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(Abstract)

We propose a novel real-time joint-Transform correlation (JTC) technique for
optical pattern recognition.

To replace the film recording aspect of performing optical correlation,
conventional real-time joint-Transform correlation (JTC) optical systems make use of a
spatial light modulator (SLM) located in the Fourier plane to record the interference
intensity to achieve real-time processing. However, the use of a SLM in the Fourier
plane, is a major drawback in these systems since SLMs are limited in resolution, phase
uniformity and contrast ratio. Thus, they are not desirable for robust applications. In this
thesis, we developed a hybrid (optical/electronic) processing technique to achieve real-
time joint-Transform correlation (JTC). The technique employs acousto-optic
heterodyning scanning. The proposed real-time JTC system does not require a SLM in
the Fourier plane as in conventional real-time JTC systems. This departure from the
conventional scheme is extremely important, as the proposed approach does not depend
on SLM issues. We have developed the theory of the technique and substantiated it with

optical experimental as well as computer simulation results.
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Chapter 1 Introduction

Optical pattern recognition is one of the most powerful operations possible on a
coherent or an incoherent optical system. Matching two images and learning the
likelihood of two pattern-matched objects are one of the main roles in various schemes of
pattern recognition operations [1]. In the application of optical pattern recognition,
correlation peaks are generally used for detection of signal and, therefore, to distinguish
the difference between the reference object and the target object. With the potential
application in military, biology, robot navigation and other areas, various methods for
optical pattern recognition have been proposed and rejuvenated over the past decades.

In optical correlation systems, there are two commonly used techniques available
in practice: one is to utilize the holographic matched filter technique, and the other is to
utilize the joint-transform correlation method. In matched filtering, a wide variety of
filters, such as VVander Lugt, phase-only, binary phase, etc., have been proposed for
different requirements. The joint transform correlation (JTC) was first proposed by
Weaver and Goodman in the 1960°s and is a major subject in many current optical
pattern recognition systems [2]. It can be easily realized with the advent of spatial light
modulators (SLMSs). In the JTC, a reference pattern and a target pattern are placed side by
side in the front focal plane of a lens. The lens performs a Fourier transform of the two
patterns and produces a Fourier transform interference pattern, or the so called joint-
power spectrum on the back focal plane (output plane) of the lens. This joint power
spectrum can be recorded electronically in a SLM or some other holographic material
devices for real-time display. A “reading” laser beam can then be used to diffract from
this interference pattern and produce a signal corresponding to the optical correlation
between the reference pattern and the target pattern. One significant advantage of a JTC
system over the matched filter-based correlator is that the JTC system does not require
the computation of a new filter function every time the reference pattern changes. Also,
JTC systems are less sensitive to optical system alignment than a filter-based system and

the reference pattern can be updated in real time. With the advanced development of



modern technology, the joint transform correlation has been developed heading several
directions with different devices [3,4,5,6,7].

One typical modern real-time JTC system is to utilize a spatial light modulator
(SLM) in the Fourier plane to store the interference intensity, which is subsequently read
out by the coherent light. The systems using SLMs are extremely flexible in that
changing the reference pattern for the system merely involves changing the pattern at the
system reference plane [8,9,10]. However, it has been pointed out that there are some
limitations by using SLMSs. One critical problem is that the SLMs will be very expensive
to satisfy the high-resolution requirement for recording of the image transform. Also, the
effect produced in a correlation by an aberration in the optical JTC system has been
experimentally observed such that correlation is lost to a great extent if there is not an
adequate control of the optical system parameters. For example, a little de-focusing error
on the Fourier plane can produce a significant loss of the correlation signal. Other
problems come from the design considerations such as phase uniformity and contrast
ratio of SLMs [11,12].

The use of a magneto-optic device (MOD) with a liquid crystal light valve
(LCTV) are employed in other real-time JTC systems with the input object functions
written into the MOD by a programmable computer, and the corresponding power
spectral distribution read out coherently by a LCTV for correlation operation. But this
type of system also suffers with low SNR and high cost [2].

Since the correlation of two images is also one of the mathematical operations in
image processing and pattern recognition systems, a digital computer has been considered
as an alternative way to realize pattern recognition. But as the images become more and
more complex and large in size, the calculation becomes more and more time consuming
for the digital computer for the high-resolution requirement. Therefore, optical processing
may still be the alternative way for digital processing because it offers greater speed.

To overcome the drawbacks of using SLM (such as the use of CCD camera or
LCTV) in the Fourier plane, some also consider scanning optical processing which is
fast, accurate and flexible. In this thesis, under the theory of 2-D pattern recognition, we
combine a scanning optical technique with electronic processing to achieve real-time

joint-transform correlation for pattern recognition purposes without using any SLM in the



Fourier plane. The system is hybrid (optical/electronic) in nature and its advantage is that
the speed and data acquisition rate of such a hybrid optical-electronic processing can be
made compatible with that of subsequent digital or optical signal processing. This thesis
is divided into 4 chapters that are outlined as follows.

Chapter 2 will present a general theory of the hybrid optical system, which
employs the theory of optical heterodyne scanning for real-time optical pattern
recognition. The corresponding experimental results are also available in this chapter.

