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(ABSTRACT)

We present a three-dimensional (3-D) optica image matching technique and location
extraction techniques of matched 3-D objects for optical pattern recognition. We first
describe the 3-D matching technique based on two-pupil optical heterodyne scanning. A
hologram of the 3-D reference object is first created and then represented as one pupil
function with the other pupil function being a delta function. The superposition of each
beam modulated by the two pupils generates a scanning beam pattern. This beam pattern
scans the 3-D target object to be recognized. The output of the scanning system gives out
the 2-D correlation of the hologram of the reference object and that of the target object.
When the 3-D image of the target object is matched with that of the reference object, the
output of the system generates a strong correlation peak. This theory of 3-D holographic
matching is analyzed in terms of two-pupil optica scanning. Computer simulation and
optical experiment results are presented to reinforce the developed theory.

The second part of the research concerns the extraction of the location of a 3-D image
matched object. The proposed system basically performs a correlation of the hologram of
a 3-D reference object and that of a 3-D target object, and hence 3-D matching is possible.

However, the system does not give out the depth location of matched 3-D target objects



directly because the correlation of hologramsis a 2-D correlation and hence not 3-D shift
invariant. We propose two methods to extract the location of matched 3-D objects directly
from the correlation output of the system. One method is to use the optical system that
focuses the output correlation pattern along depth and arrives at the 3-D location at the
focused location. However, this technique has a drawback in that only the location of 3-D
targets that are farther away from the 3-D reference object can be extracted. Thus, in this
research, we propose another method in which the extraction of a location for a matched
3-D object is possible without the aforementioned drawback. This method applies the
Wigner distribution to the power fringe-adjusted filtered correlation output to extract the
3-D location of a matched object. We analyze the proposed method and present computer

simulation and optical experiment results.
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Chapter 1: Introduction

The main objective of this research is to investigate a three-dimensiona (3-D) image
matching technique and two methods for extracting locations of pattern-matched objects
[1,2,3,4]. 3-D pattern recognition has been one of the most challenging problems in the
pattern recognition area, due to the desires to endow pattern recognition systems with
robust visual capabilities and a variety of applications [5]. Our rea spatia world is 3-D,
and thus 3-D information about objects can give a pattern recognition system more robust
visua capabilities. 3-D pattern recognition finds a variety of applications in the areas of
industrial inspections, 3-D microscopy, medical imaging and recognition, robotics vision,
3-D data acquisition and processing, and optical remote sensing [5,6].

Matching two images and learning the location of a pattern-matched object are two
essential roles of correlation in various schemes of pattern recognition [7,8,9] and target
tracking [8,10]. These two essentia operations in two-dimensional (2-D) pattern
recognition have been achieved by conventional optical correlation, rooted in the 1960's
[11,12]. Two-dimensional pattern recognition has been rejuvenated in the past decades
due to the advancement of the development of spatial light modulators [13]. However,
matching 3-D images and extracting the 3-D location of the 3-D image-matched object is
still difficult, which makes the pattern recognition and target tracking in 3-D space remain
formidable tasks.

For a higher order correlation operation, trans-dimensiona mapping and matching the
dimension-reduced signals has been proposed [14]. Especialy for 3-D correlation, 3-D to
2-D planar encoding and matching was proposed [15]. However, these two proposed
techniques are restricted to 3-D correlation of the given 3-D information of objects, and
require a lot of 2-D sampling images for high resolution performance. In 3-D image
recognition, the extraction of 3-D information about objects is another critical issue

because conventional imaging systems are restricted to two dimensions. Most recently, an



interesting idea for 3-D correlation has been proposed, in which 3-D information about an
object is extracted by moving a CCD camera transversely. The 3-D information is
processed by 2-D optical Fourier transformations. However, this proposed technique also
requires many 2-D images and a 3-D discrete Fourier transformation [16].

The difficulties of matching a 3-D object and learning its location are due mainly to
visual systems that are restricted to the sensing and processing of information which can
be displayed as 2-D projections [5]. In this research, we propose an optical technique
based on two-pupil optical heterodyne scanning in which the proposed optical system can
sense 3-D information about objects as a form of holographic information, and processes
the 3-D information by performing essentialy the correlation of two pieces of holographic
information pertaining to two 3-D objects, a 3-D reference object and a 3-D target object
to be matched. In the technique, there is no need to record 2-D images for 3-D object
representation because the depth information about an object is contained as a form of
fringe pattern on the hologram. 3-D matching is achieved only by 2-D optical correlation
of holograms of areference object and atarget object.

Chapter 2 presents a 3-D optical image matching system based on two-pupil optical
heterodyne scanning. In section 2.1, we briefly review two-pupil optical heterodyne
scanning. This section also serves to define most of the symbols, notations, and definitions
used in subsequent sections. Section 2.2 develops the 3-D optical image matching system
based on two-pupil optical heterodyne scanning, whereby the technique for correlating
two sets of holographic information is developed. Section 2.3 discusses the necessary
pupils to implement the idea for optical 3-D image matching. In section 2.4, computer
simulation results of 3-D optical image matching are presented. Section 2.6 presents the
physical interpretation of the proposed optical matching system in terms of masks.

The other essentia role in correlation is to learn the shifted location of a pattern-
matched object. However, the correlation output does not give a strong correlation peak

when the location of the 3-D target object is shifted along the depth direction because the



holographic correlation is basically a 2-D correlation process. In fact, the correlation peak
is smeared out or broadened by a convolution process, reminiscent of defocused imaging
in coherent optical systems. To achieve z- or depth- invariance, and extract the 3-D
location of the pattern-matched 3-D object from the output of the 3-D holographic
correlation, we propose two methods. One is to focus the correlation output along the
depth, and then the correlation peak is focused at the shifted depth location if the 3-D
pattern of the target object is matched with that of the reference object. Because the
output of the location-shifted 3-D pattern-matched object is the defocused correlation
pattern along the depth, the depth location is achieved by focusing the correlation output
along the depth direction. The transverse location of the pattern-matched object is
achieved from the shifted location of the focused correlation peak. This focusing process
can be performed by an optical system that is proposed in section 2.5, or digitally with the
digitized correlation output. However, the proposed system has a drawback in that only 3-
D targets that are located farther away from the 3-D reference object can be shift
invariantly detected. In addition, the method employs a manual and semi-manual process
that is tedious and time consuming. The other way to extract the 3-D location of the 3-D
pattern-matched object directly from the correlation output without a focusing process is
to filter the correlation output by using a power fringe adjusted filter and the Wigner
distribution. Since holography is widely used in imaging and information systems, the
needs for the analysis of holographic information have increased, and therefore severa
techniques are proposed in the analysis of fringe patterns, especialy in the area of particle
field holography [17-20]. In chapter 3, we propose a technique that extracts the 3-D
location of a 3-D image-matched object using a power fringe adjusted filter [21,22] and
the Wigner distribution [23, 24]. Power fringe adjusted filtering is a widely used filtering
method to sharpen the correlation peak, whereas the Wigner distribution is a signd
transformation for a time-frequency analysis in signa processing, which yields the

frequency contents of a signa at different time instants. We analyze the holographic



correlation pattern that has a fringe pattern (spatial frequency contents) at a different
location (spatial instant). A brief review of Wigner distribution is given in section 3.1. The
Wigner analysis of defocused correlation output and computer simulation results are
presented in section 3.2 and section 3.3.

In the realization of the proposed technique, the feasibility in implementation and the
robustness of the system are very critical issues. Thus, chapter 4 introduces a real-only
hologram and a phase-only hologram as a mask in matching stage to improve the
feasbility in implementation and robustness of the system. Chapter 5 presents

experimental results to reinforce the proposed technique.



Chapter 2: 3-D holographic image matching system

This chapter presents a real-time optical technique for matching 3-D objects. The goal
is to match 3-D objects, i.e, objects of three spatia coordinates, in a hybrid
optical/electronic system. In essence, the proposed hybrid system performs correlation of
two pieces of holographic information pertaining to the two 3-D objects, a 3-D reference
object and a 3-D target object, to be matched and hence 3-D image matching is made
possible. Since the depth information of an object is encoded as aform of fringe pattern on
the hologram, 3-D image matching now can be achieved by 2-D optical correlation of
holograms of the 3-D reference object and the 3-D target object. The proposed technique
is based on a two-pupil optical heterodyne scanning technique. A hologram of the 3-D
reference object is first created which is then used to spatially modulate one of the pupils
of the optical system, with the other pupil being a point source. A 3-D target object to be
recognized is then 2-D scanned by optical beams modulated by the two pupils, and the
result of the 2-D scan pattern effectively displays the correlation between the holographic
information of the 3-D reference object and that of the 3-D target object. A strong
correlation peak resultsif their holographic information is matched.

Section 2.1 presents the transfer function of the two-pupil optical heterodyne scanning
system. This section aso serves to define most of the symbols, notations, and definitions
used in subsequent sections. Section 2.2 develops the 3-D matching technique based on
the two-pupil optical heterodyne scanning system by means of its transfer function.
Section 2.3 presents the possible optical methods to implement the pupils in the matching
stage. Section 2.4 presents and discusses the computer-simulation results.

The 3-D shift invariance of a matching system is practically important. The proposed
3-D holographic matching system achieves 3-D image matching by the direct correlation
of holograms. Even though holograms have whole 3-D information of objects as a form of

fringe pattern, the fringe pattern varies according to the depth locations of objects. Thus



the direct correlation between the hologram of a reference object and that of a target
object does not give out the correlation peak. In other words, this system is not invariant
to the shift of a target object along the z-axis. Section 2.5 anayzes the z-invariance and
provides a solution. Finally, in the section 2.6 physica interpretation of the 3-D

holographic matching system is presented.

2.1 Two-pupil optical heter odyne scanning: Introduction and Background

The two-pupil optical heterodyne scanning system is an incoherent image processing
system. The conventional incoherent image processing system manipulates the intensity of
an image. Thus the point spread function (PSF) of the system is restricted to positive real
numbers. However, in the two pupil optical heterodyne scanning system, the PSF of the
system is extended to complex numbers by utilizing the interferometric interaction of the
two pupil with shifted tempora frequency [25-31]. This makes possible to extract and
process the holographic information of objects using two-pupil optical heterodyne
scanning.

A typical two-pupil heterodyne optical scanning system is shown in fig. (2.1-1) [25-
31]. Beam gplitters BS and BS1 and mirrors M and M1 form the Mach-Zenhner
interferometer. A collimated laser at tempora frequency wy is used to illuminate the pupil,
p1(x,y). The other pupil, po(z,y), isilluminated by the laser of temporal frequency w, +
Q. The laser's tempora frequency offset of Q is introduced by an acousto-optic frequency
shifter (AOFS) as shown in the fig. (2.1-1) [32]. The two pupils are located at the front
focal planes of lenses L1 and L2, both with foca length f. The two pupils are then
combined by beam splitter BS1 to focus the light onto the 2-D scanning mirrors, which are
located on the back focal plane of lenses L1 and L2. The combined optical scanning field

at >z away from the focal plane of the two lenses are then given by
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where P, (

) isthe field distribution = away from the scanning mirrors and is given

P, (k"—x@)—P(k"x @) h(z,y2),i=12 2.1-2
1z f,f =1y f’f & (x,y,z),z—,. (')

In Eq. (2.1-2), P(=*,%Y) is the field distribution in the back focal plane of lenses L,

and L,, and is given, aside from some inessential constant and a phase factor, by

kox ko ko
P, (TxTy)= // pi(e',y) exp {jT(m' +yy')} dz'dy’ (2.1-3)

= Iyt o o

where F denotes the optical Fourier-transform operation and is defined as

Flu@, )}rn = [ [ulz,y)exp(jk.z + jkyy)dzdy = U (k,, k,) with &, and k,
denoting spatial frequencies, and with the upper case function U denoting the transform of
the lower case function u. The term h(z, y; 2) is the free-space impulse response [35] and,

aside from some phase constant, is given by

ik Ko, .
h(z,y;2z)= ﬁemp{ — ji (3:2 + yz)} (2.1-4)

with k&, denoting the wave number of the light, and finaly, the symbol ® in Eq. (2.1-2)

denotes the 2-D convolution operation defined as:



9. (z,y) ®g,(z,y) = //g1 («',y)g, (x — ',y —y)dz'dy’. (2.1-5)

Returning to EqQ. (2.1-1), the combined optical field or the scanning pattern is used to
2-D scan an object amplitude transparency I', (z, y;2) located a distance = away from the
scanning mirrors, as shown in fig.(2.1-1). The photodetector, which responds to the
incident intensity of the optical transmitted field or scattered field, generates a current that

isgiven by

i(z,y;

] A" vt =l )e:cpuwat) (21:6)

+Pzz( ) fy)exp[ (wo +Q)t ]} xTo(z+2,y+y z)‘dx’dy’.

