ 2); chp(wi%mx) exp(—iZnvy). (2.11)

The scaled version of Equation 2.11 is

rec{%} X exXp{—i27zuix) exp{—i2nvty), (2.12)

tx )
hitx,ty) = Alu,v)rect| —
(#x,1y) = A{u,v) (ZL/

with ¢ the scaling factor. The resulting detection statistic is the cross-correlation evaluated at

the origin, viz.

Gu,v) = {h(x, y) Iy (tx,ly)},‘.ﬂg

= | late ) reef 2 Veaf 2~ . 213)
2L

2L
xexp[—i2zu(l — £)x"Jexpi—i2m(l — )y 1dx'dy’

—Car—Cd
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Equation 2.13 is the Fouter transform of the two-dimensional rectangle function with

transform variables u(1—17)and v{1—-¢}. Therefore,
Gu,v) =|AGu,v)|* 4L sinc[2u(l — 1) L] sine[2v(L — 1) L], (2.14)

Secondly, consider the case of a real image composed of many spatial frequency components.
Changes of scale do not cause one spatial frequency component to impinge on a neighbour
when the various spatial frequency components remain uncorrelated. In this case, the total

detection statistic is given by

2

G= T TG(u,v)dudv =4[* T T\A(u,v)\

—cr—r -0

x sincf2u(l ~ ) L] sinc[2v{l — 1) L]dudyv

(2.13)

in which |A(n:,v)‘2 is the power spectrum of the original function. The whole of the spectrum

contlributes to the detection statistic when the scaling is exact {r=1), for the sinc function is
then reduced to unity. In the presence of a scaling error the original spectrum is rolled-off by a
sinc function and G is atlenuated. The severity of this degradation is determined by the power
spectram |A(u,v)I2 of the image, the degree of scale change (I-f) and the image size L.
Higher spatial frequencies are more affected by scale changes than are lower frequencies.
Therefore, images that have spectra rich in high frequencies will be especially sensitive to

scaling errors. This result is significant for the application of phase-encoded filters.
Rotational crror has an cffect similar (o that described above.

The synthetic discrimination function, introduced in section 2.3.3, has been devised to

accommpodate crrors of scaling and rotation.
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2.3 OPTICAL FILTERS

An optical filter is a transmission mask that controls the complex transmittance of the lens-
pupil function in an optical processor. The filter defines the optical transfer function of the
processor, which, in turn, controls the frequency distribution of the information that is imaged

from the input to the output of the processor.

2.3.1 Matched Filter

The matched filter "' maximises the ratio of the intensity of the correlation peak to the mean
square intensity of the noise when the input signal contains additive, stationary-random noise.
The input to a linear filter system may be regarded as being the superposition of the signal

s{x,y) and the stationary-random noise n(x, y):

flxy)=s(x,y)+n(x,y). (2.16)

The signal to noise ratio (SNR,) at the oulput peak, centred on (x =0,y =0), is

_E(c0,0)

SNR, ,
var{c(0,0)}

{2.17)

where F, var and ¢ are the ensemble average, the variance and correlation output function

respectively, i.e,

E{c(0,0)} = ]: T.S’(u,v)H(u,v)dudv and (2.18)

m—cnsacas

var{c{0,0)} = ]:TR, (u, )| H(u,v) |* dudv, (2.19)

—a0— 58

in which £, (u,v)and H (u,v) are the power spectral density and filter function respectively.
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To find that function H(&,v) which maximises the SNR,, the Schwartz incquality“m is

applied to Equation 2.17

" . 2 W
T S(u, = s | - ,
II‘[I[MH}[JRI (u,v)H(u,v)]dudv IJM‘{“‘E"IR! (u,v)‘H(u,v)rdudv
oo D, (1,) v P,y v
SNR, = — < — i
f IP;; (u, v)lH (;:::,v}‘2 dudy _[ IR‘ (u,v)‘H (u.v)lzdudv
= J I———dli(I: v)‘) udv = SNR___,
e UtV A
(2.20)
with the equality holding if and only if
JP G H () = koY) (2.21)

JR@)

with % a constant. Thus the highest possible SNR, (i.e., SNRmax) 1s obtained when the filter

function is

8" (u,v)

Huyv)=x .
) = )

(2.22)

In the case of white noise the power spectral density P, (x,v) is constant and the optimal filter

is:

Hu,v)=x'8" (u,v). (2.23)
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2.3.2 Phase-Encoded Filter
While the matched filter discussed above is optimal from an SNR, standpoint, it is highly
sensitivity to distortions in the image and has a low Horner efficiency. TTorner and Gianino ()

have suggested that the “phase only” filter will mitigate the latter because

50, v)
H, () =—"— (2.24)
ror ( ) [S (u,v)l
and, leaving aside the elfect of the medium on which the filter is recorded, the filter plane

does not absorb light. As is demonstrated in Chapters 3 and 5, a phase-encoded filter yields a

sharper correlation peak than does the matched filter, but is very sensitive to noise.

2.3.3 Synthetic Discriminant Funetion Filters

The synthetic discriminant function (SDF)™! represents one approach to the design of
distortion invariant filters.

A SDF is consiructed on a training set of n images, being deliberate distortions of the

reference image and chosen to represent the range of distortions expected in the input images.

A composite image 7i(x, y) is formed by a superposition of the training images, as follows:
h(x, y) = §8 (X Y)Y+ s, (5, ¥+ + £ s, (2, ) = Zé",-si (x, ¥). (2.25)
=l

The coefficients ¢, are selected so that when A(x,y)is cross-correlated with s,(x,y), the

value of the output at the origin
J [ 3G y)s, G y)dndy = c,, (2.26)

is the same constant value for all » images. The oulput ¢; may be made unity when the input

images are members of the training set, If the training set contains (wo separate classes of
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images, the ¢, may be set to unity for in-class images and to zero for out-of-class images. In
this case, the aim is to achieve the widest possible sepatation of the correlations formed with

members of the two classes.

The » unknowns of Equation 2.25 arc determined by the n linear equations of Equation 2.20.

The substitution of Equation 2.25 into Equation 2.26 yields:

YR, =¢,  forj=12,..,n (2.27)
=L

With the coefficients ¢,...{, determined in this way, the synthetic discriminant function filter

can be constructed.
2.4 OPTICAL CORRELATORS

The correlation in two-space of an input image f (x, y) and reference image r(x,y) is

c(x,3)= | [ S Byria—xB-y)dodp . (2.28)

—rr—nn

Using the correlation properties established in Appendix, Equation 2,28 may be written as

e(x, y) = F Y[ Fu,»R (u, ), (2.29)

X
tn which u = (7;\%) ,and v = (%) are the spatial frequencies of the input.

W
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2.4.1 Vander Lugt Correlator

A Vander Lugt corrclator is shown in Figure 2.2. P;, P, and P3 denote the input, spatial

frequency and output planes respeclively.

P, L, P,

Figure 2.2. A Vander Lugt Correlator.

The light distribution at P;is the Fouricr trans{orm of the input illumination f(x,y) in P,
Fu,v) = FLf{x, y)]. (2.30)

1l a spatial filter H(u,v) is inserted in the Fourier plane P;, the light distribution leaving this
plane is the product of F(u,v)and I7(u,v). In this case H(u,v) = R"(u,v)and the second lens
1, generates the inverse two-dimensional Fouricr transform of F(u, WR"(u,v) in plane Ps.
From Equation 2.29, the output in planc P; is the correlation of the input image f(x, y)} with

the reference image r(x,y). This scheme has been dubbed the 41 correlator.
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2.4.2 Joint Transform Correlator

A joint transform correlator (JT'C) is illustrated in Figure 2.3.

l‘ Detector

| vwverm—— v |

Figure 2.3. A Joint Transform Correlator.

The input image s(x, y) and reference image r(x,y) are placed simultaneously in the input
plane P1, but are spaced by distances x = x, and x = —x, from the origin. The joint image in

Py is:
F(x,y) = r(x+ x5, y) + 5(x = x5, ). (2.31)
Lens L; procuces the Fourier transform of the joint image f{x,y)} in plane P;, in which the

intensity of the Fourier transform of the joint image can be detected by e.g. a CCD camera to

yield:

F(u,v) |*=| R(u,v)exp(j2amuxy) + S (u,v)exp(— j2mux, ) |
= R, v)|* + | S@, ) |* +R(w,v)S" (u,v)exp(jdmux,) + R (u,v)S (1, vyexp(— jdmix, ).
(2.32)
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Alternatively, lens L, may be employed {o producc the inverse Fourier transform of the
intensity in the ou(put plane 5. A ceniral spot on the optical axis is undesired, but two spots

displaced from the origin on the X axis represent the correlation.

2.4.3 Comparison of the Vander Lugt Correlator and Joint Transform
Correlator

The matched filter in the Vander Lugt correlator is recorded in the correlator and must be
returned precisely to the position in which it was recorded. No constraints are placed on the
accuracy with which the filter is placed in the joint transform correlator and, indeed, the

reference image may be changed in real-time.

2.5 PERFORMANCE CRITERIA

The following criteria have been applied in the assessment of the performance of correlation

filters,

2.5.1 Signal to Noise Ratio ( SNR)
» OQOutput Signal to Noise Ratio ( SNR))

The Signa} to Noise Ratio ( SNR, )™ of a filter is defined by

SNRO —_ | E{C(x{]‘ y[])} 1 (233)

var{c(xy, v)}

where E, var, and ¢ denote the ensemble average, the variance and the correlation output

function respectively; the correlation peak is located at x,,y,. A filter with a high SNR, .

being folerant of noise, will achieve error free detection with a high probability.

The evaluation of the SNR, requires that correlations be performed with many images,

variously corrupted by noise.
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« Input Signal to Noise Ratio ( SNR,)
The relative level of noise impressed on a single input image is defined by:

2

YR

object

SNR, = &l (2.34)

S P

R.:ly‘eur

. 2, L . ...
where the sum in Z is formed over the entire image and the P,pj.: are the intensities

in the pixels representing the image, Fg 18 the intensity of the noise impressed on the

image.