In section 2.1, we will briefly overview the standard structure of a real-time joint-
Transform correlation system under the use of SLM in the system, which gives the basic
knowledge about optical correlation and realization. The limitations of using SLM also
will be discussed in detail. Section 2.2 will be devoted to the introduction of the two-
pupil heterodyne scanning system with the use of an acousto-optic modulator operating at
the Bragg regime. The system will produce a heterodyne current at the output, and the
information carried by the current is characterized by the amplitude and the phase. Also,
most of the conceptions, notations and symbols will be defined in these two sections and
will be used throughout the thesis. Section 2.3 will show that when a chirped grating is
used and optically scanned, we can perform the cross-correlation of two patterns without
the major drawbacks encountered in conventional real-time JTC systems. In the system,

x-scanner denoted by x=x(t) is used to represent the instantaneous position of the
scanning pattern; 1-D scanning chirped grating is characterized by |T0|2 =1+cos(ax?),

which will result in the correlation of the two pupils presented in the system and thus
realize real-time correlation. In section 2.4, we will develop the optical system in the
context of joint-transform correlation without using any SLMs in the focal plane, and
describe an electronic extraction scheme to display the correlation information. Finally,
the standard for optical pattern recognition using our proposed system is theoretically
verified. A practical optical implementation of the proposed hybrid (optical/electrical)
system is then demonstrated and described in section 2.5. By performing the proposed
real-time JTC system shown in section 2.5, experimental results with different reference
and target patterns are presented in section 2.6. A basis for the potential applications of

real-time optical pattern recognition, for example, fingerprint identification, is well



developed. Section 2.7 will give a detailed analysis of the experimental correlation results
provided in section 2.6, and the results will be discussed.

To further effectively verify and reinforce our proposed optical pattern
recognition technique based on optical heterodyne scanning, computer simulations have
been done by developing the Matlab program. To make an easy comparison, the
computer simulation results are displayed in the same order as the experimental results.
Details about computer simulation will be shown in chapter 3.

In chapter 4, we will present a summary of this thesis and give some concluding

remarks. Future research work is also considered and listed in this final chapter.



Chapter 2 Optical Pattern Recognition System

The goal pursued in this chapter is to present a novel real-time optical technique
using acousto-optic (AO) two-pupil heterodyning system for optical pattern recognition.
The conventional real-time joint-Transform correlation (JTC) system is first introduced
and some of its major drawbacks are pointed out. We then present a practical optical
implementation of an optical/electronic hybrid system based on AO two-pupil
heterodyning without the major drawbacks, which is encountered in conventional
systems. Experimental results are demonstrated and fully discussed.

First, the standard architecture of a joint-Transform correlation (JTC) system is
reviewed in section 2.1. Next, the theory of the two-pupil optical heterodyning system is
provided in section 2.2, and corresponding real-time correlation realization and real-time
JTC without using SLM in the focal plane are given in section 2.3 and section 2.4. In
section 2.5, a practical implementation of the idea for optical pattern recognition is
provided. Section 2.6 gives the experimental results for real-time pattern recognition.

Finally, further discussion of the results is given in section 2.7.



2.1 Standard Structure of joint-Transform Correlation (JTC) System
Optical correlators are generally divided into two types depending upon the
techniques: the matched spatial filtering optical correlator, and the joint-transform
correlator. The joint-transform correlator has good characteristics for real-time pattern
recognition because of easy adjustment of the optics without preparing complicated
matched spatial filters. In this thesis, we develop a novel joint transform correlator.
The standard architecture of a joint-Fourier transform correlator is a two-stage
system [13]. In the first stage, the reference object and the target object are directly
written on a spatial light modulator (SLM), and subsequently, in the second stage, the
detection of the so-called Joint-Fourier Transform power spectrum is performed by
another spatial light modulator which may be coherently read out for correlation
operation. Figure 1 shows a conventional real-time JTC system, where the reference
object is denoted as g1(X-Xo,y) and the target object is denoted as g.(X+Xo, ¥). The joint-

transform power spectrum, P(ky ,ky), on the back of the focal plane of lens L; is given by

P(k,ky )= F{as(x=x0, v} +H 92(x+ %0, ¥ [F =[5 (K ky | +[Ga(keky )| (1)
+Gy (k Ky G2 (ky ky )exp( j2k, X ) +G1(ky ky )Gy (K, ky )exp(=j2k,Xo ),
where G; (kox I("y) is the Fourier transform of the function g ; (x, y) for i=1,2, and is
given by
Gilkyoky ) = [ai(xy)expLi(kx+kyy)ldxdy = Floi (x v}, (2)

with k,=kox/f and koy/f, where f is the focal length of Lens L; and ko is the wave number
of the laser. In real-time JTC systems, the joint-Transform power spectrum is detected by
a spatial light modulator (SLM) or a CCD camera. The output of the CCD camera is fed
to another spatial light modulator for coherent display as illustrated in Fig.1, where lens
L, is a Fourier transform lens with the same focal length as lens L;. Due to the coherent
display on the correlation plane we have the Fourier transform of P (ky, ky) as follows:

k koyO
FEP(LX:O—yD = A (XY )+ A (=X, Y ) + A (=X = 2Xg —Y ) + Agy (=X +2X0 —Y), 3)
o f f O, k,
Where A;(x,y)=gi(xy)0 gj(le)=_[_[gi*(X',y' )9 (x+X,y+y )dx dy 4)



with i=1or 2, and j=1 or 2. The symbol ® denotes correlation involving coordinates x
and y. Ajj(x,y) is the autocorrelation when i=j, and is the cross-correlation when i#j.
Hence, if the target and the reference objects are the same, besides a strong peak at the
origin of the correlation plane due to the first two terms of equation (3), we have two
strong peaks centered at x=+2x, due to the last two terms in (3).