Note that the integration is over the area A of the photodetector, that x = z(¢) and
y = y(t) represent the instantaneous position of the scanning pattern, and the shifted
coordinates of T', represent the action of scanning. The heterodyne current at temporal

frequency 2 of Eq. (2.1-6), after a band pass filter (BPF) tuned at frequency (2, becomes

I NCI

IDo(z + 2,y +y12)[*da’dy exp(j Q1) |,

o(z,y; 2

where we adopted the convention for phasor ¢, as ¢ (z,y,t) = Re[y,(x, y, t)exp(jQL)],

where Re|[.] denotes the real part of EqQ. (2.1-7) which can be written as:



io(z,y) = Relig, (z,y; z)exp(j 2], (2.1-8)

where

. ko x’ koy kox' koy
L,y 2 // ( )PQZ(T 7 To(z + 2,y +y/;2)|Pda’dy/

is the output phasor which denotes the amplitude and the phase information of the
heterodyne current which constitutes the scanned and processed version of the object

IT,|%. Defining the correlation operation as:

9(z,y) © h(z,y) = //g*(x’,y’)h(w+x’,y+y’)drc’dy’, (21-9)

we can now re-write the output phasor as:

wtanom (S50 (S22

Note that, as in conventional optical scanning systems, only the intensity distribution,

|7 1S processed, hence the optical system isincoherent [25-31].
We shall now define the optical transfer function (OTF) of the system as:

OT Fo(k,, ky; 2) = Fio, (z,y; 2) } /F{Tol(z, y;2)* } (2.1-11)

Substituting Eg. (2.1-10) into Eg. (2.1-11), we have

OT Fo(k., ky; ) :}"*{ Plz(%%,%) P;Z(%Tx,%) } (2.1-12)



In terms of the pupils p; and py, we substitute Eq. (2.1-2) and Eqg. (2.1-3) into Eg.
(2.1-12) to obtain [26]

z
2k,

OTFo(k,, ky; 2) = exp {j (K2 + k;j)} (2.1-13)

x //p?(w’, )P ( z’ + kikx Y+ kiky) exp [J? (2K, +y’ky)} dz'dy .

This equation states that OT F, of the system can be modified according to the

selection of the two pupils. Now, by using Eqg. (2.1-11) and re-writing Eqg. (2.1-8) in terms
of OT Fy, we have

io(z,y;2) = Re [igp (z,y; 2)exp(jQ)] (2.1-14)

= Re [}Pl {J’E{|Fo (z,y; z)|2} x OTFo(k,, ky; z)}exp(jﬂt)].

By defining the point spread function of the optical heterodyne scanning system as

hao(z,y;2) = F Y OT Fy}, we can now re-write Eq. (2.1-14) in the spatial domain as:

io(z,y; 2) = Re[|To(z,4; 2)[* & ho(z, y; 2) exp(jQ1)]. (2.1-15)

Equation (2.1-14) or (2.1-15) represents the scanned and the processed output current
modulated by a temporal carrier at frequency 2. We can demodulate and extract the in-

phase and the quadrature-phase components of the output current by mixing it with

10



cos(Qt) and sin (), and hence the idea of parallel processing. The demodulation system

isshown in fig. (2.1-2), and the two outputs can be shown and given as:

ic(z,y;2) = Re|F H{F{T,I*} x OTFy}] = Re[T,|* ® ho(z,y;2)] (2.1-16a)

and

io(z,y;2) = Im[F YHF{T,|*} x OTFa}] =Im[T,|* ® ho(z,y; )], (2.1-16b)

where I'm[.] denotes the imaginary part of Egs.(2.1-16a,b), and the subscripts "c" and "s"
represent the use of cos$2t and sin)t for mixing, respectively, to extract the information
fromig,.

In Egs. (2.1-16ab), the input object, |T',(z,y;z)|*, has been assumed to be an

infinitely thin 2-D object located at = away from the focus of the spherical wave which is
on the 2-D scanning mirrors as shown in fig.(2.1-1). To generalize Egs. (2.1-16a,b) for 3-
D objects, we need to integrate the equation over the depth, i.e., over z, of the 3-D

object. Egs. (2.1-16a,b) become

ie(z,y) = Re{/}*l{}*ﬂfa(x,y; 2P} x OTFQ}dz}, (2.1-17a)

= Re{/lfo(w,y; )P ® ha(z,y; Z)dZ}

and

io(x,y) = Im{/}“l{}“ﬂfa(x,y; 2P} x OTFQ}dz] (2.1-17b)

=Im{/lfo(w,y; )P ® ho(z,y; Z)dZ]

11



Note that we have left the = dependence out of the left-hand side of Egs. (2.1-17a,b)
to emphasize that the recorded information is strictly 2-D even for 3-D objects. i.(z,y)
or i.(x,y) represents the scanned and processed information and can be stored as a 2-D
record if these currents are stored in synchronization with the signals used to drive the
scanning mirrors.  The complex hologram is synthesized in a digital computer with the
stored holographic recordings of i.(x,y) andi.(z, y). The complex hologram isgiven as:

Hr, =i.(z,y) + jis(z,y) (2.1-18)

= /|Fo($,y; 2)|2 ® ho(z,y; z)dz.

12
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Figure (2.1-1): Two-pupil optical heterodyne scanning system. (BPF @ Q2: bandpass filter
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2.2 Matching of 3-D object

The proposed 3-D matching technique is divided into two steps. a) construction of
reference holograms and b) correlation of two sets of holographic information by 2-D
scanning a 3-D target object. The technique is based on optical heterodyne scanning

described in the last section. We shall now describe the two steps separately.

2.2.1 Construction of reference holograms
To construct the hologram of the 3-D reference object, the two pupils are chosen such
that p;(x,y)= 1and py(x,y)= 6(x,y) asillustrated in fig. (2.1-1). With this choice of the

pupils, the OTF of the scanning system, according to Eq. (2.1-13), becomes

z

OTF, (ks ky;2) = exp| — j2ko

(k2 +k2)| = OTF

osh

(ke kyi?),  (22-1)

where the subscript "osh" denotes that the particular achieved OTF is for holographic
recording [26]. What is being recorded in two dimensions is a hologram, ¢(z, y). We shall

use equation (2.1-17a) as an example. i.(x, y) now becomes a hologram and is given by

t(x,y) = Re {/}*1{ J’E{|Fo(x,y; z)|2} x OTF, . (k,, ky;z)}dz} (2.2-2)

= Re Ufl{;f{m(x,y; HPY x exp{ - ji(;ﬂg + kg)} }dz} .

From the above equation, it is clear that holographic recording process in the
frequency domain can be interpreted as the object's spectrum along its depth (=) is being

processed by the OTF of the form given by Eq. (2.2-1). To clearly see why this

15



corresponds to holographic recording, we re- write Eq. (2.2-2) in terms of convolution

and we have

t(z,y) = Re {/|F0|2 ® h'(z,y;2)dz|, (2.2-3)

where interestingly Eq. (2.2-3) can be written in terms of h(x, y; =) which isthe free-space
impulse response defined in Eq. (2.1-4). Eqg. (2.2-3) can be re-written in terms of

correlation as;

ton(z,y) = Re{/h(x,y; 2)® |F0|2dz} (2.2-4)

ke . ko, 9 o 2
= | 2 - + ,
5551 {22 (x Y )} O |T,° d=

In writing the last step of Eq. (2.2-4), since |T, | represents intensity distribution which is
strictly positive, the Re-operation has been distributed to the function ~. The subscript
"sin’ in the left side of the equation denotes a sine function is involved in the calculation of
the correlation integral.

If  we let T2 = & —To,¥ — Yor 2 — 20), tein(z,y) ~ sin
{32 [(z —2,)* + (y —yo)*]}, which is the hologram of an offset delta function.
Equation (2.2-4) is a very important result. In optical scanning holography, 3-D

holographic recording process can be thought of as a 2-D transverse correlation between

the real part of the free-space impulse response, 2= sin [2(2? + y?)], and the 3-D
object,|T, (z,y; 2)[>.  The resulting correlation is then integrated along the depth of the
object to obtain the hologram of the whole object. To put Eq. (2.2-4) into a wider
context, the Re - operation can be replaced by Im - operation. This corresponds to the use

of EqQ. (2.1-17b) as an output:

16



baos(, ) = Im [ [0 |r0|2dz} (2.2-5)

= ﬁcos {i (2 +y2)} @ |D,[*d>

ko ko 2 2
— _ + _
F— 608{ 2 [(z —z0)” + (y — 30)°]
for [T, %= 6(z — 0,y — Y.z — 2,) agan. We shal cal ¢.;,(z,y) and tes(z,y) the sine-

Fresnel zone plate (sine-FZP) hologram and cosine-FZP hologram of the object |T,|?,

respectively. Indeed, due to the fact that holographic information is available in electronic
form as given by i (z,y) as shown in fig.(2.1-1), we can have a sine-FZP hologram and
cosine-FZP hologram simultaneously through parallel processing as shown in fig.(2.1-2).
As it turns out that the sine- and cosine-FZP holograms are important for the
implementation of complex pupil functions for 3-D optical image recognition, to be

discussed in section 2.3.

2.2.2 Corrélation of two sets of holographic information

From the last section, we see that holographic recording can be analyzed by using an
OTF approach and the OTF is expressed in terms of the two pupil functions as shown in
Eq. (2.1-13) in general. By particularly choosing p; = 1 and p,= 6(z, y), we have the type
of OTF [ see Eq. (2.2-1)] capable of performing holographic recording.

To be more general, we now choose p» = 6(x, y) and keep pi(z,y) asis. The OTF of

the system becomes, according to Eq. (2.1-13):

) = 212 42 x
OTFQ(kxa ky,Z) — exp _.72—]%( kx + ky)i| X D1 ( - k_kxa - g
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The 2-D record is then, according to Eq. (2.1-17a), i.e., using Re[.] as an example:

z

ZC(x7y) :Re 2]{/'0

/;fl{;f{T(x,y; 2)} x exp{ —j

X Py ( — kiakx, — kioky) }dz] ,

where we have assumed that |T',|> = T'(z, y; 2) is the 3-D target object to be recognized.

(@+@ﬂ (2.2-7)

Now, we have seen that [F{T(z,y;2)} x exp] —j5-( ki + k;)]dz contains
holographic information of T'(z,y; =) [see Eq. (2.2-2)]. If we now assume p; carries the

holographic information of a 3-D reference object, R(z, y;z), we then have

z
2k,

P ( — kikx — kiaky)= /f{R(w,y;Z)} exp| — jo— (kI + k)| dz. (2.2-8)

o

Substituting Eqg. (2.2-8) into Eq. (2.2-7), we have 2-D recording of the form

ic(z,y) = Re{J’E1 [ (/f{T(x,y; 2)} ea:p{ — j;ﬂ (ki + k;)} dz) (2.2-9)
X (/&E{R(a:,g,/;z)}ea:p{—j;€ (ki + k;)} dz) ] }

Using thecorrelation property, i.e, F YF*G} = F YF} o F YG} = fog,
Eq. (2.2-9) becomes
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i(z,y) = Re{ (/fl{f{R(x,y;z)} ea:p{ — j;ﬂ (ki + k;)} }dz) (2.2-10a)

® (/&fl{f{T(x,y;z)} exp{ — j;% (k2 + ki)} }dz) }

:Re[HR(x,y) ®© HT(xvy)]v

where Hg(z,y) = [h(z,y;2) © R(z,y;2)dz

and Hy(z,y) = [h(z,y;2) ® T(x,y; 2)dz. From the inspection of Eq. (2.2-4) and Eq.
(2.2-5), Hgp(x,y) and Hp(z,y) represent the complex hologram of R(z,y;z) and
T(z,y; =) being obtained by optical scanning holography, respectively. By the same
token, when Eq. (2.1-17b) is used, Eq. (2.2-10a) becomes

is(xv y) = Im[HR(xv y) © HT(xv y)] (22_1Ob)

Egs. (2.2-10ab) are the major result of the research. i.(x,y) or is(x,y) given in
Egs.(2.2-10a,b) is the display of a 2-D pattern which basically represents the correlation of
holograms of two 3-D objects, T and R.  Only when the two sets of holographic data are
identical, i.e, Hr(z,y)= Hr(z,y), we have a strong correlation peak on the pattern and
hence a match of the two 3-D objects is performed. The 3-D target object has to match
with the 3-D reference object throughout the depth in order to produce a sharp correlation
peak, and hence atrue 3-D matching is achieved. We do not need to record 2-D images of
the 3-D objects to be matched, but a single hologram of the reference 3-D object is

required to perform 3-D matching.
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2.3 Pupil implementation for 3-D optical image matching
In the last section, we discuss that the target object T'(x, y; z) to be recognized is 2-D
scanned with the two pupils setting as p» = 6(z,y) and p;(z, y) has a functional form as

that given by Eq. (2.2-8), a holographic information of R. Let us now specify p;. We re-

write EqQ. (2.2-8) as:

P ( _ ikx, — iky) = /[}“{h(x,y;z) ® R(z,y; Z)}kzky dz. (2.3-1)

Substituting = = — £k, andy = — Lk, into the above equation, we have

pi(z,y) :/ [F{h(z,y;2) © R(Z,¥:2) } b, = hoz)f, ky=—hoy/f |2 (2.3-2)

= f{/h(l‘,y; 2)® R(x,yiz)dz} kom—hoz/f, ky=—koy/f

Note that [h(z,y;z) ® R(z,y;2)dz = Hg(z,y) is the complex hologram of the
reference object R. This can be conveniently achieved by optical scanning holography as
discussed in section 2.2.1. To be more precise, Eq. (2.2-4) and Eq. (2.2-5) can be added

to give a complex hologram, Hy (z, y), of the reference object R asfollows:

HR(J«“,Z/) - tcos(xay) +jtszn(x7y) ~ /h(xvyv Z) © R(.’L',y,Z) dz (23-3)

for |T,|?= R(x,y;z), where t.,.(z,y) and t.;,(z,y) in this case are caled the cosine- and

sine-FZP holograms of the reference object R.
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Note that the holographic datais complex in general, and in principle complex data can
be fabricated onto a mask using diffractive optical elements (DOE's) by photolithography.
To achieve Fourier transformation as shown in Eq.(2.3-2), the DOE can be put in the
front focal plane of alens of focal lens f and illuminated by laser light of wavelength A. In
the back focal plane of the lens, we would then achieve our designed pupil in Eq.(2.3-2),
but without the negative signs as indicated by the substitutions in Eq.(2.3-2). To take the
negative signs into account, we just need to rotate the DOE by 180° before the optical
Fourier transformation. Fig. (2.3-1) illustrates the implementation of the function p, , and
this implementation replaces the part of the system outlined by the dotted line in fig.(2.1-
1), in order to turn the two-pupil heterodyne scanning system into a 3-D object
recognition system. Note that in fig. (2.3-1), the coordinates of DOE have negative signs
which represent 180° in-plane rotation of its coordinates with respect to those in p;. In
summary, for 3-D optical image recognition, the scanning system shown in fig.(2.1-1) will
have p, = 6(x,y), and p, is specified by Eq. (2.3-2). The target object T'(z,y; =) to be
recognized, located at z, will be 2-D scanned and a strong correlation peak will occur
whenR =T.

