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Abstract

This project investigates the performance of three optical correlators (coherent
correlator, incoherent correlator and psuedo-incoherent correlator) when they are
subjected to distortions. The distortions considered include: loss of resolution in both
image and filter planes, quantization in both planes, axial as well as lateral
displacements in the filter plane, and additive noise in the input plane. Three
performance criteria (comparison of auto-correlation peaks to cross-correlation peaks,
peak-to-sidelobe ratios, and signal-to-noise ratios) are developed for this investigation.
Extensive digital simulations are carried out to evaluate the performance of the three
optical correlators in the presence of these distortions.



Chapter 1

Introduction

The problem of giving machines the ability to recognize images has been receiving

large amounts of attention for quite some time. One of the results of this interest was

the development of the optical correlator. Correlation is a common technique for

pattern recognition. The cross-correlation function provides a measure of how much a

given signal resembles a reference function. This function is often implemented using a

digital computer which solves it using two dimensional FFTs and a large amount of

computation time. An optical correlator performs this function using light, two

dimensional spatial light modulators, lenses and the Fourier Transform property of free

space (as explained in chapter 2). Since the system works on two dimensional images 

parallel and uses light as its carrier, it can perform the cross-correlation instantaneously.

Several architectures have been developed for the optical correlator. We intend to

investigate the performance of three of these: the coherent correlator, the incoherent

correlator, and what we call the psuedo-incoherent correlator.
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1.1. Objectives

Our main objective in this project was to evaluate and compare the performance

of the three correlators. For quite some time, people have been using coherent

correlators with the major complaint that the systems were too sensitive to system

element position errors. Various authors have investigated incoherent correlators and

shown that they have superior position tolerance. We wanted to quantify this

superiority as well as find out what we might be giving up by using the incoherent

correlator.

To achieve this overall goal, we digitally simulated the operation of the three

optical correlators in their ideal state and under various distortions normally found in

their operating environment. Computer simulation was used because it allowed us to

investigate the greatest variety of distortions. We obtained mathematical models of the

three correlators, developed models for the environmental distortions, and created a

computer program to simulate the operation of the correlators under the distortions.

We used this program to simulate correlations under numerous combinations of

resolution limitations, quantizations, system mis-alignments and additive input noise.

We collected, analyzed and reduced data on the quality of the correlation and presented

them in this document.

1.2. Previous Research

The optical correlator has received a great deal of research attention since it was

first suggested by VanderLugt [1] in 1984. Casasent and Vanderlugt separately

investigated correlation degradation due to correlator optical element mis-alignment and



other sources [2, 3].

have looked into using

systems [4, 5].

considered the

4

In order to use the correlator in real time, several investigators

various spatial light modulators (SLMs) in their correlator

Because these SLMs introduced limits on gray levels, researchers

effects that quantization would have on correlations [6, 7, 81 and

proposed schemes for dealing with quantization [9, 10, 11, 12, 13].

Because of the coherent system’s sensitivity to optical element mis-alignment,

many researchers investigated the incoherent optical correlator [14, 15, 16]. Goodman

provided a brief description of it in his book [17]. Potaturkin and Khotskin analyzed

the incoherent system and showed that it was tolerant of the shift of optical

elements [18, 19]. Sherman, et. al. showed that the incoherent correlator could even be

used with a CRT a~ an input since the system did not require coherent light [20].

The work on the incoherent correlator gave us the impression that the incoherent

optical correlator was superior to the coherent optical correlator. We intend to quantify

this superiority as well as to locate its weaknesses.

1.3. Summary of Contributions

This project, in addition to quantifying the effects of numerous distortions on

optical correaltors, will show through simulation several interesting results. First, we

show that averaging in the opitcal correlator’s filter plane (effectively reducing the filter

plane resolution) results in altered peak locations. We find that binarization of the

coherent optical correlator’s filter plane not only gives excellent results but in certain

ways surpasses the non-binarized filter. We point out that the incoherent correlator

was very sensitive to all filter plane quantization types tested. Finally, we find that the
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incoherent correlator system produces better performance galns than the coherent

correlator in the SNR simulations when the input SNR is positive (in dB).

1.4. Document Organization

This document was written to allow the reader to skim quickly or stop and read

in more detail. Each chapter discloses the ~eneral topics it will cover in the order that

they are to be covered. The first paragraph of each section attempts to summarize its

contents while the subsequent paragraphs provide the details.

Chapter 2 serves to familiarize the reader with the optical correlators and includes

some basic explanation of optical Fourier transformation. Chapter 3 discusses and

models some major distortions occurring in non-ideal environments. Chapter 4 presents

the computer programs used to carry out the computer simulations of the optical

correlators. Chapter 5 presents the results of the simulated correlations, and Chapter 6

summarizes the major results of the study and suggests future work to be done in this

area. Two appendices are also included. The first, appendix A, discusses work done by

Venkatesh and Psaltis [12] on the quantization of the correlator’s filter function., and

Appendix B shows the five ship images which were used in our simulations.