The advantage of using the JTC technique is that the input images are Fourier
transformed simultaneously, so the interference among the transforms is achieved in a
single step, other advantages of JTC are that the reference images can be updated in real
time and the problem of accurate optical alignment of filter occurring with matched
filtering is significantly reduced [4]. However, there are two major drawbacks with this
conventional real-time system. Owing to the existence of zero-order spectra, i.e., the first
two terms in equation (1), a physical separation between the reference object and the
target object is required [14]. This requirement hampers the utilization efficiency of the
input spatial domain and lowers the diffraction efficiency of the correlation peaks, and
attempts have been made to alleviate this problem [15-23]. Another major drawback is
the requirement of high spatial resolution of the SLM for coherent display. From the last
two terms in equation (1), we see that

Gy (K, ky )G, (ky Ky Yexp( 2K, Xo ) +Gy(ky ky )G, (Ky Ky )exp(—j2k, Xy )=

2061 (ky ky )G (ky ky )| cos( 2k, %, +8),

()

where @ is the phase angle of G; G,. We see that the correlation information is carried by
a spatial carrier with frequency 2xo/Af, where 1=2x/ ko is the wavelength of light, and we
have made use of ky=Kkq x /f into the argument of cosine term to find the frequency of the
spatial carrier. Now let us give an example. For 2x,=30mm, A=0.6um, and f=50cm, the
required spatial resolution of the SLM is 2xo/ Af~ 100cycle/mm. Very often in practice,
2Xo I1s made to be small enough or the focal length f is made large enough so that the
CCD camera or the subsequent SLM can resolve the spatial carrier. Hence, the spatial
resolution requirement of the CCD and SLM should be generally high enough, i.e., the
CCD camera and the subsequent SLM must be able to resolve the fine details in order to
have the real-time system work. In addition, phase uniformity and contrast ratio of the
SLM also are important considerations.



In order to avoid the major drawbacks of using SLMs, we proposed a hybrid
optical/electronic system that can perform real-time correlation without these critical
drawbacks. Specifically, there is no need to place a SLM at the Fourier plane to detect the
Joint-Fourier power spectrum and the use of another SLM for coherent display. The
corresponding optical heterodyne scanning theory and practical optical implementation
are introduced in section 2.2 and section 2.3.

IN comparison to the conventional real-time JTC system described above, the
novel real-time JTC system we proposed overcomes the two major drawbacks: First, by
using a two-pupil optical heterodyning system, the zero-order spectrum (auto-correlation
item) becomes a constant added with the cross-correlation item (see equation (22)), and
can be removed easily. Second, in the proposed system, the cross-correlation results are
transferred to the time domain by using scanning. So, no high spatial resolution spatial
light modulators are needed. While our system overcomes the major drawbacks of a
conventional JTC system, it maintains the major advantage of being real-time.
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2.2 Basic Knowledge of Two-pupil Optical Heterodyning System:

Introduction and Background

In order to establish a good foundation for understanding the practical optical
system set up, we will briefly review the theory of two-pupil optical heterodyne scanning,
which was first developed by Poon and Korpel [24]. The so-called two-pupil optical
heterodyne scanning system involves acousto-optic frequency shifting and heterodyne
detection. We shall call the system a two-pupil acousto-optic heterodyning system [25].
Such a processor is brought about by acousto-optic Bragg diffraction, and the output of
the system is a heterodyne radio frequency (RF) current.

An idealized scheme of a two-pupil heterodyning image processing system is
shown in figure 2.

In this system, a transparency function pi(X, y), is located at the front focal plane
of lens L with a focal length f, the other transparency function p,(X, y) is also located at
the same focal plane as function pi(X, y) is. The transparency functions p1(x, y) and
p2(X, y) are usually called the pupil functions [25]. A collimated laser beam at temporal
frequency wy is used to illuminate pupil function p; (X, y), the other pupil function
p2 (X, y) is illuminated by a laser beam with different temporal frequency wg +£2. The
laser’s temporal frequency offset of () can be realized by an acousto-optical modulator
(AOM). The two pupil functions are focused into the back focal plane of lens L, where
lens L forms the 2-D Fourier transform Py (Ko X/X, ko y/f), and P (ko X/f, ko y/f) of p1 (X, y),
and p2(X, y), respectively, in its back focal plane.