For real-time applications, implementation of the pupil through the use of spatial light
modulators is needed. We shall discuss the use of SLMs for a proposed implementation.
Theideaisillustrated in fig. (2.3-2). The two holograms are in the front foca plane of the
Fourier transform lens, and the beam splitter is used to combine the two holograms. In
front of the cosine-FZP hologram, we put a microscope glass plate which can be rotated
through some angle 6. Through a proper rotation and thereby a proper thickness of the
glass, a 90° laser light phase shift between the two holograms can be achieved. At the
back focal plane of the lens, we then have a pupil p; generated by complex hologram of

the form
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pr(@,y) ~ F{be +tun(@, n)] + € be + teos(z,y) 1} (2.3-4)

by = —1}017 k ——Foy

= f{ [bs + ejw/ch] + Re {/h(x,y; 2,)® R(x,y;zR)dz}

+7Im {/h(x,y; 2,)® R(x,y;zR)dz} }

where b, and b, are the bias for the SLMs which can only displays rea and positive
images. Note that the pupil in Eq. (2.3-4) is exactly the same form of the one given by Eq.
(2.3-2), except for the complex constant, that is required for 3-D matching. Hence, the
dashed portion of fig. (2.1-1) will be replaced by fig. (2.3-2) for complex hologram

implementation of pupil p;.
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Figure (2.3-1): Implementation of complex pupil function through the use of
diffractive optical element (DOE) for 3-D image recognition.
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Figure (2.3-2): Implementation of complex pupil using the sine-FZP hologram and the
cosine-FZP hologram.
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2.4 Simulation results

Fig. (24-1a) shows a 1cm x 1cmx 3cm reference object, R,consisting of a
"triangle” and a"sgquare,”" separated by 3 cm along the depth of the object. Figs. (2.4-1b,c)
plot the cosine-FZP hologram and the sine-FZP hologram of the reference object R as
calculated by Eq. (2.3-3), with z = 26 cm for the "triangl€" and 29 cm for the "square” of
the 3-D reference object. The used wavelength of light is 0.6um for ~A. The scanned area
of the hologram is 1cm x 1cm. Physicaly, these holograms would correspond to the
scanning of R, with its front face located 26 cm away from the scanning mirrors. Again,
the pupils have been chosen such that p, (z,y)= 1 and py(z, y)= 6(x,y) for holographic
recording as described in section 2.2.1.

The holograms shown in figs. (2.4-1b,c) now will be used for the pupil specified by
Eg. (2.3-2), which will result in the output calculated according to Eq. (2.2-10a)
[alternatively, one can use Eqg. (2.2-10b) for the output (see fig.(2.1-2) for parallel

processing discussion)] :
t(x,y)=Re H/h(x,y; 2) ® R(z,y; z)dz} ® {/h(x,y; 2) 0T (z,y; z)dzH (2.4-1)

This output corresponds to the 2-D scanning of a 3-D target object, 7', with the
hologram of a 3-D reference object, R, used to form the pupil. Fig. (2.4-1d) shows the
plotting of Eg. (2.4-1) when T = R, where R isthe object shown in fig. (2.4-1a).

With the same reference object as shown in fig. (2.4-1a), Figs. (2.4-2a,b,c,d) show the
results of another 3-D target object to be scanned. Fig. (2.4-2a) shows the target object
and its front face is again 26 cm away from the scanning mirrors in the smulations. Note
that the target has the same 2-D patterns as those in the reference object, but located at

different depths. Figs. (2.4-2b,c) show the cosine-FZP hologram and the sine-FZP
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hologram of the target object, T'(z,y). Fig.(2.4-2d) shows the correlation output
according to Eq. (2.4-1). Note that the amplitude axis of fig. (2.4-2d) has been normalized
by the peak value of fig. (2.4-1d). The lack of a strong correlation peak in fig. (2.4-2d)
clearly indicates a mis-match of the two 3-D objects. It is important to point out that the
holograms shown in figs. (2.4-1b,c) and figs.(2.4-2b,c) are very similar and yet when they
are correlated with the reference hologram as our proposed system effectively performs,
we do not find a match for the two 3-D objects shown in figs. (2.4-1a) and (2.4-2a). The
reason is that since we are redly correlating two holographic data sets, the depth
information is as important as the planar distributions. In order to have a strong
correlation peak, the 3-D objects have to be matched precisely throughout the whole 3-D
volume.

Finally, in fig. (2.4-38) and figs. (2.4-3b,c) we show ancther target object and its
holograms. The matching outputs between fig. (2.4-1a), the reference, and fig. (2.4-3a),
the target, are shown in fig. (2.4-3d). Clearly, no correlation peak is observed in fig. (2.4-
3d). Note that in this case, the "X" and the "O" of the 3-D object are located at the same

distance of the "triangle" and the "square”, respectively.
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lecm, A z=1lcm.

Figure (2.4-14): 3-D reference object R, with L, = L,
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Figure (2.4-1b): Cosine-FZP hologram of the 3-D reference object. (the scanned areais
lcmx 1cm)
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Figure (2.4-1c) Sine-FZP hologram of the 3-D reference object. (the scanned areais
1cm x 1cm)

28



Mormalized amplitude

s-axis(om) y-axis{cm

Figure (2.4-1 d): Correlation output (0.4 cm x 0.4 cm) when the target object 7', is
matched with the reference object R.
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Figure (2.4-2a): 3-D target object T'.
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Figure (2.4-2b): Cosine-FZP hologram of the 3-D target object shown in fig. (2.4-2a).

31



Figure (2.4-2c): Sine-FZP hologram of the 3-D target object shown in fig. (2.4-2a).
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Figure (2.4-2d): Correlation output when the target object in fig. (2.4-2a) is scanned. The
reference object is shown in fig. (2.4-1a).
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Figure (2.4-3a): 3-D target object T'.



Figure (2.4-3 b): Cosine-FZP hologram of the 3-D target object shown in fig. (2.4-3a).
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Figure (2.4-3c): Sine-FZP hologram of the 3-D target object shown in fig. (2.4-3a).
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Mormalized amplitude

s-axis(om) y-axis{cm

Figure (2.4-3d): Correlation output when the target object in fig. (2.4-3a) is scanned. The
reference object is shown in fig. (2.4-1a).
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2.5 3-D shift invariance

3-D shift invariance in 3-D image matching is practical important and the extraction of
location is the other essential role of image matching. The proposed system so far is not
invariant to the target object shift along the z-axis, and thus we can not extract the 3-D
location of the matched 3-D object.

In this section, we analyze z-invariance and provide solutions to extract the 3-D
location of the matched 3-D object. Let the target 3-D object shifted along x, y, and = by
an amount Az, Ay, and Az,i.e., weletT(z,y;2) = T(x — Az,y — Ay; z — Az). Eq.
(2.2-10a) becomes

ic(x,y) = Re {HR(x,y) ® {/h(x,y; 2) © T(z-Azx,y-Ay; z-Az)dz}} (2.5-1)

= Re {HR(Q;, y) O { / h(z,y; 2+Az2) © T(z-Az, y-Ay; z)dzH

After some manipulations, Eg. (2.5-1) can be cast into the following form involving

convolution:

i(z,y) =Re HHR(:E, W) © [ / h(z,y; 2) © T(z-Az, y-Ay: z)dz} } ® h*(z,y: Az)} (2.5-23)

= Re[{Hg(z,y) © Hy(z-Azx,y-Ay)} @ h™(z,y; Az)].

Similarly, Eq. (2.2-10b) becomes

is(z,y) = Im{Hg(z,y) © Hr(z-Az,y-Ay)} ® h*(z,y; Az)].  (2.5-2b)
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Now, if we add the correlation results from Egs. (2.5-2a,b) to form a complex

correlation, we have

i(z,y) = i(z,y) +jis(z,y) (2.5-3)

= Hp(z,y) © Hr(z-Az,y-Ay) ® h™(z,y; Az).

Equation (2.5-3) states that if the 3-D target object T'(z,y; 2) = R(z-Azx, y-Ay; z-
Az), i1.e, it isthe same as the 3-D reference object but shifted along Az, Ay and Az, the
correlation peak islocated at Az and Ay and the peak is broadened by the convolution of
h*(z,y; Az) due to the longitudinal shift of the target object. Fig. (2.5-1) plots the
absolute value of Eg. (2.5-3) which shows a broadened correlation output when the 3-D
target object shown in fig. (2.4-1a) is now located 51 cm away from the scanning mirrors
and where the 3-D reference object is the same as the target object but located at 26 cm
away.

To extract the information of Az opticaly, the system shown in fig. (2.5-2) is
proposed. The functiona distribution of i(z, y) in Eq.(2.5-3) would be placed as the form
of a complex transparency, on the input plane and illuminated uniformly by a laser. A z-
trandated CCD camera detects the diffraction pattern and produces a 2-D output. When
the distance from the input plane to the CCD camerais z = Az, the output of the shifted
CCD camera gives the 3-D coordinates of the shifted correlation peak. Mathematicaly, it
is clear from Eq. (25-3) that i(z,y)® h(z,y; Az) due to diffraction gives
Hp(z,y) © Hp(z-Az,y-Ay) as h(z,y; Az) ® h*(z,y; Az) ~ 6(x,y). Fig. (2.5-3)
gives the intensity distribution of the correlation output as the CCD camera moves from
z=10cmto 35cm. Note that when z = 25¢m (51 cm - 26 cm), we have the sharp

correlation peak as expected.
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However, when the CCD camerais a z = — Az, h*(z,y; A2) ® h(z,y; — Az)
would not give a delta function as an output and hence the z-invariance of the proposed
technique works only if the target 3-D object is located behind the 3D reference object. In
addition, the use of CCD camera employs a z-scanning which is tedious and time
consuming. Thus we propose a computation method to extract the 3-D location of the
image matched 3-D object directly from the correlation output. We first apply the concept
of power fringe-adjusted filtering, commonly used in the context of joint-transform
correlation systems [21,22], to sharpen the defocused correlation peak obtained from Eg.
(2.5-3). We then perform Wigner analysis on the sharpen correlation to extract the
location of the correlation peak.

Section 3.1 gives the fundamental definitions and some related properties of the
Wigner distribution. The location extraction of the matched 3-D object using power fringe
adjusted filtering and Wigner distribution is presented in section 3.2. Computer simulation

results are included in section 3.3.
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Figure (2.5-1): Correlation output when the 3-D target object and the 3-D reference
object are displaced along the depth (z-direction), but otherwise the target object and the
reference are the same.
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Figure (2.5-2): Optical system capable of extracting the depth difference between the 3-D
target and the 3-D reference object.
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z=10cm F=1acm

Figure (2.5-3): Correlation outputs as observed by the CCD camera when the camerais
trandating along the z-direction. The two 3-D objects are located at different placesin
depth by 25 cm, but otherwise they are the same. Note the strong correlation peak at

=25cm.
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2.6 Physical interpretation

In the previous sections, we developed the optical 3-D matching system based on two
pupil heterodyne scanning system. The two pupil analysis interprets the proposed optical
system in terms of a linear system's transfer function. However, it is not easy to get
physical insight directly from that interpretation. Thus, in this section, we present the
proposed optical system in terms of masks to get the physical insight of the system.

Fig. (2.6-1) shows the optical heterodyne scanning system. In this figure, the pupils
and lens are substituted by masks. In other words, the spatial distribution of the scanning
beam is modulated directly by the masks. A rigorous mathematical analysis of the optical
system, that is based on the spatial frequency domain analysis and the synthesis of optical
transfer function (OTF), has been developed in the previous sections. This section presents
an intuitive and physical description of the system. In fig. (2.6-1), the laser beam
generated by HeNe laser is split into two paths by a beam splitter. The temporal frequency
of each beam is shifted by an acousto-optic frequency shifter, operating at frequency 2.
These beams are collimated by beam expanders BE1 and BE2. Each collimated beam is
modulated spatially by masks, m; and my respectively, and are combined by a beam
splitter, BS1. The intensity pattern of the combined beam, I5(x, y; =) at a distance = away

from the masksis given by

Is(z,y; 2) = | ma.(z, y)explilw, + Q)t] +my. (2, y)exp(jwet), (26-1)

where mq.(x,y) and m,, (z,y) are respectively diffracted patterns of masks m (x,y) and

my (z,y), that are given by

miz(xvy) = mz(xvy) ® h(.’l?,y, Z), 7::17 2! (26-2)

where h(z, y; z) is caled the free space impulse response, and is given by



ik, ko
h(z,y; 2)= %ewz{ — 32(3«“2 +y2)} ,

with k, representing the wave number of the scanning beam and ® denoting the 2-D

convolution operation, which is defined as:
g9, (z,y) ®g,(z,y) = // 9,2, y)g,(z — ',y —y)dz'dy'. (2.6-3)

When the 3-D intensity pattern of the combined beam, Is(z, y; =) scanson the object
amplitude transparency, I,(x,y; z), located = away from the masks as shown in fig. (2.6-

1), the total intensity passes through I, (x, y; =) isgiven by

I(z,y) Z//Is(w’,y’;Z) Iz +2,y+y;z2)dz'dy, (2.6-4)

= Is(z,y;2) © I,(z,y; 2).