2.5.2 Ratio of the Intensity of the Correlation I’eak to that of the Worst
Secondary Peak Detected (PSR)

The degree of side-lobe suppression that has been achieved is assessed from the ratio of the
intensity of the primary cotrelation peak to that of the maximum secondary peak detected
(PSR, which is defined by

PSR = Correlation peak intensity | (%, ¥,) [

, = 3T (2.35)
Secondary peak intensity  Max,{| c(xy,v,) '}

where Max, denotes the maximum. of the output function in the area of B which is
constrained to x— x, >3 pixels, and y -y, >3 pixels. Side-lobes and other undcsired peaks

in the correlation plane are frequently consequences of noise impressed on the input scene

2.5.3 Peak to Noise Ratio for JTC (PNR)

The Peak to Noise Ratio'” is defined as the ratio of the intensity of the correlation peak to the

average valuc of the noisc intensity, measured across the output plane:

CPI
PNR = -, 2.30
Eln(xn}’i)iz /N 230

{L)ER
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The sum in the denominator is evaluated across the oulput plane, but excluding that region R
of the correlation peak contained within its half pcak intensity profile; N’ is the total number

of pixels inside R and | n(x,,y,)|* is the background intensity of noise recorded in the pixels.

2.5.4 Horner Efficiency (7)

It is important that the correlator should transmit a high proportion of the light incident upon
it, for the power dissipation of a correlator, and therefore its size, are determined by its optical
efficiency and the sensitivity and SNR of the detector employed 1o scan the output. Horner!

introduced the following measure of optical cfficicney:

. | [ fieGenf dxy
_ total light power in output L e 2.37)

[ [1ste )l aay

—to—x

total light power in input
The Homer efficiency of a phase-encoded filter is close to 100%, depending upon losses in
the optical medium employed e.g. as in a phase-encoding SL.M.

Caulfield® suggested defining the “Horner efficiency”™ as

cPI (> ¥o) I
ezt = total light power in inpr.;.‘r‘ B ]'X—TI] ( : )Oiz dnd (2.38)
s(x,y xdy

It determines how much of the input energy actually does useful information processing in the
correlation peak. At the same time this measure also says something about the sharpness of

the correlation peak,

2.5.5 Ratio of the Intensity of the Correlation Peak to the Root Mean
Square Intensity ( PRMSR)




CHAPTER 2 16

The sharpness of the correlation peak is characterised by the ratio of the intensity of
correlation peak to the root mean square intensity of the region (PRMSK ¥ B outside the

correlation peak area contained within its half-peak intensity profile.

. . 2
PRMSR =— ICCAYY) S (2.39)
N, 3 letx,, v [

In this, N, is the number of pixels contributing to the rms value. Although the identification
of the N, is analytically straightforward, the calculation of the denominator remains

operationally cumbersome. The PAIR is a more readily calculated measure of the

distinctiveness of the correlation peak in the output field.

on /e

| \ Coriclation peak

m-j Region B |l i Region B

0.t -;-».\n_/»\,.._,t’:“\ /\/ \\(\ij\j\f’ |

ol
a

7Y \/ \\,f\,.-\ﬂﬁw,

1aa 120 AL 2=}

(Y]

2.5.6 Ratio of the Intensity of the Correlation Peak to the Average Intensity
in the Correlation Output Plane (PAIR)

‘I'his measure of the sharpness of the correlation peak is defined by the following ratio:

2
‘C(X‘o s Yo )‘
W, N,

Ny,

i—t j=1

PAIR = (2.40)

»
‘2

c(x,, .V,-)
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in which \c(xu, Yy )]2 denotes the intensity of the correlation peak and the denominator is the

average intensity taken across the entire correlation plane. When Lhe correlation peak is
sharply defined, the intensity of the correlation peak will substantially cxceed the average

intensity in the correlation output.

2.5.7 Discrimination Capability (DC)

The discrimination capability (DC)™ of a filter is defined as

P
DC =—-, 241
E, A

where P is the intensity of the corrclation peak corresponding to the target image and £, is

the maximum signal intensity for a non-target input image.

2.5.8 Ratio of the Intensity of the Correlation Peak to that of the Secondary
Peak Detected with a SDF Filter, in the Worst Case (PSR,)

The performance can be quantified in terms of the ratio of the intensity of the correlation peak

to that of the secondary peak in the worst cases that are detected. The ( PSR, ) is

P
PSR, =", (2.42)

w
max

P

mia

is the intensity of the lowest correlation peak and C ,, is the intensity of the highest

max

sccondary correlation peak amongst the peaks that are detected across the range of distortion.
P, and C__may not coincide within the distortion range and frequently do not do so. A

secondary peuak may be due to a correlation with an ocut-of-class member of the training set.

2.5.9 Discrimination Ratio (DR)

This quantifies the rotation invariance of an SDF; it is a measurce of the distortion defined by:
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- pj i min,_q ¢ (x,,
pr=_CF Licns s (3070 , (2.43)
CPIUM—@‘—(:IH.:.\' max ey |C{' (xo ' }‘0 )‘

where € denotes the set of all possible images from class 1 and £2; denotes the set of all
possible images from class 2. |c£ (%, yo)‘ is the intensity of the cortelation pcak at the origin

when the input is the ith member of the set. If DR>1 the correlation peak may be extracted

from the clutter unambiguously over the entire range of distortion.

2.5.10 Greatest Variation for SDF Filters (GV)

The greatest variation measures the extent to which the minimum correlation peak falls below

the maximum correlation peak within the range of rotation. It is defined by:

= CP Et‘f:f(es's -CP r'iiinchrso‘ . (24‘4)
CPI max

In=-elass

GV

cpimx and CPIM™ — are the intensities of the maximum and minimum cotrelation peaks

inefass fn=elass

detected in the output plane, corresponding to in-class input images.
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2.6 DISCRETE FOURIER TRANSFORM

In the foregoing, the sampling interval has been denoted by the word pixel. In the variocus
simulations reported below 128128 pixel versions of originally 512x512 pixel images were
used in order to limit the computational effort. To aid the comparison of performances, all

images, including noisy images, were centred and notrmalised to transmit unit powcr.

The sampling theorem provides a convenient way to characterize the complexity of an analog
signal, such as an image, in terms of the required number of samples. Optical images, in
contrast to time signals, do not have a fixed underlying metric. For example, images can be
magnified or demagnified, thereby, changing their areas and thcir spatial frequency

bandwidths but the number of samples remains the same.

Real-time optical correlators currently employ pixellated SLMs in the input and filter plancs
and a pixellated detector in the output planc, Pixellation in the input plane generates multiple-
order optical Fourier transforms in the filter plane of the correlator and, for the same reason,
multiple-order corrclations appear in the output plane. These replications can be suppressed
by choosing the focal length of the input Fourier transform lens so that that the area covered
by the zero-order matches the active area of the SLM. It is conventional to assume that the
replicated correlation results in the output plane will be spaced so that their boundaries are
coincident as long as the input and the filter plane SLMs have the same number of pixels in
both the horizontal and vertical directions. This assumption implies that the correlation and

input images are identical in size.

P e
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CHAPTER 3

Filter Composed from High Band-Pass and Low

Band-Pass Difference of Gaussian Filters

A filter constructed from two difference of Gaussian profiles is designed and is evaluated
against two primary performance criteria, being the accuracy with which the position of the
target object can be resclved and the extent of the deterioration in this resolution that noise in
the input signal will cause. The design strategy seeks an optimisation that values the sharp
spatial discrimination yiclded by the high band-pass and the noise tolerance imparted by the

low band-pass elements from which this filter is composcd.

3.1 INTRODUCTION

Kumart!

introduced the prospect that a trade-off between the noisc tolerance of the classical
matched fiiter and spatial discrimination of the phase-encoded filter might yield a filter
superior to either of these extremes. Refregier” proposed and evaluated an optimal trade-off
filter accounting for the criteria of tolerancc of noisc, sharpness of the correfation peak and
Homer efficiency. It is proposed here that an effective filter may be [ormed by the
superposition of two difference of Gaussian (DOG) band-pass filters. A filter™ has been
designed which incorporates two DOG filters, one passing in a band at a lower central
frequency, the other passing in a band at a highcr central frequency. Thereby, the balance
between the tolerance of noise and the sharpness of the correlation peak may be adjusted. An

aim has been to assess the attenuation caused by these band-pass filters in an optimum case

and so aid the direction of later work, including the design of SDF filters.

DI RGae, t A
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3.2 COMPOSITE DIFFERENCE OF GAUSSIAN FILTER

The difference of Gaussian function is formed by the subtraction of two Gaussian functions

g.{x,y); 1=1,2. The Gaussian function is

xt+y?
2, (3.1

2nG*

i

1
A{x,y)= exp(—
g;(x,y) 207 p(

in which the a; are the defining standard deviations. The DOG function is

dog(x,y) = g(%,¥) — &,(x,¥), (3.2)
the carresponding result in the spatial frequency domain being

DOG(u,v) = G, (u,v})~ G, (u,v) 33)
= expl- 21’07 (u” +v?)}—expl 21’6l (u” + 7). o

Appendix 3.6 develops the Fourier transform of g(x, y).

When applied in the frequency domain, the difference of Gaussian function constitutes a
band-pass filter of which the width of the passing band and the central frequency can be
varied. The function is characterised by the standard deviations & and o3 smailer values of
the o bias the passing band towards higher spatial frequencies. The composite filter is the

superposition of two such filters and is expressed in the frequency domain by

COM (u,v) = DOG,,, (u.v) + DOG,, (u,v)
= (exp[-272° o2 (1?1 v?)] -~ expl-27 0 (u’ --v*)]} 3.4)

+{exp[-27 0} (m® +v*)] ~exp[-27 ok @” + v}

AP N o
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Figures 3.1(a) and (b) show cross-sections taken through DOG functions in the frequency
domain with [6;=0.04 and 6,=0.064] and [65=1 and G4=1.6] respectively. Figure 3.1(c) shows
a cross-section through the composite function, being the superposition of these DOG
functions.
1 . : . ve e e .
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Figure 3.1.  Cross-sections taken through the frequency domain of (a) a DOGy,y, function
with ¢,=0.04, ¢,=0.064, (b) a DOG,, function with ¢1={, o2=1.6 and (c) the
compesite function, being the superposition of (a) and (b).
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3.3 SYNTHESIS OF THE COMPOSITE FILTER

The criteria applied in the optimisation of the filter are the ratio of the central intensity of the
primary correlation peak to that of the maximum secondary peak detected (PSR, atticle 2.5.1)
and the ratio of the intensity of the correlation peak to the root mean square of the intensity.
(PRMSR, article 2.5.2)

The filter’s performance is tuned by variation of the defining standard deviations o;: the
application of the high band-pass clement sharpens the correlation peak; the robustness of the
filter in the presence of noise is enhanced by application of the low band-pass element. The
optimisation finds a balunce between the sharpness of the correlation peak and the tolerance

of noise and is dependent upon the characteristics of the input image.