The combined optical scanning field on the back focal plane is given by the
following equation:

k Kk . k k .
P (2252 yexp( jeopt) + Py(<2% =L yexp[ j(aoy + 211 (6)

where Pi(¥ ,koTy) = F{pi (XY )} ky andi=1, 2, The combined optical field or the

I
scanning pattern is used to 2-D raster scan a target with amplitude distribution given by
To (X, y) located on the back focal plane of lens L. Alternatively, the target can be placed

on a x-y scanner platform, as shown in Figure.2, while the optical beam is stationary. The
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photo-detector, which responds to the intensity of the optical transmitted field or
scattered field, will collect all the light and delivers a current i (x, y) which is given by

koX KoV koX' KoV
i063) = [, (P (=2 =2 yexp( jeogt) + o (<25 ~2L yexpl iy + )T}

(7)
xTo(x+x,y+y ) dx dy,

We will point out that the integration is over the area A of the photo-detector.
x=x(t) and y=y(t) represent the instantaneous position of the scanning pattern, and the
shifted coordinates of T, represents the movement of scanning. For the content of the
current, we point out that the current out of the photo-detector includes the base-band
current and the RF heterodyne current at the temporal frequency Q. What we are
interested in is the heterodyne current as it contains the useful information and is given
by:

koX ko koX koVy

P (S o (X y +y ) x dy exp(j2t) ®)

io(x,y)=Re[[[ APr (

Note that we have used the convention for phasor ¢ as W(x,y,t)=Re[¥,(x,y.t)exp(jt)],

Where Re [.] denotes the real part.

Now equation (8) can be written as:

i (x,y) = Re[ig, (x,)exp( j20)], ©)
where
« KoX KoV koX KoV
iop(x¥) = [ APy (S 2R, (25 LTy (x+ X y +y P dy (10)

Equation (10) denotes the output phasor, which includes the amplitude and the
phase information of the heterodyne current. The phasor constitutes the scanned and
processed version of the target | To |* [24,26]. From this point we can see that this optical
scanning system can process intensity distribution of the object being scanned under
certain conditions. This system has been used for 3-D holography, 3-D fluorescence
microscopy, bipolar incoherent image processing and some other image processing at
Virginia Tech’s Optical Information Processing Lab [26]. Using this knowledge, with
some modifications, we employ this so-called two-pupil heterodyne scanning technique

to perform real-time correlation, which will be introduced in the following section.
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2.3 Corresponding Real-Time Correlation Realization

Based upon the theory presented in section 2.2, we are able to perform 1-D
scanning of a chirped grating which will result in the correlation of the two pupil
functions (one is for the reference object, and the other is for the target object) introduced

in our optical heterodyne scanning system.

In order to show the real-time correlation, we let [T,|* =1+cos(ax? ), where a is a

grating constant, since cos(ax?) = % [exp( jax? )+exp(-jax?® )], equation (10) can be written

as:
o, ()= [] AP/ (F25 KL gp, (KX JoX

{1+§exp[< ja(x+x )? +5exp[<—ja(x+x' )* 1} dy (11)
= 1o+t (x)+ 21 (X),

where 1, = [[ 4Py ( kf}x,kf’fy )Pz(k(}x KoY yix dy | (12)
0= [ P (20 e, (0 KoYy e x 1k (13)
and

00 = [ 4P (201, (KX K0V yeup—ja( e x 17 ay. (14)

We can see that the first term Iy is some complex constant. What we are really
interested in is the second and the third term given by equations (13) and (14). By
expanding the exponential term and re-arranging, equation (13) can become:

kox koy

.
t(x) = exp( jax? )[f a Py ( 9P (“2 K2 yerp jax? Yexp( j2aoc o dy

koX KoYy k X Kk y
=exp( jax* )F{P, (L OT) 2(L —2=)exp( jax? M, z2axk,=0

(15)

At the point, we are making an assumption that the constant a, is small enough so that

e =1, then equation (15) becomes:

kox Koy kox koy

t1(x) =exp( jax* )F{P’ (— —) Po(—— =, =2axk, =0 - (16)

13



This assumption corresponds to the far field approximation in diffraction in that
Fresnel diffraction becomes Fraunhofer diffraction [30]. Now we can express equation
(16), besides some constant, in terms of the correlation integral:

: fk, Tk fk, fk
t; (x) =exp( Jax2 ) p1(‘k—x ,‘k—y)D P2 (= K . ,‘k—y)]kx=2ax,ky=0’ (17)
0 0 0 0

Similarly, equation (14) can be written as:

*, , fk,
” K 'K)]kxzzax,ky:o : (18)

o2 fky
t(x) = exp(=jax® )L pa (= =)0 pa(
0

0
By putting equation (17) and equation (18) into equation (11), we have:

io (X, y)=Re[igy (x,y)exp(j),

Where

. 1 . tk, Tk fk

Top(X)=1g +—exp( jax?)[ pr(—— :__y)D P (——= n__y)]kxzzax,ky:o
1 fay 2 ka fky ka fky

+—ex —Jax v D [ = =0
> p(—jax“ )L pe( ko | ko ) pa( ko kg )k, =2ax k, =0

As we can see from equation (19), if we have a target object represented by py,
and a reference object represented by p,, we will, therefore, achieve the correlation of the

two objects.