Note that the total intensity that passes through the object intensity transparency is
proportional to the correlation between the scanning beam and the object amplitude

trangparency. The symbol © in Eq. (2.6-4), denotes the 2-D correlation operation that is
defined as:

9(z,y) © h(z,y) = //g*(x’,y’)h(w+x’,y+y’)drc’dy’- (2.6-5)
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The total intensity is collected and transformed to an electric signal by the photo-
detector. The current output that is proportiona to the total intensity consists of a DC
term and heterodyne term with temporal frequency at €.

The in-phase and the quadrature-phase components of the heterodyne term of the
output current are extracted by respectively multiplying it with sin(Qt), cos(2t), and

low-pass filtering. These are given by

Re{mi.(z',y) ma, (2", y)} © L(z,y; ), (2.6-6a)
and
Im{my.(z',y") m3,(z',y")} © L(z,y; 2). (2.6-6b)

where Re[.] and I'm|[.] represent the real part of and the imaginary part of the cross term
of the scanning beam respectively.

Note that the undesirable space-variant DC terms have been eliminated due to the
heterodyne photo detection. The two outputs respectively represent the correlation
between the real part of, and the imaginary part of the product of the diffraction patterns
of each mask, and the object intensity. For a general 3-D object that is distributed along =
as well as z — y distribution, equations (2.6-6a,b) are integrated along the depth = due to

the superposition. These are given by

i@y = [Refm(o,y) mi.ey) O Le,yia)} s, (2678
and

(o) = [Imlmee,y) mi(@,y) O Lis,yi2)) ds (2670
respectively.
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2.6.1 Recor ding stage of the holographic information of objects

Fig. (2.6-2) shows the optical system in the recording stage of holographic information
of an object. Here, we choose masks, m(z,y)=6(z,y) and my(z,y)=1 and then scan a
reference object, R(x,y; z) i.e, we let I,(z,y;2) = R(z,y; z). The diffracted pattern
from the  firg mask, my(z,y)=6(z,y) iIs the  sperica wave,

mi,(z,y) = %emp[ — j{%ﬂ andthe diffracted pattern from the second mask,

mo(z,y)=1, is the plane wave, my.(x,y) = 1. Thus, 3-D distribution of the scanning

beam pattern is the Fresnel zone pattern. That is given by

Jko
21z

(2.6-8)

) (2 + )k
mlz(xvy) mQZ(xvy) = Q}’

exp{—j 5

One output of the system is the correlation between the real part of the Fresnel zone
pattern and the intensity distribution of the object, that corresponds to the cosine
hologram of the object asin Eq. (2.6-7a). The other output of the system is the correlation
between the imaginary part of the Fresnel zone pattern and the intensity distribution of the
object, that corresponds to the sine hologram of the object as in Eq. (2.6-7b). Thus, the
outputs of the system are cosine and sine holograms of the reference object. These are

given by

k, k, , N
i(z,y) = 22695 |5 (z* +y*) | © R(z,y;2) dz, (2.6-9a)
. ko . _kO 2 2 ]
i;(z,y) = 755" 5 (" +9*) | © R(z,y;2) dz. (2.6-9b)
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These output currents of the system are stored in a digital computer using an analog-
to-digital converter. In the digital computer, the complex hologram is achieved by adding

two holograms in a complex manner:

Hp(z,y) =i, (z,y;2) +ji;(z,y;2) (2.6-10)

ko — gk, , . .
= /j exp {% (a:2 +y2)} O R(z,y; z)dz.
2

21z

Note that the complex hologram of an object has the depth information of the object as

aform of fringe pattern.

2.6.2 3-D image matching stage

After the complex hologram of the object is recorded as described in section 2.6.1, the
object is removed. We shall call the hologram as a reference hologram as the object being
recorded is the reference object. The reference hologram will be used to match a 3-D
target.

In the matching stage, a target object, T'(z, y;2), now is placed = away from the masks
of the scanning system. Let my(z,y) = Hg(z,y), and keep my(z,y)=1 as in the
holographic recording stage, and then the target object, T'(z,y; z) is scanned by the
system.

The diffracted pattern from the first mask, m(z,y) = Hg(zx,y), isthe reconstructed

image of the reference hologram. That is given by

k, — 7k, , .
my.(z,y) = {/;erxp { 232 (2 +y2)} O R(z,y; 2) dz} ® h(z,y; z). (2.6-11)
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The diffracted pattern from the second mask, m(z,y)=1, is the plane wave,
me.(z,y) = 1. Thus, 3-D distribution of the scanning beam is the reconstructed image of

the reference hologram. That is given by

‘ ik, — g7k, , .
mlz(xvy) mgz(x,y) = {/;erxp { 2'72 (xz +y2)} @R(x,y; z) dz} (26-12)

® h(z,y; 2).
Note that the 3-D distribution of the scanning beam is the same as the actua intensity

distribution of the reference object as shown in fig. (2.6-3), in which the dotted line

represents the reconstructed field of the reference object.
According to Egs. (2.6-7a,b), the output currents are given by

= Re[my, (.',U, y) mzz (.',U, y)] © T(.',U, Y; Z) ) (26_13a)

ir(xvy; Z) -

= Re[Hg(z,y) ® h(z,y;2)] © T'(z,y; 2),

= Re H %0 pp | =22 (22 + yz)} ® R(z,y; 2)} ® h(z,y; 2)} o T(z,y;2),
21z | 2z

2z

=Re { IR oo { — ko (2? +y2)} ® R(z,y; 2)}

© {j—lzexp{—jg—;(xg +y2)} O T(z,y; 2)}] :
= Re[Hp(z,y) © Hr(z,y)],

= Cr(xay) ’

ii(z,y;2) = Im[my(z,y) ms,(z,y)] ©T(z,y;2), (2.6-13b)

49



= Im[Hg(z,y) ® h(z,y;2)] © T(z,y; 2),

= Im H % ep 232 (2 +y2)} ® R(z,y; 2)} ® h(z,y; 2)} © T(z,y;2),

k — gk, , . .
=Im {j Zexp { 2j (a:2 +y2)} © R(z,y; z)},
z

® {;Eexp{ﬂi(wz +y2)} ®T(w,y;2)}],

= Im[HR(x,y) O] HT(CU,Z/)],

= ¢(z,y).

where Hr(z, y) isthe complex hologram of the target object, T'(x, y).

The complex correlation is achieved by adding two correlations in a complex manner:

C(.',U,y) = Cr(xvy) +jCz’(33,y), (26-14)
— HR(xvy)Q HT(J«“,Z/)
Equations (2.6-14) demonstrates that the system can perform correlation of two

holographic information, and hence 3-D image matching is possible.

2.6.2.1 Matched case with the same location

Let us consider the case that the target object, which has the same intensity pattern as
the reference object, is placed at the same location as the reference object, i.e,
T(z,y; z) = R(x,y; z) asshown in fig. (2.6-4). Since the identical target object is located
at the same location as the reference object, the hologram of the target object is the same
as the hologram of the reference object, that is Hy(z,y) = Hgr(z,y) in Eq. (2.6-14).
Thus the correlation in Eq. (2.6-14) gives a strong correlation peak at the origin. That is
given by
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c(z,y) = Hg(z,y) ®© Hg(z,y), (2.6-15)
= A.(z,y).

where A.(z,y) represents the auto-correlation between the identical holograms; thus,
A.(z,y) has the maximum value at the origin.

This corresponds to the following physical interpretation. First, the scanning beam
pattern represented as a dotted line in fig. (2.6-4), scans the target object that is
represented as a solid line in fig. (2.6-4). When the scanning mirrors face the target object,
the scanning beam pattern overlaps the target object as shown in fig. (2.6-4). Thus, we get
the maximum reflected light. That corresponds to the strong correlation peak at the origin
in EQ. (2.6-15).

2.6.2.2 Matched case with a transver sely shifted location

Let us consider the case that the target object which has the same intensity pattern as
the reference object, is placed at the shifted location aong the transverse direction, i.e.,
T(z,y;z) = R(x — Az,y — Ay; z) as shown in fig. (2.6-5). Since the identical target
object is placed at the transversely shifted location, the hologram of the target object is the
same as the hologram of the reference object except shifted location. That is
Hyp(z,y) = Hp(x — Az,y — Ay) in EQ. (2.6-14). Thus the correlation in Eq. (2.6-14)
gives the strong correlation peak at that shifted location. That is given by

c(z,y) = Hp(z,y) © Hr(z — Az,y — Ay), (2.6-16)
= A.(z — Az,y — Ay).

where the auto-correlation, A, (z,y) is shifted by Az and Ay along transverse direction.
Thus, we get the strong correlation peak at the shifted location. The shifted location of the

correlation peak gives to the shifted location of the target object.
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This corresponds to the following physical interpretation. First, the scanning beam
pattern represented as a dotted line in fig. (2.6-5), scans the target object represented as a
solid line in fig. (2.6-5). When the scanning mirrors face the target object, the scanning
beam pattern overlaps the target object as shown in fig. (2.6-5). Thus, we get the
maximum reflected light. That corresponds the strong correlation peak at shifted location
in Eq. (2.6-16). In this case, the maximum correlation peak is achieved when the scanning
mirrors face the shifted location of the target object with respect to the location of the
reference object. The shifted location of the scanning mirrors corresponds the shifted

location of the correlation peak.

2.6.2.3 Matched case with a longitudinally shifted location

Let us consider the case that the target object which has the same intensity pattern as
the reference object is placed at the shifted location along the longitudinal direction, i.e.,
T(z,y;z) = R(z,y; 2+ Az) as shown in fig. (2.6-6). Unlike the transversely shifted
case in the section 2.6.2.2, the hologram of the identical target object with its shifted
location aong depth direction is not just the shifted version of the reference hologram.
Because the fringe pattern in a hologram depends on the depth location, the fringe pattern
of the hologram of the target object is different from that of the reference hologram. Thus,
direct correlation between the hologram of the target object and that of the reference
object does not give the strong correlation peak. However, the hologram of the target

object is just the defocused version of the hologram of the reference object. That is given

by

Hy(z,y) = /h(x,y; 2) 0 T(x,y; 2)dz, (2.6-17)

= /h(x, y; 2+ Az2) © R(z,y; 2 + Az)dz,
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— {/h(x,y; z) © R(z,y; Z)dz} ® k' (z,y; A2)

= Hg(z,y) ® k' (z,y; Az).

Thus, the output of the system, the correlation between the hologram of the target

object and that of the reference object is the defocused auto-correlation. That is given by

c(z,y) = Hg(z,y) ®© Hr(z,y), (2.6-18)
= HR(xvy) © {HR(xvy) © h*(xvy; Az)},

= {Hg(z,y) © Hr(z,y)} ® k' (z,y; Az),

= Ac(z,y) ® h'(z,y; Az).

Note that the strong correlation peak is achieved by focusing the defocused correlation
output by using the technique in section 2.5.

This corresponds to the following physical interpretation. First, the scanning beam
pattern that is represented as a dotted line in fig. (2.6-6), scans the target object that is
represented as a solid line in fig. (2.6-6). When the scanning mirrors scans the target
object, the intensity of the reflected light is the correlation between the diffracted beam
pattern from the reconstruction of the reference hologram, and the matched target object.

Even though it does not give out the maximum reflection like the previous cases, it
corresponds to the defocused correlation. Thus, by using the focusing process of the

section 2.5, the strong correlation peak can be achieved.
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2.6.2.4 Mismatched case

Let us consider the case that the target object which has a different intensity pattern
than the reference object; in other words, the 3-D image of the target object is not
matched with that of the reference object, it is placed as shown in fig. (2.6-7). Since the
3-D image of the target object is not matched with that of the reference object, the
hologram of the target object is different from the hologram of the reference object. That
is Hr(z,y) # Hgr(z,y) in Eq. (2.6-14). Thus the correlation in Eqg. (2.6-14) does not
give the strong correlation peak.

This corresponds to the following physical interpretation. First, the scanning beam
represented as a dotted line in fig. (2.6-7), scans the target object represented as a solid
line in fig. (2.6-7). Even though the scanning mirrors face the target object, the scanning
beam pattern does not overlap the target object as shown in fig. (2.6-7). Thus, asmall part
of the scanning beam is reflected, which is smaller than the maximum reflected light as in

matched case. That corresponds to the no-correlation peak in the output.
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Figure (2.6-1): Optical scanning holography system.
(BS, BS1, BS2: beam splitters, M,M1: mirrors, mq,my: masks, AOFS:. acousto-optic
frequency shifter; BPF@S2: bandpass filter tuned at frequency €2; LPF: low passfilter )
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Figure (2.6-4): Scanning the matched target object is placed at the same location.
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Figure (2.6-5) Scanning the matched target object is placed at the transversely shifted
location. ( BS: beam splitter, mq,my: masks)
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Chapter 3: 3-D location extraction of image matched 3-D
obj ect

In chapter 2, 3-D image matching technique was presented. The optica system
basically performs a correlation of the holographic information of a 3-D reference object
and that of a 3-D target object, and hence 3-D matching is possible. However, the
correlation output does not give a strong correlation peak when the location of the 3-D
target is shifted aong the depth direction because the holographic correlation is basically a
2-D correlation process. In fact, the correlation peak is smeared out or broadened by a
convolution process, reminiscent of defocused imaging in coherent optical systems[1].