A scheme devised to discover the optimum is illustrated in Figure 3.2. The cross-corcelation
is of a reference image and a noise corrupted version of the reference. The procedure is

outlined below:

1. Arbitrarily choose four values of the standard deviations sufficient to definc an
initial filter,

2. Construct the filter according to Equation 3.4.

3. Form the cross-correlation of the refercnce with the filtered version of the noisy
input image.

4. Calculate the ratio of the central intensities of the primary and secondary peaks
detected in the cortelation plane.

5. Adjust the standard deviations and repeat process 2, to 4, so as to maximise the
value of the PSR.

6. Fine-tune the four standard deviations within the neighbourhood of the previously
obtained value and repeat process 2 and 3.

7. Calculate the PRMSR.

8. With the standard deviations so determined, repeal process 2, 3 and 7, until the
PRMSR is maximised,
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The values of the standard deviations found in this way are optimal for the defined image and

the structure of the noisc imposed upon it.

Initial Standard
Deviation Value

Reference | p FT >
Image v
Filter
Construction
Input | FT o Cross
Image v Cm‘rg[ation

PSR
Noise Sensitivity
QOptimisation

Value of Standurd
Deviation
Adjustment

Local PRMSR
Optimisation

Opuimuin
Correlator

Figure 3.2. The iterative procedure employed to optimise a composite, Gaussian-form filter.

The maximised value of the PSR varied little during the application of step 7 and could,

therefore, be regarded as constant during the subsequent search for the maximum PRMSR.
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The image chosen in conducting the optimisation was that of a Bradley APC. The reference
image, Figure 3.3(a), was left free of noise; the input was this same image corrupted to a
variable depth by Gaussian white noise. Corruption to an SNR, of 0.5 was regarded as being
representative of a severely degraded image, Figure 3.3(b). All images, including their
backgrounds, were encoded with a resolution of 128x128 pixels and represented over 256

grey levels.

A
o

.

s 1 L A L1

(a) (b)

Figure 3.3. Images of the Bradley APC resolved in 128x128 pixels: (a) noise free image and
(b) image corrupted by noise to an SNR; of 0.5.

Table 3.1. Standard deviations defining the optimum COM function for the case of the
Bradley APC and two arbitrary COM functions.

O 02 O3 O4

COMptim 0.02 0.06 0.08 1.4
COM, 0.009 0.04 0.12 2.5
COM; 0.01 0.1 0.2 2.0

Cross-sections taken through the several composite filters defined in table 3.1 are plotted in
the spatial frequency plane in Figure 3.4. The results of correlations employing them,
represented in Figure 3.5, demonstrate the robustness of the optimum filter. Table 3.3 lists

the values of PSR and PRMSR obtained with this optimum filter.
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Figure 3.4. Cross-sections taken through the frequency domain of the (a) COMopsim,

(b) COM,; and (c) COM; filters.
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Figure 3.5. Cross-correlations for the case of the Bradley APC, obtained with the
(a) COMpiim, (b) COM; and (c) COM, filters.
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3.4 ASSESSMENT OF FILTER PERFORMANCE

32

The images of the Bradley APC shown in Figures 3.3(a) and 3.3(b) were used in this

comparison of performances. The cross-correlation with the noise free image and the cross-

correlation with the noisy image were assessed.

3.4.1 Performance of the Composite Filter and of its Component Filters

These simulations were made to demonstratc the cffect on performance of the superposition

of the characteristics of high and low band-pass filters tn a single optimum filter. Table 3.2

describes the component and optimum filters in terms of the standard deviations that define

them.

Table 3.2, Values of the standard deviations of the DOGpign, DOGyey, and COMpyim filtcrs.

a1 O O3 o,
DOGrign 0.02 0.06

- DOGiy 0.08 14

COMypiim 0.02 0.06 0.08 1.4

Figure 3.6 illustrates the auto-correlations obtained and demonstrates the truth of asscrtions

madc carlicr concerning the effects of band-pass filters on the form of the correlation output.

The optimum filter retains the spatial discrimination of a high band-pass filter.
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0.8~
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Figure 3.6. Auto-correlations for the case of the noise free image of the Bradley APC
obtained with the (a) DOGy;gh, (b) DOGioy and (¢) COMpiinm filters.
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Figure 3.7. Cross-correlations for the case of the noisy image of the Bradley APC obtained
with the (a) DOGpgn, (b) DOGoy, and (¢) COMpiinm filter.
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Cross-correlations repicsented in Figure 3.7 demonstrate the sensitivity of the high band-pass
flter to noise and the relatively poor spatial discrimination ol the low band-pass filter. The
contrast is with the superposition of these filters in the composite filter, which latter retains a
sharply defined correlation peak and achicves a significant compression of the spurious spikes
that noisc in the image creates. In considering these results it must be recalled that the
component DOG filters are not optimised filters; the optimisation is of their supcrposition.l
Nothing may be concluded here concerning the relative merits of filters that are composed on

single and multiple band-pass filters.

3.4.2 Comparison of the Optimum Composite Filter with a Classical Matched Filter and
a Phase-Encoded Filter

A comparison of these filters must account for their capacity to accommodate noise in the
input scene, whilst maintaining a satisfactory degree of discrimination. This capacily can be
characterised in terms of three measurcs, being the SNR,, the PRMSR and the PSR (see article
2.5). Table 3.3 lists the results of sinmulations employing the image of the Bradley APC in the
manner described previously. The component DOG filters on which the composite [lier is
formed are included in this table for no reason other than completeness; being not optimised,

they are exciuded from the comparison.

Table 3.3  Comparison of the performance of filters.
PRMSR PSR Pl SNR, CPI
- COMaptim 5.38 4.27 5 8.27 0.096
"DOGygn 6.4 133 2 3.15 0.17
DOGoy 4.36 1.45 793 13.36 0.035
POT 8.58 1.01 3 3.46 0.46
CMT: 2.36 1.27 1075 16.89 0.021

The SNR, was evaluated from simulations using 24 variously corrupted images. In the table,
CPI denotes the correlation peak intensity and PI is the number of pixels falling inside the
correlation peak at its full-width, half height value. The characteristics of the three filters
being compared are demonstrated in the three-dimensional representations of the outputs of

cross-corrclations cmploying them given in Figures 3.8 (a), (b) and (c).
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The phasc alone filter generates a sharply defined, high-intensity and optically cfficicnt
central peak having a PI of only three. However, the ield contains many such peaks, being
the consequences of noise, that are poorly diffcrentiated (a PSR as low as 1.01), The risk of
ambiguity in detection is high indeed and, therefore, the filter must be adjudged

unsatisfactory.

Being little affected by noise the matched filter achieves a SNR, of 16.89, the highest value
recorded with any of the filters. The central intensity is low (CPI = 0.021) and the peak, being
very broad, is poorly discriminated in the output field (PI=1015 and PSR=1.27). Nonetheless,
the peak might be located with an acceptable spalial resolution by the application of a suitable
algorithm to the output of a CCD camera viewing the correlation planc. Both PSR and SNR,
being used to measure the noise level in the ountput plane, SNR, gives more accurate
measurement than PSR because it uses many conrelation operations. The PSR just represents

one correlation experiment from the noise process corrupt from the input signal.

Because of the low frequency cut inherent in its design, the composite filter returns a much
reduced peak intensity (CPI = 0.096) when compared with the phase-encoded filter. ‘Lhe
correlation peak is, however, defined without an attendant loss in sharpness. Furthermore,
this filter strongly suppressed the degradation caused by noise: the SNR, is 8.27:1 whilst the
PSR of 4.27:1 is the highest achieved amongst the filters. Overall, the composite filter
performs significantly better than do the competitor phase-encoded and matched filters. The
nced to optimise four parameters against two primary criteria is a disadvantage in design.
Certainly, the optimisation of a SDF filter constructed on a set of compasite filters, such as

this, would be made complex.

Returning to Figure 3.4(a), which plots the form of the optimum filter in the frequency
domain, it is evident that the primary action of the optimised filter is to cut a parrow
frequency band centred on the zero order, The profiles of the constituent band-pass filters
merge outside this band and leave the spectrum of the image little changed. A tilter with this
characteristic can, ol course, be construcied on a single pararoeter. This is a signal result for
filter design and the basis for a simplification in the development of SDF filters introduced in

Chapter 4.
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Figure 3.8. Cross-correlations for the case of the noisy image of the Bradley APC
obtained with the (a) phase-encoded filter, (b) classical matched filter and
(c) optimum composite filter.
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The discrimination by the filters between target and non-target images of similar size and
shape was also assessed. An M1 tank, Figure 3.9(b), was the chosen non-target (out-of-class)

object.

Two simulations were performed with each filter: the first cross-correlated noise free images
of the Bradley APC and M1 tank; the second cross-correlated the same images corrupted by
noise to a SNR; of 0.5, Figure 3.10(b). The assessment was of the discrimination capability

defined in article 2.5.4.

LTI XL

(a) (b)

Figure 3.9. Noise free images resolved in 128x128 pixels: (a) Bradley APC and (b) M1
tank.

(a) | (bi

Figure 3.10. M1 tank resolved in 128x128 pixels: (a) noise free and (b) corrupted by noise
to an image SNR; of 0.5.
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‘Table 3.4 collects the results of these simulations. Whilst the phase-encoded filter is superior
when presented with noise free images, its performance is seriously compromised by noise.
The composite filter distinguishes the images unequivocally, in the noisy and as noise free

Cases.

Table 3.4. Comparison of Capacities for Discrimination.
| COMuyim | CMF | POF

Noise free case DC 7.49 145 13.69
Noisy case - DC 1.26 0.73 0.59

The widely available photorefractive material, Bismuth silicon oxide (BSO), which is used as
a tuneable holographic fifter™ is an effective optical technique with which the performance of
optical correlators can be improved. This approach was physically implemented as part of a
malched filter by Young™ . Tt exploits sclective erasure of spatial frequencies at the Fouricr

plane in the photorefractive material BSO.