14



2.4 Real-time Pattern Recognition Without Using SLM In the Focal Plane
So far, we have given a brief overview of conventional real-time JTC systems
with SLM in the focal plane. We also have introduced our hybrid optical system using
optical heterodyne scanning. The purpose of this thesis is to realize real-time pattern
recognition employing our new technique without using SLM in the focal plane. In this
section, we will develop the optical system in the context of joint-transform correlation
and describe an extraction scheme to display the correlation information without using
any 2-D SLM in the focal plane to detect the power spectrum for real-time display.
Suppose we have two patterns g;(x, y) and g(X, y) to be matched. The patterns are
placed side by side in the front focal plane of lens L as shown in Figure.2. We let
p1(X, Y)=01(X-Xo, y) and p2(X, Y)=0g2(X+Xo, ¥), and the Fourier Transform of these two
patterns in the back focal plane forms a composite beam which is used to 1-D scan out a

chirped grating which is given by |T0|2 =1+cos(ax? ). With the heterodyne current shown

in equation (8) and the pattern information given by p1(x, y) and p2(X, y), we will have

the heterodyne current out of the photo-detector as:

. 1 . —2axf 1 . 2axf
igp (X) = 1o+ exp( Jax* )Asy (= —=2%9 0) + - exp(~ jax* ) A (5 —~2%, 0), (20)
0 0

and equation (19) becomes:
i (x)=|lo|cos( 2t +6, )+§ Apy( _ZkaXf — 2%, 0)|cos( 2t +ax? +6, )

’ (21)
+1 Alz(ﬁ—ZX0 0)|cos( 2t —ax? +8, ),

—2axf 2axf
where 6y, 6, and 6, are the phase angles of 1y, A,( 5 -2x0,0), and A, ( 5 -2x,0),
0 0

respectively. It should be noted that i, (x) is a 1-D time signal as x is a function of time,

i.e., X(t), and this signal is an amplitude modulated signal with carrier £2. The amplitude
of the signal contains the correlation information, which can be extracted using a lock-in
amplifier with reference signal equal to cos(£2t). After the lock-in amplifier, from

equation (21), we will have:
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—2axf -2x%0 0)|cos(ax? +6,)

o (22)
cos(ax? -8, ),

A (

. 1
Ilock—in(X)D||0|Cos(90 )+E

1 2axf
+=|A, (——=2%, 0
2[5 2%0)

This can be displayed with a real-time monitor such as an oscilloscope. If x(t)=vt,
that is the scanning position is linearly with time, where v is the constant scanning speed
of the laser beam, equation (22) then manifests itself as two cross-correlations centered at

. . XK .
two locations along the time scale: t=+ Oafo , and of course, the correlations are
V

amplitude —-modulated by the chirp-type functions cos[a(vt)? +6,1 and cos[a(vt)? -6,].

From the definition of correlation as shown in equation (4), we can see, that the
output heterodyne signal is the correlation between p; and p; carried on the transparency
function. When the two patterns are identical and overlapped, the cross-correlation
becomes autocorrelation, and low pass filtering will be expected. If the two patterns are
identical but offset by a distance, band pass filtering will be achieved. Obviously, when
the two patterns are perfectly matched, a strong correlation peak will be observed.
Otherwise, the lower peak or a more flat line will be displayed.

In this case, if the two patterns gi(X, y) and g»(x, y) are placed side by side and
perfectly matched, there will be two strong correlation peaks and since the y coordinates
are zero within the correlation arguments, what we will really see is a line trace through
the correlation peaks as y=0.

Until now, the theory for our real-time pattern recognition has been developed
and discussed. According to the theory, we are able to set up the system to perform
pattern recognition. The practical optical system used to demonstrate the principles
discussed above will be presented in section 2.5, and the experimental result will be given

in section 2.6.
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2.5 Optical Implementation for Pattern Recognition

In this section, the experimental set up for optical pattern recognition is designed
to demonstrate the principle that we gave in the previous section. Under the consideration
of system’s cost, reliability, complexity, and suitable for pattern recognition, the
following system has been designed and the system diagram is shown in figure.3. We
will explain the important component in this system and we will also show how the
system works and several things that deserve careful attention.

Figure.3 shows the practical optical implementation of Figure.2 for real-time
pattern recognition.

A good start to give an overview of this optical heterodyne scanning system is the
optical source. Due to the low cost, high reliability, power safety and easy operation, a
He-Ne laser has been employed in the experimental set up. The He-Ne laser is
manufactured by Newport (A=632.8nm), the power output from the He-Ne laser is about
15mw, which is strong enough for our purpose. In this implementation a Mach-Zehnder
configuration is used to combine the two pupils. In order to get a heterodyne signal, the
He-Ne laser directs the light into an acousto-optic modulator (AOM), which is driven by
a 40MHz RF driver, operating at the Bragg regime at sound frequency Q/2r ~ 40MHz.
The two diffracted beams, i.e., the zeroth-order beam and the first-order beam, are at
frequencies wp and we+£). The AOM produces a fixed sound temporal-frequency Q/2x ~
40MHz offset between the two optical fields, which in turn are expanded by a 75x beam-
expander. Lens L; served as a collimator to deliver two parallel beams: zeroth-order and
first-order beams. After lens L;, the zeroth-order beam is incident on the pattern p;, and
the first-order beam is incident on the other pattern p,. The two patterns p; and p, are
located at the front focal plane of lens L, with a focal length about 50cm. The two laser
beams are combined together by Mirror M; and beam-splitter BS and then pass through
lens L, which will form the Fourier transforms of P; and P, of patterns p; and p; in its
back focal plane, respectively, projected through the galvanometer x-y scanner. In our
case, for one-dimensional (1-D) scanning (which is the case used in our system), this
structure can be simplified by using one of the galvanometer scan mirrors that we have

already explained in the last section. Here we employed 1-D scan along the x-direction.