To achieve z- or depth- invariance, it has been proposed that the "defocused"
correlation would first be presented as a complex transparency and illuminated by a laser.
A z-trandated CCD camera would detect the diffraction pattern and give the 3-D
coordinates of the shifted target object [1]. However, the proposed system has a drawback
in that only 3-D targets that are located farther away from the 3-D reference object can be
shift invariantly detected. In addition, the method employs a manua and semi-manual
process that is tedious and time consuming.

Holography is widely used in optical imaging and information systems, and the needs
for the anaysis of holographic information have been increased. There are severa
techniques in the analysis of fringe patterns of holograms, especialy in the field of particle
field holography [17-20]. This chapter presents a digital signal analysis technique that
extracts the 3-D location of the matched object. This technique is based on the power
fringe-adjusted filtering [21,22] and Wigner anaysis [23,24]. Power fringe adjusted
filtering is a widely used filtering method to sharpen the correlation peak in pattern
recognition, whereas the Wigner distribution is a signa transformation for space-
frequency analysisin signal processing, which yields the frequency contents of the signal at

different space instant. A brief review of the Wigner distribution is given in section 3.1. In
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section 3.2, we discuss the Wigner analysis of power fringe-adjusted filtering of defocused

correlation. In section 3.3, we present computer simulation results.
3.1 Wigner distribution [17,23,24]

The information about the 3-D location of the image matched object is contained in the
correlation output as a form of fringe pattern that is the spatial frequency varying signal
against the space. The Wigner distribution is a signal transformation that is convenient for
such a time-frequency (or a space-frequency) anaysis because the Wigner distribution
yields the time (space) variation of the frequency components of a signal. Only the basic
definitions and properties of discrete Wigner distribution that are used in this paper are
discussed here. The complete set of properties of the Wigner distribution was formulated
by Claasen and Mecklenbrauker [23, 24]. The auto-Wigner distribution of signa f(¢) is
defined by

We(t,w) = /Zf(t + %)f* (t — %)exp( — jwT)dT (3.1-1)

The auto-Wigner distribution of complex-valued discrete signals f(n) isgiven by

Wi(n,0) = 2?: exp(— j2k0)f(n+k)f"(n — k), (3.1-2)

k=—o0

where k£ and n are discrete variables and 6 is a continuous variable.
The following are the properties of the discrete-time ( discrete-space ) Wigner

distribution, that are used in this paper:
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1. Periodicity with repect tothe continuous frequencyvariable

The discrete-time ( discrete-space ) Wigner distribution is a function of the discrete-
time ( discrete-space ) variable » and the continuous frequency variable 8. The discrete-
time ( discrete-space ) Wigner distribution is periodic with a period 7 with respect to the

continuous frequency variable 6:

Wi(n,0) =We(n,0 +7), ¥V n,6. (3.1-3)

2. Finite duration

When the signal is limited in time ( space ), the Wigner distribution is aso limited:

f(n) =0, n<ngorn>n, =W;n,0)=0, n<n,orn>n, (3.1-4)

3. Band limitted signals

Since the Wigner distribution is repeated with respect to the frequency variable 6 with
a period 7, frequency components that are = apart have same influence on the Wigner
distribution, which causes aliasing. However, if the spectrum of the signa is non zero
only in an interval of a duration less than 7, aliasing is prevented. Comparing the band
limit to the Nyquist criteria for the Fourier spectrum of a discrete signal, the non zero
frequency interval of duration is twice as small as the Nyquist criteria. Therefore twice the
sampling rate of the Nyquist rate is required to prevent aiasing.

Due to the properties of the Wigner distribution, the discrete Wigner distribution of a

signal which has the finite extend confined to the interval [0 N — 1], is aso confined at the
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same extend of the signal,i.e., Wy (n,0) =0 for n <0or n > N, and the frequency
variable, 4, is aso a periodic function with a period 7. Therefore the discrete Wigner
distribution is fully determined for the intervals n € [0, N — 1] and 6 € ( -7/2 =©/2].
Discretizing W/ (n, ) about ¢ with a sampling interval Af=F inthe interval ( -7/2 /2],

we get the discrete Wigner distribution:

W, (n, %m) = 2?: exp( - j%km)f(n +E)f (n—k) (3.1-5)

k=—00

where m isan integer variable satisfying — N/2+1 <m < N /2.
Note that the sequence of duration isfinite,i.e. — N/2+1 < k < N/2 — 1, therefore

the equation (3.1-5)becomes

T N2 2T
Wiln, —=m) =2 fn+k)f (n— k)exp( - j—km) (3.1-6)
f ( N ) k%;w N

Defining a new sequence z, (k) by

2f(n+k)f(n—k) 0<k<f-1
2n(k) = 0 k=14 (3.1-7)
2fln+k—N)f'n—k+N) T+1<k<N-1
The Eq.(3.1-6)becomes
N—-1
s 2
Wy (n, —m) = kozn(k)exp( — jﬁkm)

The N-points discrete Fourier transform, W (m), of the sequence z, (k) is defined by

65



W (m) = zn(k)exp( - j%”km) (3.1-8)

wherem € {0,1,..., N — 1}.
From the periodicity of the discrete Fourier transformation, the discrete Wigner

distribution is given by

VAN ro|=

<z
- (3.1-9)
m —1

W ( ™ ) W(m) 0<m

n,—m) =

NN W(m+N) =X 4+1<
Note that a discrete Wigner distribution can be achieved by the discrete Fourier

transformation of the sequence, z,(k) a each value of n, and the discrete Fourier

transformation can be performed effectively by the use of Fast Fourier Transformation

(FFT) agorithms.

3.2 Power fringe-adjusted filtering and Wigner analysis of the 3-D holographic

matching

3.2.1 Power fringe-adjusted filtering of the 3-D holographic matching

The 3-D holographic correlation output between a 3-D reference object and a z-shifted
3-D target object has a broad correlation peak as calculated by Eq. (2.5-3), which makes
the system a poor discriminator. We shall employ the concept of the power fringe-adjusted
filtering to sharpen the peak. The proposed filter is defined as:

1

k) = —=———5——=

(3.2-1)

where ¢ is a small value of either a constant or, some function of &, or k,. ¢ is added to
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overcome the possible pole problems of the filter [21,22]. The filtered correlation in the
frequency domain is given by the product of the Fourier transformation of the Eq. (2.5-3)
and the power fringe- adjusted filter. Thus the power fringe-adjusted ( PFA ) - filtered

correlation in the frequency domain is given by

FAHRy F{Hr}H" (ky, ky; Az)
| F{HR}*+ 6

Coraks, ky)=Flc(z,y)}t x Flks, ky) = (3.2-2)

When the 3-D target object is the same as the 3-D reference object but shifted by
Az, Ay and Az, i.e, T(z,y;z) = R(zx — Az,y — Ay; z — Az), the power fringe-

adjusted filtered correlation in the frequency domainiis

. __FHDP _—
pfa(kx, k'y) = mé(ﬂp(‘](Awkx + Ayky) )H (kx, k'y, AZ) (32-3)

~ exp(j(Axk, + Ayky) )H (k;, ky; Az).

as F{Hr} = F{Hr(z — Az,y — Ay)} = F{Hg(z,y)}exp(j(Azk, + Ayk,) ). Note
that the power fringe-adjusted filtered correlation in the space domain is the shifted

Fresnel zone pattern given by the inverse Fourier transformation of Eq. (3.2-3):

Cpfa(xay) = fﬁl{cpfa(kxa ky)} = 6("1: - A.',U,y - Ay) ® h” (xvyv AZ) (32-4)
= h"(z — Az,y — Ay; Az)

= 52l exp[jF((z — Az + (y — Ay)?)]
according to the definition in Eq. (2.1-4). This power fringe adjusted filtering can be

performed either by conventional coherent optical processors or digital computers.
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3.2.2 Wigner analysis of 3-D holographic matching

The information of the 3-D shifted location of the pattern-matched object is contained
in the output correlation as a form of fringe pattern that is the space-frequency
characteristic (fringe pattern) of the space signal (the image). The Wigner distribution is a
signal transformation that is convenient for such a time-frequency (or a space-frequency)
analysis because Wigner distribution yields the time (space) variation of the frequency
components of a signal. The Wigner distribution of a function displays the instantaneous
frequency curve of the function in the time-frequency (space-frequency) plane.

Because the local frequency of the chirp signal f(¢) = exp(jat®/2) isamonotonicaly
increasing function along the time axis, the Wigner distribution of the signal gives a line
impulse on the time-frequency domain with the dope of the instantaneous frequency on

the time-frequency plane. Thisis given by

W;(t,w) = 2m6(w — at) (3.2-5)

The power fringe adjust filtered holographic correlation of the 3-D pattern-matched
object is a form of 2-D chirp type signa given by Eq. (3.2-4), thus the absolute value of
continuous Wigner distribution of the power fringe adjusted filtered correlation output,

cpral,y), about z for any given y value, y = 3/, isgiven by

VTN R Y 0 T :
‘Wh&(x,w,y)‘—‘ 27T(Az ol w Az(x Az) (3.2-6)

. ko p
X ewp{ — JE(Z/ - Ay)z}
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(B oo e ao)

Note that the absolute value of the Wigner distribution of the power fringe-adjusted

filtered correlation is the desired line impulse on the space-frequency plane. This line
impulse intersects with the x — azis, and the intersection point is Az which is the shifted
location of the 3-D target aong the z-axis. Furthermore, the slope of the line impulse is
inversely proportiona to the shifted location along the = — azis, that is -k,/2Az.
Therefore, if the wave length X is known ( &, = A\/27), the shifted location is known by
directly measuring the slope of the line.

When the 3-D target is not matched with the 3-D image of the reference object, we do
not observe the line impulse in the Wigner distribution. In the same manner, the shift along
the y — axis can be obtained by the Wigner distribution of the y — axis. Thisimplies that
the complete location of the 3-D shifted target object can be directly calculated from the
power fringe-adjusted filtered correlation, and the Wigner anaysis of correlation output
reveals the 3-D location of the 3-D target object.
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3.3. Application and computer simulation results

Fig. (2.4-1a) showsalcm x 1 cmx 3 cm 3- D reference object, R, consisting of a
"triangle" and a "square,” separated by 3 cm along the depth of the object. Holograms of
R are then calculated according to Egs. (2.2-4) and (2.2-5) with z = 26 cm for the
triangle and z = 29 cm for the square of the 3-D object. The used wavelength of light is
0.6um. Subsequently, a complex hologram of the reference object can be calculated
according to Eq. (2.3-3). Figs. (3.3-1a,b) display the correlation output given by the real
and the imaginary part of Eq. (2.5-3) when T'(z,y; 2) = R(z — Az,y — Ay; = — Az) for
Arx = —03cm, Ay =0,and Az = — 1cm, i.e, the 3-D target object is identical to
the 3-D reference object, but otherwise displaced away from the original 3-D reference
object's location. Physically these outputs correspond to the 2-D scanning of the 3-D
target object with the pupil specified by Eq. (2.2-8). The center of the correlation isat Az
= — 0.3 cm, Ay = 0 asevident from the figures. The central areas of the correlation are
broaden or defocused by the convolution of A*(z,y; Az) due to the shift of the target
object along the depth. Since the 3-D target object is matched with the 3-D reference
object, the power fringe-adjusted filtered output is given by Eq. (3.2-4). Fig. (3.3-2a) and
Fig. (3.3-2b) show the real and the imaginary part of Eq. (3.2-4). The Wigner distribution
of the power fringe-adjusted filtered correlation along the  — axis is shown in Fig. (3.3

3). The intersection between the line impulse,| L (£)* (k. — 2=(z — Az))|, and the z-axis

gives Az, i.e., the z location of the 3-D target object. The dope of the line impulse gives
Az, i.e, the z location of the 3-D target object as expected. The y location, Ay, can be
extracted with the same process along the y — axis.

Fig. (2.4-2a) shows the target object that consists of two dlices that are the same with
the 3-D reference object but located at different depths within the 3-D volume of the

object. Again, its front face is 26 cm away from the scanning mirrors in the simulations.
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Figs. (3.3-4a,b) respectively show the real and the imaginary part of the power fringe-
adjusted filtered correlation. In this case, since the 3-D target object and the 3-D reference
object are not matched, there are no distinct chirp-type pattern on the fringe-adjusted
correlation asit is evident from fig. (3.3-5) which shows the Wigner distribution, along the
x — axis, of the filtered correlation. Note that in this case, we cannot observe the line
impulse in the Wigner distribution because the 3-D the target object shown in Fig. (2.4-24)
is not matched with the 3-D reference object shown in fig. (2.4-1a).