Gk i e B s en
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3.5 CONCLUSIONS

A filter has been constructed on a superposition of Gaussian form high band-pass and low
band-pass component filters, to serve as an experimental tool with which the susceptibility of
an optical correlator to noise impressed on the input image might be examined. The classical
matched filter and phase encoded filters were the chosen benchmarks. By variation of four
parameters - the standard deviations defining the Gaussian forms - the characteristic of the

composite filter could be made intermcdiatc between these extremes.

Optical corrclations of noisy and noise frec images made with these filters have been
simulated. The measures of performance adopted were the ratio of the intensity of the
correlation peak to the root mean square intensity (PRMSR), the ratio of the central intensities
of the primary and secondary peaks detected (PSR), the intensity of the correlation peak and
its width and the signal to noise ratio. All of these were evaluated in the output field of the
correlator.  An optimisation scheme was devised so that the PSR and PRMSR might be
maximiscd simultancously, for a given target, by variation of the parameters defining the

composite filter.

The filter so optimised performed significantly better than did the benchmark filters when
presented with a noisy image. Its capacity to discriminate between a target object and a
similar non-target object also exceeded that of the benchmark filters, The composite filter
generated a sharply defined ceniral correlation peak, such as might be obtained with phase-

encoded filters, and strongly attenuated spurious peaks consequent upon noise in the image.

The primary effect of the optimised composite filter was to cut a narrow band of frequencies
centred on the zero-order. The filter’s spectral characteristic was virtually flat elsewhere in
the frequency domain. This is a signal result for filter design, for a low-cut filter can be
optimised by variation of a single parameter. The optimisation of an SDF filter by variation

of four parameters would, in comparison, constitule a formidable design task.

An investigation of the influence of the characteristics of the image upon the optimisation of

frequency plane filters is required, bul is left (or future work.
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3.6 APPENDIX

The Fourier Transform of the Gaussian function, Equation 3.1, is developed herein,

‘G{u,v) = j Tg(x, yyexpl- j2n(ux +vy) ldxdy
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CHAPTER 4

Weighted Amplitude Synthetic Discriminant

Function Filter

A method for the design of synthetic discriminant function (SDF) filters is developed that
maximises the filters’ discrimination between the classes of objects represented in a (raining
set of images when presented with a noisy image in an optical correlator. The optimisation
depends upon the variation of a parameter 4 and a vector {. The parameter is applied to the
member images of the (raining set in a pre-processing stage that draws on the results of
Chapter 3. The amplitude components of the spatial frequency spectrum of these images are
differentially weighted so that the contribution from l[ower spatial frequencies is atlenuated.
The objective is to sharpen the correlation peak, bul yel to avoid the deleterious eflects of
noise. The vector aperates on the group of pre-processed images that constitutes the truining
sel; its components are determined so that the SDF filter responds equally well to all in-class

members and discriminates strongly against the out-of-class members of the training set.

A SDF filter is constructed on a training set of entirely phase-encoded images to serve as a

basis for a comparison with the performance of the weighted amplitude filter.

4.1 INTRODUCTION

A method suggested by Awwal ef al™' was used to achieve the desired weighting of the spatial

frequency spectrum of the member images of the training set. If S(u,v)is the Fourier

spectrum of a member image s(x, y}, the weighted version 8'(u,v) is

S (u,v)‘ ‘
mexp[t@(u,v)] . (41)

S(u,v) =




CHAPTER 4 44

The spectral distribution of the weighting is determined by the choice made of the parameter
A, the filter modulation is by phase alone in the limit that A approaches zero. In illustration

of the influence of this parameter, the application of Equation 4.1 to the Fourier spectrum of

the Bradley APC (Figure 4.2(a)) is represented in Figure 4.1.

1ﬁNR;WW”V*"*'**'*v“rviyva 1
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Figure 4.1. Cross-section in the spatial freguency domain of the normalised Fourier

spectrum of the Bradley APC with A = (a) 0.001,{b) 0.01, (¢) 0.1 and (d) 1.0,
respectively.

An iterative procedure due to Schils and Sweeney™ was used to determine the components of
the vector ¢ that resolves the member images of the training set into the plane of SDF. The
condition applied is that the SDJ filter shall generate a unit response when presented with an
in-class image having the orientation of a member of the training-set and strongly reject™ out-

of-class images.
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4.2 DESIGN

The design of the SDF™ starts with a set of training images 7, (x,y) that spans the range of
distortions over which the target object is to be detected and recognised. The superposition of

h(x,y)is found in:

s
LESTEDWRACIOP (4.2)

n=0

The modulation of A(x, y) according to Equation 4.1 is
A (x,y) =F 7 NF{R(x, )], 4.3)

where A is the weighting function. The requirement that the correlator shall respond equally
to every in-class member of the training sct and rcject out-of-class members is the condition

determining the ¢, elements of the vector §. The output of the correlator is
[[r oy sxyydndy = 1,(x,9)®h'(x,y) = c,, (4.4)

and the ¢, are set to unity for in-class images and to zero for out-of-class images of the
2,(x,9).

The iterative procedure[zl adopted to solve Equation (4.4) for the {, relies on the Newton-

]

Raphson method:

cal/[ea1, (4.5)

_‘CO!(

¢t = Girwle,

in which  is a damping coefficient and {7 is the ith iteration of the nth element of ¢

.2é)
s
;
;
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A range of values on A, (and correspondingly on the ¢,,), was explored in a simulation of the
filter in an optical correlator. The ratio of the intensity of the correlation peak to the average
intensity in the output field, the optical efficiency, the signal-to-noise ratio and the

discrimination achieved between classes of images were the optimisation criteria.

4.3 THE SIMULATION

The training set was constituted from images of the in-class Bradley APC and the near, out-of-
class M1 tank, which are described in Chapter 3. The simulation was of the SDF employed in
an optical correlator to detect in-plane rotations, being the chosen mode of “distortion” of the
images (article 2.2). Sixty-one images of these vehicles were recorded at 1 increments of
rotation in the interval from 0° to 60°, as is illustrated in Figure 4.2. Ten noisy versions of this
same set of images were recorded, so that the susceptibility of the SDF to noise in the input

image (Figure 4.3) might be assessed.

(b)

(d)

Figure 4.2, Images of the in-class Bradley APC at (a) 0° and (c) 30° and the out-of-class M1
tank at (b) 0° and (d) 30° of in-plane rotation.




CHAPTER 4 47

(a) (b)

Figure 4.3. Images of the (a) Bradley APC and (b) M1 tank corrupted by Gaussian
distributed white noise with an SNR; of 0.5.

4.3.1 Angular Spacing of the Training Set of Images

As a preliminary, the sensitivity of the correlation output to the chosen angular spacing of the
images forming the training set was evaluated. The purpose was to reduce the volume of
information encoded in the SDF, whilst maintaining a sufficient separation of its responses to

in-class and out-of-class images. This simulation employed noise free images.

SDF filters constructed with training images spaced at 5° and 10° intervals of in-plane rotation
were compared. Two cases of amplitude weighting were evaluated. In the first of these the
training images were entirely phase-encoded (A =0.001, Figure 4.1(a)). Figure 4.4 plots the
variation of the intensities of the primary correlation peak and of secondary peaks detected in
the output plane when in-class images were presented to the correlator. With A set equal to

0.1 the contribution to the correlation from lower frequencies in the spectrum of the member
images is significant (Figure 4.1(c)). Figure 4.5 illustrates the performance achieved in this,

the second case simulated.
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Figure 4.4. Corrclations obtained for the case A = 0.001, with the input images rotated over
a range of 60° and the training images spaced by (a) 5% and (b) 10° of rotation.
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Figure 4.5. Correlations obtained for the case A4 = 0.1, with the input images rotated over a

range of 60% and the training images spaced by (a) 5° and (b) 10° of rotation.
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The phase-encoded SDF is the more seasitive to the angular spacing of the training set
because of the sensitivity of the high [requencies in the speetrum to rotation of the input
image. (article 2.2) When the interval is 10° the minima on the primary corrclation profile
intersect the maxima on the profile of the sccondary peaks. The discrimination is, however,
made satisfactory when the interval is halved to 5% In conlrast, the weighted amplitude SDF
is not so affected; the discrimination between classes is little changed when the interval is
increased to 10° from 5°. An advantage is won by increasing the angular resolution, for
thereby the variation in the intensity of the correlation peaks caused by rotation of the input

image is reduced.

4.3.2 Performance of the Filters
In light of the result concerning the angular resolution of the training set images obtained in
the preceding section, the assessments reported herein were conducled with an SDF

constructed with an angular resolution of 5,

Figurc 4.6 presents the results of simulations with this resolution and with A vatied in the
range O to 5. The trade-off is between the fall of the intensity in the comelation peak (PAIR)
and the rise in the SNR, as A is increased. Two factors combine to cause the rapid fall seen in
the PAIR: the optical efficiency of the filter i3 reduced and the breadth of the correlation peak

is greatly increased when the contribution made to the correlation by low spatial frequency

components 18 raised.

The SNR, impacts strongly on the degree to which the different classes of images are
distinguished by the correlator, As was discovered in Chapter 3, the response of a filter to a
neisy image is sensitive to the level to which amplitude modulation is permitted in its

spectrum.
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Figure 4.6. Averages ol the Horner efficiency (), the PAIR and the SNR,, varying with the
amplitude weighting parameter A.

Figure 4.6 shows that the correlation output is most sensitive to variations of A in the range
from 0 to 0.6, depending upon the extent to which the input image is degraded by noise. On
exploring this range on A, a filter constructed on a training set modulated with A = 0.4 was
found to offer a good compromise between the several assessment criteria. This filter is

characterised in Figure 4.7; the components of the vector { on which the SDF is synthesised

are listed in Table 4.1,

A comparison of the performance of the optimum amplitude weighted SDF with a phase-
encoded SDF, synthesised from the same images, is given in Table 4.2. Noise present in the
input image is strongly suppressed in the correlation formed with the weighted amplitude
SDF. This property is illustrated in Figures 4.8 and 4.9, which plol intensily distributions in
the correlation plane obtained with the phase-modulated and weighted amplitude [itters when

presented with noise free and noisy images.
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CHAPTER 4

Table 4.1. Components of ¢ for an weighted amplitude SDF with A= 0.4.

g() ‘:1 4’2 é’yf& (:4 {5 L:O
0.7243 0.1922 0.2647 0.4014 0.3286 0.3742 0.2059
{7 QVH g‘) gl() gll é/ll
0.2720 0.5140 0.2566 0.3375 0.1514 0.7255
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Figure 4.7. (a) Fourier spectrum of an weighted amplitude SDF with A = 0.4; (b) a cross-
section taken through the spectrum in (a); (c) the impulse response of the filter.