17



The scanning mirror can be controlled either by the computer or by the function
generator. In our experiment, to obtain the stable scanning procedure, we used function
generator to control the x-scanner. After the scanner, the two beams are focused onto the
chirped grating located at the back focal plane of lens L,. The chirp grating we used in
our experiment is shown in figure 4. Lens L3 is used to collect all the light onto the
photodetector (PD). The output signal from PD is sent to the signal input port of a SRS
488 RF lock-in amplifier. The purpose of using a lock-in amplifier is to achieve a better
signal to noise ratio. The lock-in amplifier can amplify the signal even if the signal is
within microvolts. The reference input of the lock-in amplifier comes from the same
40MHz RF driver, which is used to drive the AOM. By adjusting the sensitivity and time-
constant of the lock-in amplifier, the current which given by equation (23) can be
obtained through the lock-in amplifier. A 100MHz digital oscilloscope is used to display
the correlation result in real time. The synchronized signal to the digital oscilloscope
comes from the same function generator, which is used to drive the x scanner.

Due to this practical implementation, we are able to perform pattern recognition
and obtain the recognition results. The experimental results are shown in section 2.6 and

the discussion of the results is presented in section 2.7.
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Figure.3 Practically used two-pupil optical pattern recognition
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Figure. 3 (a) Implementation of real-time optical pattern recognition
based on optical heterodyne scanning system
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Figure. 4 1-D chirp grating
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2.6 Experimental Results

The main goal of this experiment is to obtain the correlation result of two objects:
one is the reference object, and the other is the target object. The result of this optical
system is to effectively display the correlation result between the reference object and the
target object. A strong correlation peak is expected if they are matched.

With the technique and the experimental set up discussed above, experiments
using different reference objects and target objects have been performed. In order to
compare the results between different experiments, all the system parameters, such as the
power of laser source, the scan speed of X-Y scanner, the time constant and sensitivity of
the lock-in amplifier, the voltage scale and time scale of the digital oscilloscope, are set
to be the same values throughout these experiments.

In section 2.6.1, we will give some correlation results of two circular laser beams.
Based on the performance shown in section 2.6.1, we then used different patterns as
reference objects and target objects and obtained corresponding experimental results,

which are shown in section 2.6.2.

22



2.6.1 Two Circular Apertures Correlation Results

Before we use complicated patterns as objects in our experiments, we have
performed some preliminary experiments. We use two identical circular apertures as our
two pupils. By adjusting the position of the mirror M or the beam-splitter BS as shown in
figure 3, we can achieve two overlapped circular laser beams or two beams with a certain
offset distance. As we have pointed out in the section 2.4, for two identical circular laser
beams, we should expect a strong peak through the observation of a time trace signal in
the digital oscilloscope. With the two identical beams overlapped, it will result in low-
pass filtering of the object being scanned; with these two beams offsetting a certain
distance, we expect band-pass filtering.

Based upon the above interpretations in filtering, the correlation results of using
two identical circular apertures are shown in figure 5 and figure 6. In figure 5, the two
circular beams are overlapped; we can see that at the low frequency range of the scanned
chirped grating, the output signal is much stronger as compared with the high frequency
range. The envelope of the waveform gives out a response characteristic of low-pass
filtering. Similarly, in figure 6, since there is a distance offset between the two circular
beams, the envelope of the waveform gives a response characteristic of band-pass

filtering.
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Figure. 5 Low-pass filtering resulted from two overlapped circular

laser beams when scanning a 1-D chirped grating
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Figure. 6 Band-pass filtering resulted from two offset circular laser

beams when scanning a 1-D chirped grating
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2.6.2 Different Patterns Correlation Results

With the method and the results shown in section 2.6.1, experiments using
different reference objects and target objects have been performed. In order to compare
the results and see the difference between different experiments, we set all the system
parameters, such as the power of the He-Ne laser source, the power and the frequency of
the AOM driver, the separated distance between the two patterns that need to be matched,
the scanning speed of the x-y scanner, the time constant and sensitivity of the lock-in
amplifier, the voltage scale and the time scale of the digital oscilloscope, to the same
values throughout our experiment.

We used two different reference objects: animal 1 and a random pattern given by
figure 7. For the reference object goat, we used four different target objects, (four
animals) given by figure 8 to do the correlation with animal 1. Compared with the
random pattern, these patterns contain fewer details. For the random pattern we used two
different patterns given by figure 9 to do the corresponding correlation.

Figure 10 through figure 13 show the correlation results of the four animals with
reference pattern animal 1. Figure 14 and figure 15 show the correlation results of the
target patterns shown in figure 9 with the reference random pattern. Discussion of the

experimental results is presented in section 2.7.
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Reference pattern 2: random pattern

Figure. 7 Two different reference patterns
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Animal 1 Animal 2

Animal 3 Animal 4

Figure. 8 Four target patterns: animal 1 to animal 4
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Figure. 9 Two target patterns
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Figure. 10 autocorrelation of Animal 1 with Animal 1

30



14 Mmum»mmmﬂh?ﬁmm AIMWM

%o Bl

H S00mVe. ChZ  Somvw M 2Zms Ext & S574mv

Figure. 11 cross-correlation of Animal 1 with Animal 2
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Figure. 12 cross-correlation of Animal 1 with Animal 3
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Figure. 13 cross-correlation of Animal 1 with Animal 4
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Figure. 14 autocorrelation of random pattern with random pattern
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Figure. 15 cross-correlation of random with inversed random pattern
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2.7 Discussion of Results

In the previous sections, we proposed the theory of our heterodyne scanning
system, pointed out the advantage of our new JTC system, described the experimental set
up and presented the experimental results as we expected. To qualify these claims, we
will analyze the experimental results in detail, such as the size of the pattern, the distance
between the reference and target objects, etc. With the concern of the content of the
patterns, in this section, we will address the difference among these results regarding the
less or more information provided by the patterns.