In our last simulations, fig. (2.4-3a) shows the target object whose depth location of
the 2-D patterns are the same with the reference object but the 2-D patterns are different
with the reference object. The real and the imaginary part of the power fringe-adjusted
filtered correlation output are shown in figs. (3.3-6ab), respectively. The Wigner
distribution of the filtered correlation with this target object is shown in fig. (3.3-7). We

again do not observe the line impulse as expected.
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Figure (3.3-1a): Real part of the correlation output when the matched 3-D target
object and the 3-D reference object are displaced (Az = — 0.3 cm, Ay = 0,and Az =
— 1em): the origin of the zy — axesis at the center of the figure.
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Figure (3.3-1b): Imaginary part of the correlation output when the matched 3-D
target object and the 3-D reference object are displaced (Az = — 0.3 cm, Ay =0, and
Az = — 1cm): the origin of the zy — axesis at the center of the figure.
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Figure (3.3-2a): Real part of the fringe adjusted-filtered correlation output when the 3-D
target object and the 3-D reference object are displaced; otherwise the target object and
the reference object isidentical.
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Figure (3.3-2b): Imaginary part of the fringe adjusted-filtered correlation output when the
3-D target object and the 3-D reference object are displaced; otherwise the target object
and the reference object isidentical.
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Figure (3.3-3): Magnitude of the Wigner distribution of the power fringe-adjusted filtered
correlation output.
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Figure (3.3-4a): Real part of the fringe adjusted-filtered correlation output when the 3-D
target object consisted of two dlices that are the same with the reference object but located
at different depths within the 3-D volume.
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Figure (3.3-4b): Imaginary part of the fringe adjusted-filtered correlation output when the
3-D target object consisted of two slices that are the same with the reference object but
located at different depths within the 3-D volume.
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Figure (3.3-5): Magnitude of the Wigner distribution of the power fringe adjusted-filtered
output of the correlation output when the 3-D target object consisted of two dlices that
are the same with the reference object but located at different depths.
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Figure (3.3-6a): Rea part of the fringe adjusted-filtered correlation output when the 3-D
target object consists of two slices whose depth location of the 2-D patterns are the same
with the reference object but the 2-D patterns are different with the reference object.
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Figure (3.3-6b): Imaginary part of the fringe adjusted-filtered correlation output when
the 3-D target object consists of two dices whose depth location are the same with the
reference object but the 2-D patterns are different with the reference object.
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Figure (3.3-7): Magnitude of the Wigner distribution of the power fringe adjusted-filtered
output of the correlation output when the 3-D target object consists of two slices whose
depth location of the 2-D patterns are the same with the reference object but the 2-D
patterns are different with the reference object shown in fig. (2.4-14).
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Chapter 4: Feasbility in implementation and the robustness of
the system

In the realization of the proposed technique, the feasibility in implementation and the
robustness of the system are very critica issues. Chapter 4 introduces a real-only
hologram and a phase-only hologram as a mask in matching stage to improve the

feasibility in implementation and the robustness of the system.
4.1 Real-only hologram modulation scheme

There are severa possible spatial modulation schemes for the scanning beam of the 3-
D holographic image matching system. One is to modulate the scanning beam using the
complex hologram of the reference object as a mask. However, in practica
implementation, making a complex mask is difficult because it requires the fabrication of
diffractive optical elements (DOE's) or careful alignment of two real masks with phase
difference as shown in fig. (2.3-1a,b). Thus, a real-only hologram is proposed as another
possible spatiadl modulation scheme. Instead of a complex hologram of the reference
object, the real-only hologram of the reference object is proposed to modulate the
scanning beam of the system. The complex hologram of the reference object is achieved by
adding the two outputs of the system in a complex manner asin Eq. (2.6-10).

The real-only hologram is defined by the real part of the complex hologram, that is the
cosine hologram of the reference object as in Eq. (2.6-9a). The real-only hologram of the

reference object is given by

ir(z,y) = [ 5 —cos {g(ﬂfz +y2)} © R(z,y;z) dz = Hp(z,y). (41-1)

83



Note that the real-only hologram of the reference object has the depth information of
the 3-D reference object as aform of the fringe pattern by correlating the 3-D object with
the real part of the Fresnel zone pattern.

For 3-D matching, we choose the real-only hologram of the reference object that is
given by Eq. (4.1-1), asone of the masks of the heterodyne scanning system, i.e., we let
mi(z,y) = Hy(z,y) with the other mask being a plane wave, i.e., my(z,y) = 1. Note
that, since the real-only hologram is achieved with a conventiona intensity transparency, it
is easy to implement the 3-D image matching system with the real-only hologram.

The diffracted pattern from the first mask, m; (z,y) = Hy(z,y), is the reconstructed

image of the real-only reference hologram. That is given by

ko ko
miz(2,y) =\ [ 5 _cos | o~

(z* + yz)} O R(z,y; 2) dz} ® h(z,y;2). (4.1-2)

The diffracted pattern from the second mask, m(z,y)=1, is the plane wave,
me.(z,y) = 1. Thus, 3-D distribution of the scanning beam is the reconstructed image of

the real-only reference hologram. That is given by

‘ k k, , - .
mie) mi o) = { [cos |22 +)| 0R@wizaz| 419
® h(z,y; 2).

Then, atarget object, T'(z, y; =) is scanned by the scanning beam given by Eq.(4.1-3).
According to (2.6-13a), the in-phase output of the heterodyne scanning system represents
the correlation between the real-only hologram of the reference object and that of the

target object:



i(z,y) = Relmi.(z,y) my,(z,9)] © T(z,y; 2) (4.1-4)

21z 2z

= Re H Fo_ o {ﬁ(gﬂ +y2)} ® R(z,y; 2) dz} ® h(z,y; z)} O T(zx,y;2),

— { L E—z(x2 +y2)} ® R(z,y; z)dz}

21z

21z 2z

o) { Ecos {ﬁ(x2 +y2)} o T(z,y; z)dz}

= Hyp(z,y) © Hy (z,y),

where HY (z,y) = [[+£=cos [2(z® + )] © L(z,y; 2)dz] is the redl-only hologram of the
target object.

Note that, because the rea-only holograms of the two identical objects have the same
2-D pattern, the heterodyne scanning system gives a correlation peak when the 3-D image
of the 3-D target object is matched with that of the 3-D reference object. However, for the
matched case with longitudinally shifted location, the Wigner distribution gives the cross
deltaline as shown in fig. (4.1-1) because the real-only hologram is atwo side band signal.
The fig. (4.1-1) shows the computer simulation results of the Wigner distribution for real-
only hologram case with the same reference object asin section 3.3.

Thus, with real-only hologram, we can not determine whether the matched object is
shifted close to the scanning mirrors or far away from the scanning mirrors. Thisis the one
draw back in 3-D image marching system with the real-only hologram, compared to that

with the complex hologram.

4.1.1 Computer smulation resultswith areal-only mask

Fig. (2.4-1a) shows a 1cm x 1cm x 3cm 3-D reference object, R, consisting of a
"triangle” and a "square,” separated by 3 cm along the depth of the object. Fig. (2.4-1b)
plots the real-only hologram of the reference object, R as calculated by Eqg. (2.6-9a), with

z = 26 cm for the "triangle” and 29 cm for the "square” of the 3-D reference object. The
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used wavelength of light is 0.6um for k. The scanned area of the hologram is 1cm x 1
cm. Physicaly, the hologram would correspond to the scanning of R, with its front face
located 26 cm away from the scanning mirrors. Again, the masks have been chosen such
that mq(z,y)= 6(z,y) and my(z,y)=1 for holographic recording as described in section
2.6.

The real-only hologram shown in fig.(2.4-1b) now will be used for the one mask
specified by mq(z,y) = Hy(x,y), which will result in the output calculated according to
Eq. (4.1-4) :

i(x,y) = { K0 o {ﬁ(gﬂ +y2)} ® R(z,y; z)dz} (4.1-5)

21z 2z

k ko , - .
©) { —_¢os {2— (2 +y2)} O T(z,y; z)dz}
2

21z

= Hyp(z,y) © Hy (z,y),

This output corresponds to the 2-D scanning of a 3-D target object, O, with the rea-
only hologram of the 3-D reference object, R, used to form the mask. Fig. (4.1-2) shows
the plotting of Eq. (4.1-5) when T = R, where R isthe object shown infig. (2.4-1a).

Fig.(2.4-2a) shows the target object and its front face is again 26 cm away from the
scanning mirrors in the simulations. Note that the target has the same 2-D patterns as
those in the reference object, but located at different depths. Fig. (2.4-2b) show the real-
only hologram of the target object. Fig. (4.1-3) shows the correlation output according to
Eq. (4.1-5). Note that the amplitude axis of fig. (4.1-3) has been normalized by the peak
value of fig. (4.1-2). The lack of a strong correlation peak in fig. (4.1-3) clearly indicates
that the two 3-D objects are not matched each other. It is important to point out that the

holograms shown in figs. (2.4-1b) and (2.4-2b) are very similar. However, when the real-
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only hologram of the target object is correlated with that of the reference hologram as our
proposed system effectively performs, we do not find a match for the two 3-D objects
shown in figs. (2.4-14) and (2.4-2a). The reason is that since we are redlly correlating two
holographic data sets, the depth information is as important as the planar distributions. In
order to have a strong correlation peak, the 3-D objects have to be matched precisely
throughout the whole 3-D volume.

Finally, in figs. (2.4-3a) and (2.4-3b) we show another target object and its real-only
hologram. The correlation outputs between fig. (2.4-1b), the real-only hologram of the
reference object, and fig. (2.4-3b), the real-only hologram of the target object, are shown
in fig. (4.1-4). Clearly, no correlation peak is observed in fig. (4.1-4). Note that in this
case, the "X" and the "O" of the 3-D object are located at the same distance of the

"triangl€" and the "square”, respectively.
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Figure (4.1-1): Magnitude of the Wigner distribution of power fringe-adjusted filter
correlation with real-only hologram.
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Figure (4.1-2): Correlation output (0.4 cm x 0.4 cm) with real-only hologram, when
the target object 7', is matched with the reference object R.
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Figure (4.1-3): Correlation output with real-only hologram, when the target object in
fig. (2.4-2 @) isscanned. The reference object is shown in fig. (2.4-1a).
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Figure (4.1-4): Correlation output with real-only hologram, when the target object in fig.
(2.4-39) is scanned. The reference object is shown in fig. (2.4-1a).
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4.2 Phase-only hologram modulation scheme

Both proposed modulation schemes in section 4.1 suffer from alow power correlation
signal. Because both the complex hologram and the real-only hologram block most light
by amplitude, the intensity of the modulated scanning beam is small, and this generates a
weak correlation signal against the system noise. If the correlation signal is small,
compared to the noise level of the system, it is undetectable. Even though this can be
overcome by increasing the intensity of the laser, the size and the power of the laser are
limited in area stuation. Thus, increasing the power of the correlation signal with a given

power of the laser is necessary to improve the robustness of the system.

4.21 Optical efficiency

Optical efficiency is a critical issue for the 3-D holographic correlation because the
robustness of the 3-D holographic matching system about the noise of the system highly
depends on the optical efficiency. The optical efficiency, or Horner efficiency means the
ratio of the energy in correlation to the total energy of the input signal. That is defined
as[37,38:

[J|f(z,y) @ g (@) dedy

: 4.2-1
[ S| f(@,y)| dedy 2D

where f (z,y) isany input function, g(z, y) is areference function, and n,, is the medium's
efficiency.

In the 3-D holographic matching system, the hologram of the reference object and the
hologram of the target object are the reference function and the target function,

respectively.
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Because the 3-D holographic image matching system uses the complex hologram of
the reference object as one pupil in the frequency domain, most of the light is blocked by
the amplitude of the hologram. Thus, the optical efficiency of the 3-D holographic
matching system is insufficient.

The phase-only matched filtering technique was proposed to increase the optical
efficiency of the conventional 2-D optical correlators [37,38]. The idea of the phase-only
matched filtering technique originated from the fact that the phase information of the
image in the frequency domain plays an important role in preserving the visua
intelligibility of the image, compared to the intensity information of the image in the
frequency domain [39]. In addition, a phase-only filter does not consume the power of the
light because a phase-only object does not block the light, but merely changes the

direction of the beam.

4.2.2 Phase-only hologram

This sub-section introduces the phase-only hologram, in which the 3-D information of
a 3-D object is preserved because both the depth information and the transverse
information of a 3-D object are contained in the phase term of a hologram.

The complex hologram of the reference object in the frequency domain is achieved by
the Fourier transformation of the complex hologram which is achieved in the recording

stage:

— 7k, , )
f{HR(ﬂ«“,y)} = f{/i%e%{% (332 +y2)} © R(z,v; z)dz} (4.2-2)

) - .ko p 2
_ /{}"*{jz%emp{ 232 («? +y2)” X J’”{R@cvy;z)}} dz
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where F denotes the Fourier transform operation and is defined as:

Flu@,v)}rn = [ [ulz,y)exp(jk.z + jkyy)dzdy = U(k,, k,) with &, and k,
denoting the spatia frequencies, and with the upper case function U denoting the
transform of the lower case function w.

Note that the Fourier transformation of an image is in genera complex with

F{R(z,y,2)} being represented as:

F{R(z,y,2)} = A(ks, ky; 2)exp(jp(ks, ky; 2)) (4.2-3)

The phase, ¢(k,,k,;z) is far more significant than its intensity, A(k,,k,;z). In
general, the phase information contains the locations of objects in them [39]. In particular,
the information of the shifted location of an object is contained only in the phase by adding
alinear phase term.

Thus, the hologram in frequency domain is expressed using the amplitude and phase
parts of images with additional phase terms of the free space impulse response function,

that is given by:

f{HR(x,y)}z/ A(kx,ky;z)exp(jqb(kx,ky;2))63627{3'2; (k§+k3)Hdz (4.2-4)

]

Note that the depth information of a 3-D object is contained in the phase of the

o

hologram. Thus, the phase of the hologram in the frequency domain has both depth

information and transverse information of the 3-D object.
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We define a phase-only hologram in the frequency domain to be

F{Hg(z,y)}, = expljarg(F{Hg})], (4.2-5)

where arg(.) represents the argument operation of complex number.