Table 4.2. Comparison of an weighted amplitude SDF with A = 0.4 and a phase-encoded SDF.

Filter Nwe% | PAIR,, | SNR, | DR | CPl,, | GV%
Amplitude modulated SDF 68.27 13.38 35.6 1.31 1.14 16.74
Phase-encoded SDF 100 28.54 9.4 0.91 11:5 15:1

x 10~ and CPI

max max

[ PAIR

x107].
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Figure 4.8. Cross-correlations obtained with the phase-encoded SDF when presented with
(a) noise free and (b) noise corrupted images of the in-class Bradley APC.
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Figure 4.9. Cross-correlations obtained with the optimum weighted amplitude SDF (A
= 0.4) when presented with (a) noise free and (b) noise corrupted images of
the in-class Bradley APC.
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The weighted amplitude SDF discriminates the in-class and out-ol-class images unequivocally
when these images are corrupted by noise to an SNR; of 0.5. Figure 4.10 demonsirates that a
clear separation is maintained between these classes of image and illustrates the regularity of

the in-class response across the operational range of the SDF.
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Figure 4.10. Comelations of in-class and out-of-class images obtained with an weighted
amplitude SDF (A4=0.4) and with the input corrupted by noise to a SNR; of 0.3,

The weighted amplitude synthetic discriminant {unction filter rely on the appropriate spatial
light modulator (SLM) technolagy for real-time implementation. An optically controlled
ferroelectric liquid crystal SLM may be used to control the amounts of magnitude and phase
modulation independently™ ', Alternatively, a pair of liquid crystal televisions may be used
to obtain a complex modulation with independently controliable phase and amplitude!™, This

particular optical architecture using two LCTVs polarises and lenses can be used,
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4,4 CONCLUSIONS

A method has been devised for the design of synthetic discriminant functions that ensurcs that
the response by an optical correlator employing them shall discriminate, unequivocatly,
between distorted and noisy images of different classes of object that might be submitted at its

input.

The principal elucidated in Chapter 3 was adopted: a weighting was applied which attenuated
the amplitude of low frequency terms in the spatial frequency spectra of the component filters.
The purpose was 10 raise and sharpen the peak in the correlation output, whiist avoiding the

worst depredations of noise impressed on the input image,

The method requires the variation, coincidentally, of a scalar parameter and a vector (hat
operate on the members of a training set of images from which the SDF is constituted. The
scalar differentially weights the spectra; the vector resolves the sel of weighted images inte

the plane of the SDE.

A preliminary simulation discovered the sensitivity of filters, so constructed, to the
incremental distortion of successive images in the training set. The capacity of the SDF to
detect in-plane rotations of images, this being the chosen mode of distortion, was evaluated.
A comparison was drawn with the performance of an SDF synthesised from entirely phase-
encoded images. Whercas the weighted amplitude filter maintained its capacity for
discrimination, the phasc-cncoded filter failed to distinguish between classes of objects
unambiguously when the angular separation of the training images was raised from 5° to 10°
of rotation. Therefore, training sets were constructed at 5° increments of rotation for the
purposes of subsequent simulations. The correlator was interrogated with variously noisy

images spaced at 1° increments of rotation.

The trade-off in design is between a sharpened correlation peak and, with a deteriorating SNK,
in the output, a reduced capacity to distinguish between similar target objects as the weighting
progressively favours higher spatial frequencies. Sirudations that accounted for this balance

of influences and the optical efficiency identified a critical range on the value of the weighting
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parameter. A good compromise between the assessment critcria was secured with the
parameter set to 0.4. A filter designed with this value was able to distinguish the images of an
in-class and a near out-of-class object clearly when the input was corrupted by noise to a
SNR;of 0.5. When interrogated with in-class images spaced at 1Y intervals, the maximum
variation of the intensity of the correlation peak recarded was less than 18% across a 60° span

of rotational distortion.

Though the spatial location of the correlation peak was never in doubt, the peaks observed in
this work were much broadened when compared with those achieved using the weighting
scheme developed in Chapter 3. The weighting profile adopted in this optimisation may not,
therefore, be idcal. An examination is required of the prospects for an SDF constructed on

images that have been amplitude weighted by a low-cut filter,
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CHAPTER 5

A SDF Filter Synthesised from Phase-Encoded
Images and Correlating Phase-Encoded Images

The prospects are explored for an optical correlator that employs a SDF constructed from
phase-encoded images and which is presented with phase-encoded images at its input. Noise
impressed on the input images will seriously degrade the performance of this correlation,
Nonectheless, the availability of phase-modulating spatial light modulators makes real-time

cotrelation a practical proposition, vsing the scheme proposed.
5.1 INTRODUCTION

Horner and Gianino! and Jared and Tnnis®® have designed “phase only” SDF filters. The
second of these designs satisfies the condition thal corrclation peaks formed with member
images of the training set shall be of cqual amplitude. Wang et @l found that the
discrimination of classes of images was more acute when the SDF filter was, ab initio,

constructed from phase-encoded images.

The proposition that the discrimnination will be yet more acute if the correlation is made with a
phase-encoded version of the input image is explored herein. An initial study examines the
sensitivity of this form of correlatian to the angular spacing of the training set images for the
case of in-plane rotation of the images. With the resolution so determined, the capacity of a
correlator to distinguish classes of objects is then evaluated by a simulation of its

performance.
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5.2 THE SIMULATION

5.2.1 Background

Chapter 4 describes the design of synthetic discriminant functions. The substitution of
Equation 4.3 into Equation 4.4 yields a result for the output of a SDF filter correlating

members of the training set of images with which it was synthesised, viz.

k
LG @R (6, ) =6, NOFMF {1, (N} =c,. (5.1}

n=0

In the moditication being examined the “wcighting function” M does no more than to extract

the phase of the signals to which it is applied. Therefore, the summation in Equation 5.1 is of

phase-encoded rather than of weighted-amplitude real images. The result is

Eagonn 6 Y)Y ® gy (1, 3) = Ly (3,30 ® F"MF["zi‘g &b (W], (5.2)
with

L (% ¥) = F2MF2, ()1 (5.3)

In aid of clarity, Figure 5.1 sets out the order of the evaluation of Tiquation 5.2.
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Training image Training image Training image
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Figure 5.1. Correlation of a phasc-encoded SDF with phasc-encoded and real images.
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5.2.2 The Training Set of Images

Chapter 3 has introduced the images employed in the simulation. Figure 5.2 demonstrates the
result of phase extraction applied to images of the Bradley APC and M1 Tank vehicles. One
hundred and six images of these vehicles were captured to cover a range of in-plane rotation

of 0° to 105°, taken at 1° increments.

(a) (b)

Figure 5.2. Phase-encoded images of the (a) in-class Bradley APC and (b) out-of-class M1
tank.

5.3 RESULTS OF SIMULATIONS

5.3.1 Angular Resolution of the SDF

The sensitivity of phase-phase correlation to the angular resolution of the SDF is illustrated in
Figure 5.3. The SDF filters were synthesised from images separated by 3% and 5 of in-plane
rotation. Correlations were simulated with the in-class image rotated by increments of 1° over
the range from 0 to 30°. The SDF that resolved images rotated by 5° was unsatisfactory; the
envelope containing the secondary peaks detected in the output intruded upon that enclosing
the responses to in-class images. There being no ambiguity in the discrimination when the
angular spacing was reduced to 3%, this resolution was retained in all subsequent simulations.
That this was a safe choice is demonstrated in Figure 5.4, which compares the outcomes of

phase-amplitude (PAC) and phase-phase (PPC) correlations.
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Amplitude modulation of the input image in the phase-amplitude case reduces the optical
efficiency of the correlator and the intensities of the correlation peaks fall. A satisfactory
separation of the envelopes containing the primary and sccondary correlation peaks is
maintained, however. The ratios of the intensities of these peaks for the worst case (the PSR,
defined in article 2.5.5) were 2,19 and [.53 for correlations of the phase-encoded SDF with

the phase and amplitude encoded images, respectively.

5.3.2 Distortion Range

An increase in the range of the distortion encompassed by an SDI multiplies the volume of
information that it must store. The effect on the performance in a correlator of the depth to

which the SDF is encoded is examined herein.

Correlations of SDFs constructed with images at 3" intervals and interrogated with images
spaced by 19 of rotation were simulated, with the range of the SDF being varied from 3% to
114" in 3% steps. The sequence started with the construction of an SDE with 0% and 3° rotated
images. This was interrogated with in-class images presented successively to the conrelator at
distortion angles of 1%, 2° and 3° the mean intensity of the correlation peaks detected was
recorded. Successive calculations extended the distortion range by the addition to the training

set of an image rotated by an additional 3%,

Figure 5.5 plots the variation of the average intensity of correlation peaks with the range of
distortion for phase-phase and phase-amplitude correlations. The ascendancy of PPC,
measured in these terms, when the distortion range is less than 30% is confirmed; but the mean
intensity is very sensitive to growth in the range and is not greatly differentiated from that of
PAC as the range rises above 30°, This is so because of the sensitivity of the high frequencies

in the spectrum to rotation of the input image. The explanation is given in article 2.2.

This sensitivity to the span of distortion covered by the SDF constitutes a significant

constraint on the ulility of phase-phase correlation.
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Figure 5.5, Variation of thc average intensity of the correlation pcak for PPC and PAC as
the range of distortion increases from 3% to 105°.

5.3.3 Discrimination of In-Class and Out-of-Class Objects

A figure of merit (DC) has been defined in article 2.5.4, which expresses the capacity for
discrimination of an SDF filter. SDFs were synthesised from images of the Bradley APC, the

in-class object, and the out-of-class M1 tank [or the purpose of this evaluation.