Figure 10 shows two identical patterns animal 1 and animal 1 with the size about
6mm x 7mm, shown on the bottom of the figure. They are placed at the front focal plane
of lens L, of focal length of 50cm for autocorrelation. The two patterns are separated by
2xo =6mm, which gives the center peak frequency 2xo/Af ~ 20 cycle/mm. When a chirped
grating is 1-D-scanned along the x-direction, a trace of electrical signal through the center
of the autocorrelation will be displayed (see equation (22)). Indeed, we see a strong peak
display on the oscilloscope as shown in the figure. The time scale is 2ms per division
with vertical scale of 500mv per division. Figure. 4 shows the picture of the chirped
grating that we used in our experiment. It is basically a set of dark lines of varying
separations, printed on a glass substrate. The grating frequency ranges from 1 cycle/mm
to 25 cycle/mm. Since the grating used is not symmetrical, we only observed a single
correlation peak.

In figure 11 through figure 13, the cross-correlation between target objects
(animal 2, animal 3 and animal 4) and reference object (animal 1) are presented. The
target objects are the same size as the reference object (animal 1). For convenient
comparison, the distance between the reference pattern and the target pattern is the same
as the distance we described in figure 10. If the two patterns are perfectly matched, the
center peak frequency will be the same as shown in figure 10. As we can see from these
figures, the autocorrelation peak in figure 10 is about 3 times higher than the cross-
correlation peak shown in figure 11 to figure 13, which indicates that animal 1 is not well
matched with the other three animals.

The random pattern we used in this experiment provides more structural details

than the pattern of the four animals. Due to this aspect, we can expect the autocorrelation
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peak to be stronger and sharper as it is evident from figure 14, where two identical
random patterns with size of 3mm x 8mm are used. The random patterns are apart by 2x
=3mm, which gives 2xo/Af ~ 10 cycle/mm. It clearly shows the result as we expected.
Figure 15 shows the cross-correlation when the random patterns and its contrast reversed
random pattern are used. The correlation peak is much lower than the one in figure 14 as
expected and verified.

Several other patterns have been used in this experiment; the results turned out are
exactly the kind that we expected. Due to some critical conditions, (such as, the optical
alignment), the ability of how much light can pass through the pattern, (which will result
the final intensity of the light collected by the photo detector) will be affected, with the
final results displayed on the digital oscilloscope. However, with modern technology
(precision instrument and better alignment), it is possible to improve the reliability of the
system, and get high-resolution result.

So far, we have given some analysis about the experimental results and the
fundamental difference among these results is interpreted. To support our theory,
computer simulations have also been considered and performed to make our new JTC
system more believable, and to make this work more successful.

Computer simulation results are presented in chapter 3.
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Chapter 3. Computer Simulation Results

To effectively confirm the experimental results shown in section 2.6, MATLAB
programs have been developed to do the simulations corresponding to the experimental
results shown in section 2.6.

In this chapter, first, we will show the computer read out patterns, which are the
same as we used in the experiment with resolution 64 x 64 pixels. We are then going to
show the correlation results that have been done by the computer.

Figure 16 through figure 39 show the computer simulation results for the
reference patterns with target patterns we used for our experiment. From these results, we
may see the similarity between the experimental results and the computer simulation
results. Computer simulation results are less noisy than the one we achieved through
experiment.

The MATLAB program for the simulation is shown in Appendix A.
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Computer Simulation Results:

1. Animal 1 with Animal 1:

A. Two patterns read out by computer:

Fleiaiel [ IS RN R

\

\

Figure. 16 Reference pattern animal 1 and target pattern animal 1
read out by computer

B. 3-D correlation result—reference pattern Animal 1 with target pattern
Animal 1:

15+

Figure. 17 3-D correlation results of Animal 1 with Animal 1
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C. 1-D correlation results:

(1). Patterns Animal 1 and Animal 1 are overlapped:
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Figure. 18 1-D correlation result for Animal 1 with Animal 1 overlapped

(2) Patterns Animal 1 and Animal 1 are side by side:
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Figure. 19 1-D correlation result for Animal 1 with Animal 1 side by side
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2. Animal 2 and Animal 1:

D. Two patterns read out by computer:

IR |

Figure. 20 Reference pattern animal 1 and target pattern animal 2
read out by computer

E. 3-D correlation result—reference pattern Animal 1 with target pattern
Animal 2:

Figure. 21 3-D correlation results of Animal 1 with Animal 2
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F. 1-D correlation results:

(1). Patterns Animal 1 and Animal 2 are overlapped:

1.5 T T T T T T T T T

Figure. 22 1-D correlation result for Animal 1 with Animal 2 overlapped

(2) Patterns Animal 1 and Animal 2 are side by side:

Figure. 23 1-D correlation result for Animal 1 with Animal 2 side by side
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3. Animal 3 and Animal 1:

G. Two patterns read out by computer:

A

Figure. 24 Reference pattern animal 1 and target pattern animal 3
read out by computer