Note that the phase-only hologram is composed of the unit amplitude and phase of the
complex hologram in frequency domain. Because the spectral magnitude of an image tends
to drop off at high frequencies, the phase only image is the high frequency enhanced
version of the image. In it, lines, edges and other narrow events are emphasized without
modifying their position [39]. Especidly in the hologram, the holographic information is
contained in the high frequencies of phase as a form of chirp type signal, as shown in Eq.
(4.2-4). Thus, in the phase only hologram, the whole 3-D lines, edges and other narrow
events are emphasized, and the matching accentuated narrow events will give better

discrimination ability.

4.2.3 3-D image matching system with a phase-only hologram

In the phase-only 3-D holographic image matching system, the phase-only hologram of
the reference object in the frequency domain is place, as the pupil, instead of the complex
hologram. This increased the optical efficiency and sengitivity of the system.

Section 2.3 discussed that the target object T'(z, y; z) to be recognized is 2-D scanned,
with the two pupils setting as p» = 6(x,y) and py(z,y) = F{Hg}. Moreover, it has the
same functional form as that given by Eq. (2.2-8), the complex hologram of the reference
object. This section discusses the correlation between the phase-only hologram of the
reference object and the complex hologram of the target object with high optica
efficiency. We set the two pupils as p, = 6(z,y) and pi(z,y) equas the phase-only
hologram of the reference object in the frequency domain, as given by Eq. (4.2-5). We

rewrite Eq. (2.2-8) as
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» ( Lk, - kioky)=exp[j arg(F{Hr})] (42:6)

Note that the pupils of the phase-only 3-D holographic image matching system are
realized by masks that are composed only of phase, when the delta pupil function, p, =
6(z,y) isredlized by afocusing lens. Thus, 100 % of the light passes through the system,

scans the target object. This gives high optical efficiency to the system which makes the
system very robust about the noise.

Substituting Eg. (4.2-6) into Eq. (2.2-7),we have 2-D recording of the form:

ic(x,y):Re{ [(/}"{T (z,y; 2)} exp{—j2k (k2 +k2)}d ) (4.2-7)

X explj arg(f{HR})]*] }

Using thecorrelation property, i.e, F YHF*G} = F YF} o F YG} = fog,
Eq. (4.2-7) becomes:

io(z,y) = Re{ (/}" { F{T(x,y;2)} exp| — j% (K2 + ki)} }dz) (4.2-8)
© (fl{exp[jarg(f{HR})]})}

=Re[Hr(z,y) ©® Hpr(z,y)],
where Hpg(z,y) = F '{exp[jarg(F{Hg})]} and
Hr(z,y) = [h(z,y;2) © T(z,y; 2)dz.
The i.(x,y) given in (4.2-8) is the display of a 2-D pattern which basically represents
the correlation between the phase-only hologram of the reference object and the complex

hologram of the target object. It is shown that the correlation between the phase-only
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reference image and the target image gives the sharp correlation peak compared to the
conventional correlation, with high robustness [37]. In the next section, we investigate the

sensitivity and robustness of the 3-D holographic image matching system with phase-only

pupil.

4.3 Robustness of the system

The robustness of the system is a critical issue in practical realization. The previous
section showed that the system with a phase-only hologram as a pupil provides 100 %
optical efficiency. It is obvious that this gives the strong signa compared to the complex
and the real-only hologram cases. This makes the system with the phase-only hologram
more robust to system noise that is attributed to the detector and optical components of
the system itself [37]. Besides of this factor, this section considers the robustness of the
proposed system against noise that is in the origina input image, by means of computer

smulations.

4.3.1 Computer simulations

For matched cases and mis-matched cases, 3-D image matching tests are performed
with noise added, and without noise. Noise is added to the image of the target object, but
not the holograms of the reference object, which are used to spatially modulate the
scanning beam. Additive intensity noise is the intensity of a Gaussian noise having a zero
mean and a standard deviation o. The signal to noise ratio (SNR) that is related to
Gaussian noise having standard deviation, o, is given by SNR=1l/c [37]. Additive
Gaussian noise is generated by a random number subroutine in the computer.

Fig. (4.3-1) shows a 1cm x 1cmx 3cm 3-D reference object, R, consisting of a
"triangle" and a "circle," separated by 3 cm aong the depth of the object. Figs. (4.3-2a,b)

plot the cosine-FZP hologram and the sine-FZP hologram of the reference object, R, as
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calculated by Eqg. (2.3-3), with = = 26 cm for the "triangle” and 29 cm for the "circle" of
the 3-D reference object. The wavelength of light that is used, is 0.6um for A. The
scanned area of the hologram is 1cmx 1cm. Physically, these holograms would
correspond to the scanning of R, with its front face located 26 cm away from the scanning
mirrors. Again, the masks have been chosen such that m4(z,y)= 1and mq(z,y)= 6(z, y)
for holographic recording, as described in the section (2.6).

For the test of the system which uses the complex hologram as a mask, the complex
hologram of the reference object is generated by adding holograms as shown in figs. (4.3-
2ab). Then, this is used to modulate the scanning beam. Six separate matching tests are
performed for the complex hologram case, both with and without noise.

First, the target object that has the same 3-D image of the reference object is chosen
for the test of the matched case without noise. Holograms of the target object are the
same as those of the reference object. Thus, the system gives out the strong correlation

peak according to Egs. (2.6-13a,b). The intensity pattern of the system output,

s +7J
i.|*shown in fig. (4.3-3).

Second, for the test of the longitudinally mis-matched case without noise, the target
object which is composed of the same 2-D patterns as those in the reference object, but
located at different depths as shown in fig. (4.3-4), is chosen. Holograms of the target
object are shown in figs. (4.3-5a,b). The intensity pattern of the system output according
to Egs. (2.6-13a,b), |i. + ji.|> isshown in fig. (4.3-6). Since the 3-D image of the target
object is different from that of the reference object, the system output is not as strong as
the matched case.

Third, for the test of the transversely mis-matched case without noise, the target
object whose 2-D dides are dightly different from those of the reference object, but
located at the same depth as the reference object is shown in fig. (4.3-7). In order to
compare discrimination ability among three different modulation schemes, we choose the

dides whose spatial distribution is dlightly different from that of the reference object.
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Holograms of the target object are shown in figs. (4.3-8a,b). The intensity pattern of the
system output according to Egs. (2.6-13a,b), |i. + ji.|* is shown in fig. (4.3-9). Since
the 3-D image of the target object is different from that of the reference object, the system
output is not as strong as the matched case.

Fourth, for the test of the matched case in the presence of noise, the intensity of
Gaussian noise with standard deviation, c=0.25 is added to the same target object that is
used in the first case. Images of each dide with noise are shown in figs. (4.3-10ab).
Holograms of the target object are shown in figs. (4.3-11a,b). The intensity pattern of the
system output according to Egs. (2.6-13a, b), |i. + ji.|* isshown in fig. (4.3-12). Note
that, even though holograms of the target object are severely damaged by noise, the
system output still gives the correlation peak as strong as the case without noise.

Fifth, for the longitudinally mis-matched case in the presence of noise, the intensity of
Gaussian noise with standard deviation, 0=0.25 is added to the same target object that is
used in the second case as shown in fig. (4.3-4). Holograms of the target object are shown
in figs. (4.3-13a,b). The intensity pattern of the system output according to Egs. (2.6-

13a,b), |i. + ji.|* isshown in fig. (4.3-14). Note that, even in the presence of noise, the

system does not give the strong correlation peak for the longitudinally mis-matched case.
Sixth, for the transversely mis-matched case in the presence of noise, the intensity of
Gaussian noise with standard deviation, 0=0.25 is added to the same target object that is
used in the third case as shown in fig. (4.3-7). Images of each dide with noise are shown
in figs. (4.3-15a,b ). Holograms of the target object are shown in figs. (4.3-16a,b). The

intensity pattern of the system output according to Egs. (2.6-13a, b), |i. + ji.|* isshown

in fig. (4.3-17). Note that, even in the presence of noise, the system does not give the
strong correlation peak for the transversely mis-matched case. As a conclusion of tests for
the system using complex hologram as a mask, we can deduce that the system is very

robust against the additive noise in the input object.
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For the test of the system which uses the real-only hologram as a mask, the same six
separate tests in the complex hologram case are repeated. In these tests, the real-only
hologram of the reference object, shown in fig. (4.3-2a), is used as a mask of the system
instead of the complex hologram. Fig. (4.3-18) shows the intensity output of the system
when the target object's 3-D image is matched with that of the reference object as the first
test in the complex hologram case. For the test of the longitudinally mis-matched case
through the same procedure of the second test in the complex hologram case, we get the
intensity output of the system as shown in fig. (4.3-19). For the test of the transversely
mis-matched case through the same procedure of the third test in the complex hologram
case, we get the intensity output of the system as shown in fig. (4.3-20). Tests of the
system having the real-only hologram as a mask in the presence of noise are repeated. Fig.
(4.3-21), fig. (4.3-22) and fig. (4.3-23) show respectively the intensity outputs of the
system for the matched case, longitudinally mismatched case and transversely mis-
matched case in the presence of noise. Note that there is very little difference between the
real-only hologram and the complex hologram cases, both with and without additive noise.
Thus, we can conclude that the system that uses the real-only hologram as a mask is very
robust against additive noise in the input image like the system using the complex
hologram as a mask.

For the test of the system which uses the phase-only hologram as a pupil, the same
tests in the complex hologram case are repeated. In these tests, the phase-only hologram
of the reference object is used as a pupil of the system. Fig. (4.3-24) represents the phase-
only hologram as a gray level -black denotes zero radian and white denote 27 radian-. Fig.
(4.3-25), fig. (4.3-26) and fig. (4.3-27) show respectively the intensity outputs of the
system for the matched case, longitudinally mismatched case and transversely mis-
matched case in the absence of noise. The same tests of the system are performed in the
presence of noise. Fig. (4.3-28), fig. (4.3-29) and fig. (4.3-30) show respectively intensity

outputs of the system for the matched case, longitudinally mis-matched case and
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transversely mis-matched case in the presence of noise. Note that the system with the
phase-only hologram as a pupil gives the strong correlation peak only when the 3-D image
of the target object is matched with that of the reference object, regardless of noise. Thus,
we can conclude that the system that uses the phase-only hologram as a mask is very
robust about additive noise in the input image like the system using the complex hologram

or the real-only hologram as a mask.

4.3.2 Discussion of results

Section 4.3.1 showed the intensity outputs of the system for matched cases and mis-
matched cases about three different spatial modulation schemes. These figures show that
all three modulation schemes are robust about additive noise in the input image, regardless
of gpatial modulation schemes.

In addition to the robustness of the system against additive noise, optical efficiency
determines the robustness of the system against system noise that is attributed to the
detector and the optical components of the system itself. Tables (4.3-1,2) show the peak
heights of system outputs and optical efficiencies for each three spatial modulation
schemes in the absence of noise and in the presence of noise respectively. In the tables
(4.3-1,2), we can see that there is very little difference among the proposed three spatial
modulation schemes, except that the peak height of the phase-only spatial modulation
scheme is much larger than that of the others. When the output's peak height of the
matched case with complex hologram as a spatial modulation scheme is normalized to
one, the output's peak height of the phase-only case has a value of 223. This means that
the output signal of the phase-only case is 223 times stronger than that of the complex
hologram case. Thus, in terms of system noise, the system with the phase-only hologram is
robust about system noise. This result is directly related to the optical efficiency of the

system. Because the phase-only hologram has 100 % optical efficiency, in other words, it
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does not block any light, we get a strong signal compared to two other modulation
schemes.

As aconclusion, we can deduce that

1. The 3-D image matching system is very robust about additive noisein the

input image regardless of the modulation schemes.

2. The 3-D image matching system with a phase-only hologram is more robust

than the two other modulation schemes about system noise that is attributed to

the detector and the optical components of the system itself.
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Figure (4.3-1): 3-D reference object R, with L, = L,
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Figure (4.3-2a): Cosine-FZP hologram of 3-D reference object.
(the scanned areais1 cm x 1 .cm)
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Figure (4.3-2b): Sine-FZP hologram of 3-D reference object.
(the scanned areais1 cm x 1.cm)
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Figure (4.3-3): Correlation output (0.4 cm x 0.4 cm) when the target object is matched
with the reference object.
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Figure (4.3-4): 3-D target object T'.
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Figure (4.3-5a): Cosine-FZP hologram of the 3-D target object shown in fig. (4.3-4).
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Figure (4.3-5b): Sine-FZP hologram of the 3-D target object shown in fig. (4.3-4).
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Figure (4.3-6): Correlation output when the target object in fig. (4.3-4) is scanned.
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Figure (4.3-7): 3-D target object T'.
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Figure (4.3-8a): Cosine-FZP hologram of the 3-D target object shown in fig. (4.3-7).
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Figure (4.3-8b): Sine-FZP hologram of the 3-D target object shown in fig. (4.3-7).
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Figure (4.3-9): Correlation output when the target object in fig. (4.3-7) is scanned.
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Figure (4.3-10a): The first dlide that composes the target object with Gaussian noise
having standard deviation, 0=0.25.
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Figure (4.3-10b): The second dlide that composes the target object with Gaussian noise
having standard deviation, 0=0.25.
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Figure (4.3-114a): Cosine-FZP hologram of the 3-D target object shown in fig. (4.3-1) in
the presence of noise.
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Figure (4.3-11b): Sine-FZP hologram of the 3-D target object shown in fig. (4.3-1) in the
presence of noise.
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Figure (4.3-12): Correlation output (0.4 cm x 0.4 cm) when the target object is matched
with the reference object, in the presence of noise.
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Figure (4.3-134): Cosine-FZP hologram of the 3-D target object shown in fig. (4.3-4) in
the presence of noise.
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Figure (4.3-13b): Sine-FZP hologram of the 3-D target object shown in fig. (4.3-4) in the
presence of noise.
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Figure (4.3-14): Correlation output when the target object in fig. (4.3-4) is scanned in the
presence of noise.
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Figure (4.3-15a): The first dlide that composes the target object with Gaussian noise
having standard deviation, 0=0.25.
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Figure (4.3-15b): The second dlide that composes the target object with Gaussian noise
having standard deviation, 0=0.25.
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Figure (4.3-164a): Cosine-FZP hologram of the 3-D target object shown in fig. (4.3-7) in
the presence of noise.
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Figure (4.3-16b): Sine-FZP hologram of the 3-D target object shown in fig. (4.3-7) in the
presence of noise.
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Figure (4.3-17): Correlation output when the target object in fig. (4.3-7) isscanned in the
presence of noise.