Figure 5.6 demonstrates the generally higher level of discrimination achieved by phase-phase
correlation. However, this correlation is the more sensitive of the two to the orientation of the
image that interrogates the SDF. The highest DC values achieved are those corresponding (o
phase-phase auto-correlations of the SDF with member tmages of the in-class training set.
The responses by PPC and PAC to images at intermediate distortions are not significantly
different. PPC and PAC strongly reject out-vl-class images. Figure 5.7 shows that the
response of the correlations to out-of-class images is of Jow intensity and nearly constant

amplitude across the entire range of distortion.
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Figure 5.6. Discrimination capability (DC) of PPC and PAC with SDFs constructed for
a distortion range of 30°.

The intensity fields in the output plane [or PPC and PAC are illusirated in Figure 5.8 for in-
class images and Figure 5.9 for out-of-class images. The in-class results correspond to auto-
correlations with training set members and, therefore, exaggerate the differentiation of PPC
and PAC. The average DCs are 15.65 for PPC and 5.71 for PAC. A CCD viewing the output
field would deteci these corrclation responses cqually well. The correlations are not

differentiated by their responses (0 out-ol-class images.

The lower transmittance of the amplitude encoded input image, causing a reduction of the
intensity of the output of the correlation, is the primary factor differentiating PAC from PPC.
The variation in the response of PAC to changes in the distortion of the input image is notably
less than that which occurs in the casc of PPC. The separation of the in-class and out-of-class
responses, measured by the ratio of the mean values of the intensities of these responses, is
around 2.3 for PPC and 1.6 for PAC. These separations arc entirely sufficient for the purpose

of discrimination of the images.
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54 CONSIDERATION OF REAL-TIME IMPLEMENTATION OF
CORRELATING PHASE-ENCODED IMAGES

A liquid crystal television screen may be used as a spatial light modulator. A range of phase
modulation exceeding 21 can be achieved™ with minor attendant amplitude modulation.
Figure 5.10 illustrates a real-time correlator using a single phase-modulating SLMB: 1A
digilal electronic FFT board!” computes the Fourier transform of the training set images and

extracts the phase signature. The CCD camera capturcs the correlation output.

Phase modulation
STM

EFT Srame Video

Host
Bop‘d uffer Interface

Figure 5.10. Correlation in real-time of phasc-cncoded images.

The 2-D fast Fourier transform (FET) board may be hosted from a PC provided a high-
bandwidth bus is employed to allow video rate communication between the processor board
and frame store. The initial Fourier transform is performed digitally, and the phase-phase

addition is calculated by PC.
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5.5 CONCLUSIONS

The proposition that phase-phasc correlation (PPC) is superior to phase-amplitude correlation
(PAC) in correlators employing SDF filters to detect distortion of the input image has been

evaluated.

The primary constraint affecting phase-amplitude correlation is the reduction of its optical
efficiency, being the consequence of amplitude modulation in the representation of the input
image. Otherwise, this correlator is less sensitive than is PPC to the resolution of the images
constituting the training sct and thc range of distortion that is encompassed by the SDF.
Furthermore, the variation of the intensity of the correlation peak with the distortion of the

input image (the angular rotation in the case simulated) is smallest with PAC.

Phase-phase correlation is more readily adapted to the needs of real-time coirelators.
However, this case is shadowed by the known sensitivity of phasc-encoded filters to noise

impressed on the image of the input scene and introduced by elements of the correlator.

The general case for phase-phase correlation is not proved. Advantages might be won with
PPC when the distortion range and resolution are restricted and the optical efficiency of the

syslem is at & premium.
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CHAPTER 6

Cosine-Wave, Joint Transform Correlator

A cosine wave, joint transform correlator (CWJTC) is proposed, which responds robustly
when the input image is corrupted by noise. This form of joint transform correlator (JTC) is
similar to even-function correlation of the phase information in the spatial frequency spectra
of the reference and input images, It rescmbles correlation of the phase information in the
input image with a phase-encoded reference image, such as might occur in a Vander Lugt
correlator. Simulated correlations demonstrate that the CWITC is superior to a binary JTC
that employs median thresholding when these correlators are presented with multiple targets.
Furthcrmore, this superiority is sustained when the image is noisy and the contrast ratio of the
target in the input scene is low. The correlator employs three CCDs to capture the power
spectra of the joint input image, the reference image and the input scene. The cosine-wave
element of the information contained in the joint power spectrum (JPS) is extracted using

elementary subtraction and division operations.
6.1 INTRODUCTION

The ITC produces a strong zero-order peak in the output plane, being the superposition of the
auto-correlations of the reference image and the input scene that overlaps the desired
correlation signals'™, In the case of a single noise-{rec image, the zero-arder peak is some four
times more intensc than arc the first order; matched correlationt peaks. Noise in the input scene
exacerbates this difficulty. Increasing the separation between the target and reference images
to widen the separation of the zero and first orders raises the demand for spatial bandwidth

placed on spatial light modulators (SL.M) and detectors that the correlator might employ.

The binary JTC (BITC) ! relies upon a non-linearity in the Fourier plane to effect the
transformation of the JPS to binary form, When compared with the classical JTC, the BJITC

generates a narrower and maore intense correlation peak and discriminates more strongly
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between similar objects. Furthermore, the spatial bandwidth required of the encoding devices
is reduced. Higher harmonic tcrms may be present in the output plane, however, and cause
false alarms. A translation to binary form applied in the Pourier plane is computationally
demanding and reduces the processing speed™. To circumvent these difficulties u fringe-
adjusted tcchnique[sm has been designed that modifics the JPS prior to its inversion. Thereby,
the higher harmonic terms arve removed and the need to compute a thresholding function is
avoided. The dynamic range of the modified JPS is increased, however, and exceeds the span

of available SLM’s. A cosine-wave technique, proposed herein, overcomes this difficulty.
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Figure 6.1, Schematic of a real-time ITC.,
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Simulations are described that present the CWITC with complex input scenes containing
multiple objects. These simulations demonstrate the detection of low contrast ratio objects

that are embedded within scenes corrupted with either non-overlapping or additive noise.

6.2 ANALYSIS

A JTC capable of operating in real-time is shown in Figure 6.1. The reference and input
images are encoded on single SLM, placed in the input plane. This joint image function

f(x,y) can be expressed as
feuy)=r(x+x,,y+3,)+s(x-%,y-¥,), 6.1)

in which r(x-+x,,y+y,) and s{x—=x,,y—y,) denote the reference and input functions.

(2

Multiple objects Zzi (x,y) may be present in the input scene'™™ and the image of (he scene

i=1
is often degraded by noise s(x,y). Additive noise may be introduced by image capturing
devices or other clements of the systeml); the scene may be degraded by non-vverlapping

background noise. When noise is included, the joint input image function is

k
f(x" y) = ?-(x+xu’y + yr})+2ti (]C"".xj., y - }’f)+”(-x“xnay" yu)' (6'2)

i1

The Fouricr transform of f(x,y), formed at the back focal plane of lens 1., (Figure 6.1}, is:

Fu,v) = R(u,v)expl j{ux, + vy, )]+ zk:Ti (11, vVYexp[— jux, + vy, )]+ N{u,vyexp[— j(ux, +vy, )]

=l

= R(u, vYexpl jlux, +vy )Y+ 8, v)expl—jlux, +vy )] {6.3)

Here, R(u,v), T,(u,v), N(u,v)andS(u,v)are the Fourier transforms of r{x,y), #,(x,¥y).

n(x,y) and s(x,y) respectively; ¥ and v are mutnally independent spatial frequencies scaled
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by 2n/Af , A being the wavelength of the Laser light, and f the focal length of the Fourier
Jenses L, and L, . The JPS is the intensity of the (complex) light distribution produced in the

back focal plane of L,, viz.

| F(u,v) |’ = Rae. W +

S, v) P 2| R(u,v) || S, v) | coslulxy +x,) + (¥, + y,) + @, (e, v) — 6 (1, v)]

&
= Ru,v) F + 2| 1) P+ N [
. i=1
+ 22[ T () || R, v) | coslux, + x,)+v(y, + y,)+¢.(u,v) + 9,Ge,v))
i=1

+ii|lﬂ(u,v}

i=1 j=1

+ 2| N(u,v) || R(u,v) | cos[ulx, + x,)+v{y, + y,)+ @, (v} + @ (u,v)]

-+ 22| N{u,v)

i=}

1, vy | coslulx, — x, ) +v(y, — v, ) + @ (u,v) ~ ¢, (,v)]. (6.4)

Ty(wv) | coslie(x, — %)+ v(y, = )+ 6,(.v) = 6, ,v)

The phase terms of the Fourer transforms R(u,v), T,{s,v), N{u,v) and S(u,v) ace ¢, (u,v),
d, (u,v), ¢, (u,v), and ¢, (u,v), respectively, (with i# j). A square law detector, such as a
CCD array, might be used to detect the JPS. In the classical JTC the inversc Fourier
transform of the JPS is created by lens L,. This yields: an auto-correlation of the reference

image and auto-correlations of the input objects; cross-correlations of the reference image
with the input objects, which include the desired signals; and cross-correlations of the

different input objects and various noise terms. These last can produce false alarms.

In the median thresholding BJTC®, the median applied is that of the histogram of intensities
recorded in the pixel array upon which the JPS is mapped.