H. 3-D correlation result—reference pattern Animal 1 with target pattern
Animal 3:

Figure. 25 3-D correlation results of Animal 1 with Animal 3
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I. 1-D correlation results:
(1). Patterns animal 1 and animal 3 are overlapped:
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0.5+ -
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Figure. 26 1-D correlation results for Animal 1 with Animal 3 overlapped

(2) Patterns Animal 1 and Animal 3 are side by side:
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Figure. 27 1-D correlation result for Animal 1 with Animal 3 side by side
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4. Animal 4 and Animal 1:

G. Two patterns read out by computer:
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A
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\

Figure. 28 Reference pattern Animal 1 and target pattern Animal 4
read out by computer

J. 3-D correlation result—reference pattern Animal 1 with target pattern
Animal 3:

Figure. 29 3-D correlation results of Animal 1 with Animal 3
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K. 1-D correlation results:
(1). Patterns Animal 1 and Animal 4 are overlapped:

1.5

0.5 N

05« -

Figure. 30 1-D correlation results for Animal 1 with Animal 4 overlapped

(2) Patterns Animal 1 and Animal 4 are side by side:
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Figure. 31 1-D correlation result for Animal 1 with Animal 4 side by side
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5. Random pattern and reversed random pattern:

L. Two patterns read out by computer:

L

rleiaied

rleiaied

L

Figure. 32 Reference random pattern and target random pattern
read out by computer

M. 3-D correlation result—reference random pattern with target random pattern:

Figure. 33 3-D correlation results of random pattern with random pattern
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N. 1-D correlation results:

(1). Random pattern and random pattern are overlapped:

Figure. 34 1-D correlation result for random pattern with random
pattern are overlapped

(2) Random pattern and random pattern are side by side:

4

_‘._1 1 1 1 1 1 1 1 1 1
u] 0.5 1 1.5 2 2.5 3 3.5 4 4.5

Figure. 35 1-D correlation result random pattern with random
pattern side by side
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6. Random pattern and reversed random pattern:

O. Two patterns read out by computer:
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Figure. 36 Reference random pattern and target reversed random pattern
read out by computer

P. 3-D correlation result—reference random pattern with target reversed random
pattern:

250

Figure. 37 3-D correlation results of random pattern with reversed random pattern
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Q. 1-D correlation results:

(1). Random pattern and reversed random pattern are overlapped:

Figure. 38 1-D correlation results for random pattern with reversed random
pattern are overlapped

(2) Random pattern and random pattern are side by side:

Figure. 39 1-D correlation result for random pattern with reversed
random pattern side by side
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Chapter 4. Conclusion

4.1 Summary of the Work

The objective of this thesis is to provide a novel real-time joint-transform
correlator without the use of any 2-D spatial light modulator located at the Fourier plane.
The important part of this thesis was concerned with real-time optical pattern recognition
using our optical-electronic hybrid system, which is based on optical heterodyne
scanning. In the end, pattern recognition results were obtained through the
implementation of optical heterodyne scanning pattern recognition system.

The fundamental idea concerning optical pattern recognition has been was
introduced in chapter 1. As one of the most important mathematical operations in image
processing and pattern recognition, the correlation of two patterns has been studied over a
decade. IN considering the traditional systems employing spatial light modulators
(SLMs), the drawbacks of using SLMs have been pointed out and a new optical pattern
recognition method has been proposed without these drawbacks.

In chapter 2, we first gave a brief overview of the standard architecture of a joint-
Transform correlation system; the basic knowledge of the two-pupil heterodyning system
was then presented. When a chirped grating is used in our hybrid optical system based on
optical heterodyne scanning system, we performed the correlation of two patterns without
using any 2-D SLM at the Fourier plane. Our real-time correlation JTC system enables us
to distinguish the difference between two patterns. As we have shown in the theory, if the
two patterns are perfectly matched, we expect a strong correlation peak displayed on a
real-time display such as an oscilloscope in our case. Based on the theory we have
proposed, the optical implementation of the hybrid system is shown. In this system, we
employed optical heterodyne scanning with a 1-D chirped grating was used. In
comparison to the traditional systems employing SLMs, this system has advantages such
as high signal processing speed, simple and robust structure, low cost, also, it does not
suffer from the two major drawbacks with the conventional real-time system: the
existence of zero-order spectra (because of heterodyning), and the use of a high quality
spatial light modulator for coherent display (because of the use of chirp grating). The
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effectiveness of this system has been demonstrated by experimental results. This
departure from the conventional scheme is extremely important, as the proposed
approach does not depend on SLM issues. Consequently, the proposed system should
become more acceptable to industry as well as military pattern recognition applications.
In order to strongly confirm our theory and verify our experimental results,
computer simulations also have been performed. A MATLAB program has been
developed and is shown in Appendix A. The experimental results are in close agreement
with the results achieved by computer simulations. We have proposed a novel real-time

heterodyne scanning system, which has been successfully realized.
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4.2 Future Work
This thesis has developed a novel real-time optical pattern recognition system and
experimental results have confirmed the proposed idea. There are some other
considerations for future research work, which are s follows:
1. Pattern recognition with vertical position shift, i.e., the two pupils are
separated also along the vertical direction.
2. Exploration of multi-object joint-Transform correlation, i.e., there are more

than 2 pupils in the front focal plane.
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