Chapter 2

Optical Correlators

2.1. Introduction

Optical correlators are a major part of most optical processing systems. By

performing a cross correlation between a desired pattern and an input image, the

optical correlator can detect and locate that pattern’s existence anywhere in the input

image. Because of their parallel processing capability, the optical correlators can

process large images in considerably less time than purely digital systems.

In our simulations, we considered three types of optical correlators: the coherent

correlator, the incoherent correlator, and what we call the psuedo-incoherent correlator.

In the following sections, I will explain optical Fourier Transformation which is the

basis for optical correlator operation, and then discuss the characteristics, the

architectures, and the mathematical models of each of these correlators.

2.2. Optical Fourier Transformation

All optical correlators, as well as many other optical information processing

systems, are based on two parallel processing capabilities of optical processing. The

first is light’s spatial multiplication across a transparency and the second is the ability

to perform a 2-D spatial Fourier Transform with the help of a lens. A collimated light



/

/

d1
,’- -~ d2

P P1 2

f(x 1,y 1) -’~1 h(x,y:d)-~(~ h(x,y:d) " g(x2’Y2)

t(x,y)

Figure 2-1: a) A Lens with Input and Output Planes; and
b) Its Block Dial;ram Equivalent

beam will illuminate a plane perpendicular to its axis with constant phase and

amplitude. As this beam passes throu~;h a film transparency, its amplitude is

modulated by the transmittance of the film (ranging from 0 to 1) at the illuminated

point. Similarly, if light which has been spatially modulated by a function f(x,y) passes

through a transparency containing; function g(x,y), the resulting light distribution will
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The ability to take a 2-D Fourier Transform results from the impulse response of

free space, h(x,y:d), 1 and the lens’ quadratic phase function, t(x,y). [17]

and

(2.2)

where k ~ ~- with ), being the wavelength of the illumination, d is the distance the light

function is propagating over, z0 is the thickness of the lens, and n is its index of

refraction.

A possible 2-D Fourier Transform system is shown in Figure 2-1. We can

represent the lens in part a of Figure 2-1 with the block diagram of part b. We first

consider the case where d1-- 0 and d2-----fL (the focal length of the lens). The

transparency at P1 modulates the collimated light with the function f(xl,Yl). Because

the transparency is directly in front of the lens, the light distribution at the lens’ front

side, gi(x,y), is exactly equal to f(xl,Yi), and the light leaving the lens is the product of

f(x~,yl) and the lens’ transmittance function, t(x,y), given in equation (2.2). The light

distribution at the output plane, go(X2,Y2), can be found by convolving this product,

1The free space impulse response is characterized by the Fresnel propagation formula [17].
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gi(x,y).t(x,y), with the impulse response of free space,

d-~ fL)" This convolution yields

h(x,y:d) (equation (2.1) when

jk t

-~- g e~LtX2 ~-y22) ai(u,v), (2.3)

where Gi(u,v) is the 2-D Fourier Transform of gi(x,y), the light distribution directly in

front of the lens, (f(xl,y~) in our case),

e ~’~c(fL+n*o)
K = , (2.4)

and the frequency variables, u and v are defined as,

x2 Y2,, = -- v - (2.5)
xs "

We can see that the light distribution in the output plane is the Fourier Transform of

the input function multiplied by a quadratic phase factor.

We can now analyze a more general case where d1 = d and d2 = fL" Again, the

input transparency modulates the system light, but now this light must travel through

free space before reaching the lens. Therefore, the distribution at the front side of the

lens, gi(x,y) is the convolution of f(xl,Yl) and the free-space impulse response, h(x,y:d),

in equation (2.1). We evaluate this in the frequency domain to get:



(2.6)

where F(u,v) and H(u,v) are the 2-D Fourier Transforms of f(Xl,Yl) and h(x,y:d),

respectively. Because this represents the Fourier Transform of the light incident on the

lens, we may now substitute this directly into equation (2.3). The light distribution 

P2 is then:

x2 Y2 jk dl 2

go(X2,Y2)=K.F(xfL,),fL 2-~L(1 -~LL)(Z2 +Y22).
(2.7)

If we consider the specific case where dl-~fL, the exponential expression goes to

zero. The output plane light distribution is exactly equal to the Fourier Transform of

the input.

2.3. The Coherent Optical Correlator

The coherent optical correlator, which uses light that is both spatially and

temporally coherent, is the most researched version of the three correlators we are

considering. Ideally, it provides higher peak to sidelobe ratios than any other system.

Unfortunately, the physical system is very sensitive to non-ideal conditions. When

subjected to vibrations and other real world distortions, the system’s performance

deteriorates rapidly.

The system performs a correlation by taking advantage of the Fourier Transform

property of free-space. The frequency plane correlator designed by VanderLugt [1] is

shown in Figure 2-2. The light from the coherent point source is collimated by a lens