Vv ::f-faedianﬂ F@u, ) *]. (6.5)

¢
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The binary version of the JPS is

+1, when| Fu,v)[?>V,

P (u,v)=
b -1, otherwise

(6.6}

The BJTC greaily improves the optical efficiency of the system, for the transmission is unity
gverywhere in Lhe input plane of the second optical system. However, cross-cotrelations of
images in the input scene remain in the output and may cause false alarms; the zero-order
terms persist and continue to mask the desired output signals®). Furthermore, the binary
transform generates deleterious higher-order harmonics in the output plane. Javidi ez it
developed a (hresholding function to control the unwanted correlations. However, the

harmonic terms persist in the output.
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Figure 6.2. An alternative real-time JTC architecture.
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The fringe adjusted architecture shown in Figure 6.2 has the capacity to climinatc the zero-
order terms, the results of cross-correlations between the different input objects and control
the effects of noise, Three separate CCDs are employed to capture the joint transform power

spectram ( CCD,, ), the power spectrum of the input scene (CCD, ) and the power spectrum of

the reflerence image (CCD, ). The result of subtracting the power spectra of the mput scene

and the reference image from the JPS is:

P, vy = Fu,v) [P —| Rw.v) [F —| S, v} [*
= 2| R, M| S(u,v)| coslulx, + x,) +v(y, + ¥,) + ¢, (u,v) — , (4, v)]

= 2i| T, (1, V) || R(ue,v) | coslu(x, + x)+v(y, + y,} + &, G, v) + @, (u,v)]

=1

+ 2| NGe,v) || R(u,v) | cos[u(x, +x,) +v(y, + y,) + @ (e,v)+ 0.}, (6.7)

This modified power spectrum is recorded on SLM,, which generates the correlation signal. It
can be shown'™ that the zero-order terms and the cross-correlations formed between the
different objects arc removed from the output and that the delcterious effects of noise may be
reduced. This scheme provides for the reference image to be up-dated in real time. However,
the broad correlation peaks generated make it difficult to separate the outputs corresponding
to similar objects present in the input scene. Neither can the large dynamic range of the

modified power spectrum be readily accommodated by available SLM’s,

A cosine-wave encoded ITC is proposed to overcome these problems inherent to the fringe-

adjusted JTC scheme, The modified power spectrum in the case of the CWITC is

Clut,v) = coslu(x, + x, ) +v(y, + ¥, )+ @.(u,v) — ¢ (u,v)}. (6.8)

Thus, the cosine terms alone of Equation 6.7 are retained. A division of the modified JPS by
the product of the amplitudes of the Fourier specira of the reference image and the input scene

is necessary, i.c.

P(u,v)
(| R, v) | +&,)] S, v) | +€,)

= 2C(u,v). {6.9)
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In this result, €, and €, are introduced to eliminate the occurrence of poles in the evaluation

of Equation 6.9. They may be made functions of the spatial frequency and differentially
weight the spectra of R(x,v) and S(z,v). The CWJTC can be realised optically, for this

function is real-valued and the optical gain is less than unity.

It is cvident from Equation 6.7 that the CWITC is equivalent to an even function correlation

the Fourier phase of the reference and input images, for
Flexpl j(oe+P)]1} = Fleos(a+R)}+ j Flsin(a+B)}. (0.10)

in which Frefers to the Fourier transform operation. Nearly 50% of the light incident on the
(ilter is transmitted and, being a real function, the cosine-waveform is implemented more
easily than is the “phase-only” filter'”’, The correlation of phase representations of images in a
Vander Lugt configuration depends upon digital computation for the extraction of the phase

components of the input scene.

When an object in the input scene coincides with the reference image, i.e.

when ¢, (u,v) = ¢, (u,v), the effect of the CWITC is to invert the Fourier transform of the
cosine- wave, viz. of cos(u(x, +x,)+v(y, +y,)], which function is determined by the

spacing of the reference and input images alone, Two delta functions are generated in the

oulput plane, spaced apart by a distance 2J(x0+x_\.)2+(y" +y,)*. If the input scene
contains several objects that match the reference image, these objects will gencrate a pair of
delta functions in the output. These several outputs will appear in thce correlation plane,
separated by distances proportional to the magnitude of the displacements of the objects in the

input scene rclatively to the position of the reference image.
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When targets matching the reference image are embedded in nen-overlapping or additive

noise, Equation 6.8 becomes

Clu,v) =cos[u(x, +x.)+v(y, + v,)+ 8, ,v)—@,v)]
M ESCA) cosfu(x, +x)+v(y, + ¥+ {6.11)

| N(u,v)|

cos[u(x, +x,) +v(y, + y,)+ ¢, {u,v)+ @, (,v)],
| S, v)i

(x,,y,) are the co-ordinates of the i™ target in the input plane. The first term produces the
delta function responses, which identify the object. Since the phases ¢, (1,v) and ¢ _(x,v) are

randomly distributed, the output due to the second term is random. This is so, because the
Fourier transform of a random function is itseif a random function retaining the energy of the
ariginal function. As a result, the power appearing in the output due to noise impressed on the
input scene will be of relatively low amptitude, for it is distributed randomly across the entire

output field.

The JPS described in Equation 6.11 may contlain negative values, which cannot be cncoded by
SLM, . To circumvent this difficulty a phase modulating SLM operating in the binary mode,

is introduced (SLM, ) to apply the modulation:

{+1, C{u,v)=0
G(u,v) = . (6.12)

-1, otherwisc
Amplitude modulation by SI.M, , accords with the conditions:

c'(u,v)z{ Cwv), Cwv)=20 (6.13)

= (1, V), otherwise
‘Thus, SLM, introduces a 180°phase shift and guarantees thereby that SLM, is always

presented with positive inputs.
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6.3 RESULTS OF SIMULATIONS

The performance of the cosine-wave encoded JTC was investigated for the case of scenes
corrupted with either non-overlapping noise or additive noise and containing a single target
object. The €, in Equation 6.9 were set equal to 1x10°. A simulation was conducted with a

median thresholding BJTC for the purposes of a comparison.

The intensity of the correlation peak (CPI), the ratio of the intensities of the correlation peak
and that of the secondary peak detected (PSR), the area of the correlation peak evaluated on
its half-peak intensity profile (FWHM) and the ratio™® of the intensity of the correlation peak

to that of the noise (PNR) were the assessment criteria.

Figure 6.3. An arbitrary scene corrupted with non-overlapping noise. The bus is the target
object; the reference image is recorded in the upper half of the frame.

Figure 6.3 shows a bus standing in an arbitrary scene, which is corrupted by non-overlapping
noise. The scene is represented in a rectangular array of 128x192 pixels; the reference image

occupies 25x32 pixels. The joint image was padded with zeros to fill a frame size of 256x256
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pixels. The power transmitted by the image of the bus is 1.2% of the total power transmitted

by the scene.

Figure 6.4 represents the output for a classical JTC when presented with this scene. As was
forecast, the correlation with the target image is obscured completely by the effects of noise.
Results such as this have engendered the search for more satisfactory solutions, such as the

BJTC.

In comparing the performances of the median thresholding binary JTC and the cosine-wave
JTC, it proved instructive to observe the forms of the modified joint power spectra that these
options generated. It is evident from Figure 6.5 that the fringe information is distributed
uniformly across the entire field of the JPS in the case of the cosine-wave scheme.
Distributions such as this favour the generation of sharp peaks in the correlation plane. In
contrast, the loss of information intrinsic to binary correlation is evident in Figure 6.6, which
displays the markedly non-uniforms JPS that this method generated. The zero-order term is in

evidence.

260

Figure 6.4. Intensity distribution in the output plane of a classical joint-transform
correlator presented with the scene recorded in Figure 6.3.
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Figure 6.5. Joint power spectrum (a) created by a CWIJTC and (b) a representative cross-
section taken through the spectrum.
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Figure 6.6.

Joint power spectrum created by a median thresholding BJTC.

Correlations corresponding to these spectra are illustrated in Figures 6.7(a) and 6.7(b). The

target vehicle is identified unequivocally by the cosine-wave scheme, which, as was

predicted, provides a pair of sharply defined correlation peaks standing in a low amplitude

field of background noise (PNR of 10). In representing the binary device, it was necessary

first to truncate the high amplitude zero-order peak that this system generates. There being

less power available to supply them, the intensities of the correlation peaks were less by

nearly an order of magnitude than those generated by the CWJTC. Table 6.1 represents the

performance of the correlators in terms of the assessment criteria defined earlier.

Table 6.1.

CPI PSR PNR FWHM
CWITC 419.53 15:27 862.55 1
BITC 64.61 8.05 64.74 1

Performances of the cosine-wave and median thresholding binary correlators,
detecting the bus in the scene depicted in Figure 6.3.
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Figure 6.7. The CWIJTC (a) and the median thresholding BITC (b), detecting the
bus in the scene depicted in Figure 6.3.
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Realistic scenes contain multiple objects standing in cluttered or otherwise confused
backgrounds. Recorded in Figure 6.8 is one such scene that includes two target aircraft and
several non-target objects and is corrupted by non-overlapping noise. The transmission of

light by the target images is 0.65% of the transmission by the entire scene.

Correlations of this scene with a reference image of the aircraft made with the CWJTC and
median thresholding BJTC are represented in Figure 6.9(a) and (b). The former generates two
Pairs of sharply defined correlation peaks, standing in a low noise amplitude floor; the non-
target objects have been rejected. The output field generated by the BIJTC includes the
required correlations peaks, but is cluttered with secondary peaks and dominated by the power

in the low-order terms.

Figure 6.8. A complex scene that includes two target aircraft and other objects and
which is corrupted by non-overlapping noise. A reference image of the
aircraft is shown in the upper half of the frame.
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Table 6.2 represents the performance of the correlators in terms of the assessment criteria.
The response by the CWITC discriminates between the aircraft by allocating a 30% highcr
peak intensity to the left-hand aircraft. An explanation is to be found in the proximity of the
right-hand aircraft to the river and the reduced contrast ratio that this might cause.
Nonetheless, the intensity of the correlation peak for this aircraft exceeds that of the worst
secondary peak by a factor of two; the corresponding PNR is better than two orders of

magnitude.

‘The median thresholding BITC must be adjudged unsatisfactory in this duty. Whilst the
desired correlation peaks are sharply defined, a detector viewing the entire output plane would
not readily distinguish them from amongst the greatly more intense peaks that abound in the
field.

Table 6.2, Performance of the cosine-wave and median-thresholding binary correlators,
detecting the aircraft in the scene depicted in [Figure 6.8. (The MSI is the
maximum of the side-lobe peak intensitics.)

Left-hand aircraft Right-hand aircraft
CPI PNR FWHM CPI PNR FWHM MST
CWITC 81.06 | 162.70 1 5437 | 109.13 1 27.18
BITC 29.23 29.28 1 26.67 26.72 1 16.62 j
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Figure 6.9. The CWJTC (a) and the median thresholding BJTC (b), detecting
the target aircraft in the scene depicted in Figure 6.8.

89
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Simulations were conducted to assess the impact of additive noise impressed on scenes
presented to the correlators. A scene containing three similar objects, depicted in Figure 6.10,
was prepared for this purpose. The power transmitted by the target image was 7.7% of that

transmitted by the entire scene.

Figure 6.10. A scene including multiple objects and corrupted by additive noise to an SNR; of
0.21. The target object is identified in the reference image recorded in the upper
half of the frame.

Figure 6.11 demonstrates the superiority of the CWJTC in undertaking this task: the correlator
rejects the near-class images and accommodates noise excellently, achieving a PNR of 500:1.
Table 6.3 compares the performances of the correlators in terms of the assessment criteria.
The PSR of 6.23 allocated to the BJTC takes no account of the low-order peaks in the output

and, as Figure 6.11(b) demonstrates, exaggerates the correlator’s performance.

Table 6.3. Performance of the cosine-wave and median-thresholding binary correlators,
detecting the reference vehicle in the scene depicted in Figure 6.10.

CPl PSR PNR FWHM
CWITC 230.50 14.35 467.68 1
BITC 84.03 6.23 84.27 1
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Figure 6.11. The CWJTC (a) and the median thresholding BJTC (b), detecting the

reference vehicle in the scene depicted in Figure 6.10.
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1201

1004

Figure 6.12. The thresholding function BJITC, detecting the target aircraft in the scene
depicted in Figure 6.8.

In all of the correlations simulated, the BITC generated sharply defined correlation peaks that
identified the target objects. The difficulty encountered was that these peaks were
overwhelmed by low-order peaks and could not be discriminated readily by a detector
viewing the entire output field. The thresholding function that has been developed provide
for the elimination of this peak. Therefore, the response of a thresholding function BJTC
correlating the image depicted in Figure 6.8 was simulated. The result recorded in Figure 6.12
is to be compared directly with the correlations illustrated in Figure 6.9. Binary
transformation by the application of a thresholding function signally improves the
performance of the binary JTC. The near 100% optical efficiency of the BJTC produces a
high proportion of the incident power into the correlation peaks. The intensities of the peaks
corresponding to the left-hand and right-hand aircraft are 125 and 107, respectively, and
greatly exceed the intensities achieved by the cosine-wave scheme. The ratios of the
intensities of the primary and secondary peaks are comparable for both schemes, as are the

worst-case PNRs of 109 and 108 achieved by the CWJTC and BJTC respectively.
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The action of the thresholding function is equivalent to a binary transformation of the cosine-
wave modified JPS with respect to the zero level. This form of BJTC does not therefore
utilise the entire fringe information of the unmodified JPS and may be made the more
susceptible to noise. The simulation reported here is insufficient and, therefore, is

inconclusive in this matter,

Thresholding function is frequency dependent, the thresholding process rely on the auto-
correlation of reference image and joint scene. It certainly has flexible advantage over the
median-thresholding JTC, which the thresholding value 1s [(ixed on obtained joint power

spectrum.
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6.4 CONCLUSIONS

A scheme has been devised that extracts the cosine-wave element of the joint power specttum
generated in a JTC and returns this clement alone to the correlator for inversion. The gains in
prospect were that the cosine-wave JTC (CWITC) might detect target images with greater
finesse than does the binary JTC (BITC) and be less affected by noise in the inpul scene. The
method adopted subtracts the power spectra of the reference image and the input scene from
the joint power spectrum and normalises the result with respect to the product of these
spectra. The outcome is a cosine-wave of which the argument is proportional to the

displacement of the target with respect to the reference in the joint input image.

A pair of delta functions, standing displaced from the origin in the correlation plane, signals
the detection of a target object. Noise affecting the input image is rcturned, randomty

distributed across the entire correlation plane,

Simulations were conducted to assess the performance of the CWITC., The input scenes
employed contained multiple instances of target and other objccts represented in realistic
backgrounds. These scenes were corrupted by additive or non-overlapping noise,

appropriately.

Sharply defined correlation peaks were generated in all of the simulations performed. The
ratio of the intensity of the correlation peak to that of the worst secondary peak detected
always exceed 10", Depending upon the number of target images detected, the ratio of the
intensity of the correlation peak to the mean intensity of noise in the correlation plane (PNR)
varicd in the range 10% to 10”. The cosine-wave, joint transform correlator detected multiple
targets, standing with low contrast ratios in confused scenes, unequivocally and demonstrated

its capacity to discriminate against near-target objects.
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These simulations were repeated with a median thresholding, binary JTC. TVhis scheme does
not remove the zero-order peak that dominates the output of the classical JTC. The presence
of this peak confuses the detection of the desired correlation signals i.e., of the first-order
terms. Nonetheless, though the PNR never exceeded 107, clear correlation peaks were evident

in all simulations.

In light of this result, a single simulation was conducted with a thresholding function BJ1C,
The input scene contained (wo target objects standing in a complex background and was
corrupted by non-overlapping noise. The performance of this variant BITC maiched that
achicved by the CWITC. That the binary correlator might be the more sensitive fo noise

requires investigation.
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CHAPTER 7

Conclusions

Simulations of optical correlators locating target objects in noisy scenes and recognising them
have informed the design of the sputial frequency filters that they employ to rcprescnt the

reference image.

Band pass and spatial frequency dependent weighting functions have been applied to the
amplitude component of the spatial frequency spectra of matched reference filters. The aim
was to raise the acuity of the discrimination achieved between closely similar objects and the
finesse with which target objects may be located in the input scene. The challenge is to

sustain the quality of the correlation when optical noise degrades the input scene.

A filter was constructed on a superposition of Gaussian form, high band-pass and low band-
pass filiers with which the susceptibility of the quality of the correlation to modulations
impressed on the frequency spectrum of the reference filter could be explored, The criterion
defining quality included measures of the correlation peak and its intensity, the signal to noise
ratio and optical efficiency. A numerical scheme was devised which maximised the quality of
the correlation by varying the four parameters which characterised the filter. The primary
effect of the optimal filter, so determined, was to cut a narrow band of frequencies centred on
the zero order. Most physical bodies and manufactured artefacts generate spatial frequency
spectra with very large amplitudes at and around the zero order. Therefore, the effect of this
sharp cut was to magnify the amplitude of the higher frequency spectrum substantially and,
equivalently, to emphasise the contribution by phase modulation to the correlation output.
However, the filter’s susceptibility to noise was sensitive to the width of the zero order cut;
the response of an entirely phase modulated representation of the filter was greatly affected by

NOISE.
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That the low frequency cut profile might be represented by a single parameter was evident.
With this simplification a practical scheme for optimising synthetic discriminant function

(SDF) filters was brought within reasonable reach.

When adapted to the synthesis of SDF filters the optimisation procedure required the
coincident variation of a scalar parameter, weighting the amplitude of the spectra, and a
veclor that resolved the set of weighted images into the plane of the SDF. The simulation
undertaken cvalvated the capacity of the SDF to detect in-plane rotations of images, this being
the chosen mode of distortion. The trade-off in design is between a sharpened correlation
peak and, with a deteriorating signal to noisc ratio, a reduced capacity to distinguish between
similar targets, It was found that a reduction of the angular spacing of the training set of
images was necessary if the capacities of the SDF to resolve distorted images were to be
preserved. When interrogated with in-class images corrupted to a signal to noise ratio of 0.5
and spaced at 1° intervals the maximum variation of the intensity of the correlation peak
recorded with the optimal filter was less than 18% across 4 span of 60° of rotational distortion,

Ncar, out-of-class images were strongly rejected.

A scheme has been proposed that extracts the cosine-wave element of the joint power
spectrum (JPS) generated in a joint transform correlator (JTC) and returns this element alone
for inversion. In this case, the design task is to extract information from the JPS rather than to
modulate the spectrum of the reference image. When a target image is detected a pair of delta
functions appears in the correlation plane standing displaced from the origin by a distance
proportional to the separation of the target in the image from the reference image, Noise
affecting the input image is returned randomly distributed across the entire correlation plane.
This characteristic constitutes a strength of the system. In simulations of performance the
intensity of the correlation peak exceeded the mean intensity of noise in the correlation plane

by two to three orders when the signal to noise ratio in the input image was 0.5.

The cosine-wave JTC detected multiple targets represented at low contrast ratios in confused
scenes unequivocally and discriminated strongly against near-target objects. In prospect is a

JI'C capable of real time correlation,
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Futare Work

The target objects employed in the simulations shared similar characteristics, being vehicles of
one kind or another; they generated broadly similar spectra in the Fourier plane. Whilst the
schemes introduced to design optimal filters are of general utility, their application in the
research has been to this restricted range of objects. Real-time operation of optical correlators
may depend upon near real-time design of filters. Therefore, the influence of the peculiar
spectral characteristics of targets on the design rules that real time evaluations might employ is

in need of research.

The weighting function vsed in the optimisation of SDF filters described in Chapter 4, though
it was satisfactory for purpose, was not regarded as ideal. The application of a low-cut filter

as in the work of Chapter 3 should be explored.

The tolerance of noise displayed by the cosine-wave JTC should be investigated in yet greater

depth.
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APPENDIX

Fourier Transform Properties

A.1 LINEAR THEOREM

Given that C) and C; are two arbitrary constants. If f,(x,y) and f,(x,y)are Fourier

transformable, i.c., if

FLA G ] = F,v) and (A-1)

Flfs (e 9] = Fy(u,v), (A-2)
then

FlC £, (5 9) + C, £, (6 )] = CF (,v) + C, Fy (u,0). (A-3)
A.2 SIMILARITY THEOREM

If f(x,y}is Fourier transformable, so that £ [ I x, y)] = F(u,v), then
1 u v
Flflax,by)|=—F(—,—), A-4
£ taxbp]=—r (=) (A-4)

whete a and b are arbitrary constants. This theorem shows that a magnification of the spatial
domain results in demagnification in the spatial frequency domain, and an overall reduction in

the amplitude spectrum.
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A3 SHIFT THEOREM

If f(x,y)is Fourier transtormable, so that ~ [ fx, y)} = F'(u,v), then

Flf(x—a,y—b)]=Fu,v)yexpl- j2n(ua +vb)].

(A-3)
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The translation of a function in the spatial domain causes a linear phase shift in the spatial

frequency domain.

A4 RAYLEIGH’S THEOREM

If f(x,v)is Fourier transformable, so that F[f(x, y)]= F(u,v) , then

T T!f (x, }’)|: dxdy = T ]:IF(u,v)lzdudv.

[t could be clear that Rayleigh’s theorem implies the conservation of energy.

A.5 CONVOLUTION THEOREM

If fi(x,y) and f,(x,y) are Fourier transformabhle, so that

F[jl (JC, }’)] = Fl (us V) and

Flf G »]=F v,

then

F LA o, 9)0F, (5, ) = F (1, v)F, (u,v)

where © denotes the convolution operation.

(A-6)

(A-T)

(A-8)

(A-9)
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