127



—_
’

== =
rJ =% [ny] oo
X ra ' X

Mormalized intensity

[
Fl

=1
]
£

¥-axis(cm) y-axis(cm)

Figure (4.3-18): Correlation output (0.4 cm x 0.4 cm) when the target object is matched
with the reference object using real-only hologram as a mask.
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Figure (4.3-19): Correlation output when the target object in fig. (4.3-4) is scanned using
real-only hologram as a mask.
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Figure (4.3-20): Correlation output when the target object in fig. (4.3-7) is scanned using
real-only hologram as a mask.
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Figure (4.3-21): Correlation output (0.4 cm x 0.4 cm) when the target object is matched
with the reference object using real-only hologram as a mask in the presence of noise.
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Figure (4.3-22): Correlation output when the target object in fig. (4.3-4) is scanned using
real-only hologram as a mask in the presence of noise.
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Figure (4.3-23): Correlation output when the target object in fig. (4.3-7) is scanned using
real-only hologram as a mask in the presence of noise.
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Figure (4.3-24): Phase-only hologram of the 3-D reference object shown in fig. (4.3-1).
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Figure (4.3-25): Correlation output (0.4 cm x 0.4 cm) when the target object is matched
with the reference object using phase-only hologram as a mask.
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Figure (4.3-26): Correlation output when the target object in fig. (4.3-4) is scanned using
phase-only hologram as a mask.
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Figure (4.3-27): Correlation output when the target object in fig. (4.3-7) is scanned using
phase-only hologram as a mask.
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Figure (4.3-28): Correlation output (0.4cm x 0.4 cm) when the target object is matched
with the reference object using phase-only hologram as a mask in the presence of noise.
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Figure (4.3-29): Correlation output when the target object in fig. (4.3-4) is scanned using
phase-only hologram as a mask in the presence of noise.
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Figure (4.3-30): Correlation output when the target object in fig. (4.3-7) is scanned using
phase-only hologram as a mask in the presence of noise.
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Table (4.3-1): Matching resultsfor noise-freeinputs

Noiseless Case
Fig. Modulation | Target object Peak height | A(%) N (%)
scheme
4.3-3 Complex Matched Obj.
Hologram (Fig. 4.3-1) 1 5.91
4.3-6 Complex Longitudinally
Hologram Mis-matched Obj. 0.0152 98 3.05
(Fig. 4.3-4)
4.3-9 Complex Transversely
Hologram Mis-matched Obj. 0.7088 29 5.69
(Fig. 4.3-7)
4.3-18 | Red-Only Matched Obj.
Hologram (Fig. 4.3-1) 1 591
4.3-19 | Red-Only Longitudinaly
Hologram Mis-matched Obj. 0.0152 98 3.04
(Fig. 4.3-4)
4.3-20 | Red-Only Transversely
Hologram Mis-matched Obj. 0.7088 29 5.69
(Fig. 4.3-7)
4.3-25 | Phase-Only Matched Obj.
Hologram (Fig. 4.3-1) 223 100
4.3-26 | Phase-Only Longitudinally
Hologram Mis-matched Obj. 20.87 91 100
(Fig. 4.3-4)
4.3-27 | Phase-Only Transversely
Hologram Mis-matched Obj. 164.45 26 100
(Fig. 4.3-7)

Peak height is normalized to the height of the auto-correlation peak in the absence of noise.
A(%) is the percentage difference between the peak heights of auto-correlations and those of cross-
correlations.
nu (%) isthe Horner efficiency

141




Table (4.3-2): Matching resultsfor inputswith additive noise

Gaussinan noise with zero mean and standard deviation, 0=0.25

Fig. Modulation | Target object Peak height | A(%) N (%)
scheme
4.3-12 | Complex Matched Obj.
Hologram (Fig. 4.3-1) 1.2825 1.72
4.3-14 | Complex Longitudinally
Hologram Mis-matched Obj. 0.0283 98 1.94
(Fig. 4.3-4)
4.3-17 | Complex Transversely
Hologram Mis-matched Obj. 0.9363 27 1.72
(Fig. 4.3-7)
4.3-21 | Red-Only Matched Obj.
Hologram (Fig.4.3-1) 1.2866 1.72
4.3-22 | Red-Only Longitudinally
Hologram Mis-matched Obj. 0.0195 98 1.95
(Fig. 4.3-4)
4.3-23 | Rea-Only Transversay
Hologram Mis-matched Obj. 0.9455 26 1.72
(Fig. 4.3-7)
4.3-28 | Phase-Only Matched Obj.
Hologram (Fig. 4.3-1) 226.29 100
4.3-29 | Phase-Only Longitudinally
Hologram Mis-matched Obj. 22.22 90 100
(Fig. 4.3-4)
4.3-30 | Phase-Only Transversaly
Hologram Mis-matched Obj. 171.59 24 100

(Fig. 4.3-7)

Peak height is normalized to the height of the auto-correlation peak in the absence of noise.
A(%) is the percentage difference between the peak heights of auto-correlations and those of cross-

correlations.

nu (%) isthe Horner efficiency
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Chapter 5: Optical experiments

Section 5.1 presents the experimental results of the 3-D optical matching technique
that performs the matching of two 3-D images [3]. The optical system based on optical
heterodyne scanning basically performs the 2-D correlation between the hologram of a 3-
D reference object and that of a 3-D target. Section 5.2 presents the experimental results
of the 3-D location extraction technique [4]. In this technique, we extract the 3-D location
of the matched object by using phase information of holograms and the Wigner

distribution.

5.1 Experimental results of 3-D image matching

The proposed optical system to demonstrate the 3-D holographic correlation technique
is shown in fig. (5.1-1). lllumination is provided by a HeNe Laser, operating at
A = 0.6328um. The laser beam is collimated by 10 x beam expanders and the size of the
collimated beams is about 15mm. The frequency shift is provided by acousto-optic
frequency shifters. One acousto-optic frequency shifter shifts the frequency of the laser
beam by 40 M H =, and the other by 40.01 M H =z, and hence Q,/2r = 40 M Hz and
Q9 /21 = 40.01 M H z. The scanning beams of the system scan the 3-D reference object by
the movement of scanning mirrors according to the x-y scanning signal. The 3-D reference
object consists of two transparencies, as shown in fig. (5.1-2). The transparencies of a
"triangl€" and a "rectangle" are located side by side but separated by a depth distance of
about 15 cm, with the "triangle" located closer to the 2-D scanning mirror at a distance
about 30 cm. Both the "triangle” and the "rectangle” are approximately 0.5 cm by 0.5
cm, have a line width of about 100 pum and are transmissive on an opague background.

The output current from the photo-detector is demodulated through the lock-in amplifier
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with respect to the reference signal from the frequency generator. The demodulated
output is sent to the Image Processing and Measuring System (IPMS) [40]. The output of
the IPMS in the form of an NTSC video signa is sent to a TV monitor for displaying the
hologram of the reference object. Fig. (5.1-3) shows the hologram of the reference object.
We then generate a transparency according to this hologram and use it as a mask in the 3-
D matching stage. A 3-D target object that is exactly the same as the reference object is
then placed and scanned in two dimensions. The output of the photodetector is processed
in the same manner as in the recording stage as discussed. The result of the processed
signal displays effectively the resulting strong correlation peak of the matched 3-D object
that isshown in fig. (5.1-4).

In the second experiment, the 3-D target object shown in fig. (5.1-5) is located at the
same location as the reference object. However, the 3-D target object now consists of two
transparencies that have the same 2-D patterns as the reference object but with different
depth locations. The 3-D object is scanned in two dimensions by the optical beams with
one of the beams modulated by the holographic information of the reference object. The
processed signal displays effectively the resulting correlation between the mis-matched 3-
D object and the reference object. The lack of a strong correlation peak in fig. (5.1-6)
clearly indicates a mis-match of the two 3-D objects. It is important to point out that the
two planar patterns of the object are identical to the reference object and yet the system
does not give a strong correlation peak. The reason is that since the output is the
correlation of the holograms of the reference object and the target object, the depth
information is as important as the planar distributions.

In our last experiment, the 3-D target object shown in fig. (5.1-7) is located at the
same location as the reference object. The transparencies of the "cross' and the "circle"
are located side by side with same depths as the reference object. Both the "cross' and the
"circle" are approximately 0.5 ¢m by 0.5 ¢m, have aline width of about 100pm, and are

transmissive on an opague background. The 3-D target object is scanned in two
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dimensions and the resulting correlation output is shown in fig. (5.1-8). Clearly, no
correlation peak is observed as expected.

In conclusion, we have presented experimental results of 3-D optical matching
technique that performs the matching of two 3-D images. The optical system based on
optical heterodyne scanning basically performed the 2-D correlation between the hologram
of a 3-D reference object and that of a 3-D target object. It is important to point out that
2-D correélation of holographic information can match the 3-D aspect of the two 3-D
objects because the hologram has the depth information about the 3-D reference object as
aform of 2-D fringe pattern. A strong correlation peak results if the two holographic data
match. The proposed optical 3-D matching technique is promising for the use of

holographic information about the objects in the field of 3-D pattern recognition.

145



M Photo
HeNel aser Detector
I Cos(Wit)
Blocker \M3 Slidg 2 ©LensL
BS1 - \ N |
Cos(W,t) AOFS1 I I
| I
I
AOFS2 BE1 7: |
J Slide 1
Blocker [ — rn’_l_
PC/Monitor
N o
M 2\ < x-y scanning signal
BE2 m, B2 Scanning Mirrors
Frequency generator Cos((W, - W,))

Figure (5.1-1): Optical heterodyne scanning system.
(M1,2,3: mirrors, AOFSL,2: Acousto-optic frequency shifters, BS1,2: Beam splitters,
BE1,2,3: Beam expanders, ® electronic multipliers; LPF: lowpass filter)
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Figure (5.1-3): Hologram of the reference object.
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Figure (5.1-4): Correlation output (0.4 cm x 0.4 cm) when the target object
is matched with the reference object.
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Figure (5.1-6): Correlation output (0.4 cm x 0.4 cm) when the target object in fig.(5.1-5)
is scanned. (no correlation peak observed)
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Figure (5.1-7): 3-D target object with the same 2-D patterns but with different depth
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Figure (5.1-8): Correlation output (0.4 cm x 0.4 cm) when the target object in fig.(5.1-7)
is scanned. (no correlation peak observed)
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5.2 Experimental results of 3-D location extraction using phase-only holograms

and Wigner distribution

A digital signal analysis technique of figure (5.2-1) is proposed to extract 3-D location
of the matched object using holographic information and Wigner distribution. First, the
complex hologram of areference object, R(z,y; 2), and that of atarget object, T'(z,y; 2), are
extracted using an optica heterodyne scanning system and the phase-only hologram in the
frequency domain is calculated on a digital computer. The correlation between the phase-
only hologram of the reference object and that of the target object is achieved digitally.

Thisis given by

c(z,y) = F exp| — jarg(F{Hg})] expljarg(F{Hr})]} (5.2-1)
= F Yexp|— j( arg(F{Hg}) — arg(F{Hr}) )]}

where Hr=[Lexp[j2(a? + *)] © R(z,y; 2)dz and Hp=[3Lexp[j2(a® + )] © T(z,y; 2)dz
respectively represent the complex hologram of the reference object, and that of the target
object.

When the 3-D target object is the same as the 3-D reference object but shifted by Ax,
Ayand Az, i.e,T(z,y;2) = R(x — Az,y — Ay; z — Az), the hologram of the target

object in frequency domain is given by

Az

F{Hr} = |F{Hg}|exp [j{arg(f{HR}) + (Azxk, + Ayk,) — % (K2 +E2) }} (5.2-2)

Note that the argument of the hologram of the target object in frequency domain,
arg(F{Hr})={arg(F{Hg}) + (Azk, + Ayk,) — QATZO (k2 + k;) }, is composed of three
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terms. The first term isidentical to the phase term of the hologram of the reference object.
The second term is the linear phase shift caused by the transverse location shift of the
target object about the location of the reference object. Finally, the third term is the fringe
term caused by the shift along the depth direction, in which the shifted location along the
depth direction, Az, iscontained in adope of local frequency aong the space. Thus, when
the three dimensional image of the reference object and that of the shifted target object are
matched with each other, the correlation of phase holograms gives a Fresnel zone pattern.

Thisis given by

c(z,y) = F Hexp[ — jlarg(F{Hg}) — arg(F{Hr}))]} (52-3)

= e = ara(F () — {ara(F (Ha) + A+ M) - (2 + )} )]}

_ fl{exp {j((Amkx + Agk,) 3: (k2 + ki))} }

_ ke ko o 2 B 2
= ozeap| i (@ — A2+~ By

Note that the phase of the hologram has the 3-D information of an object.
Additionally, the phase term of the hologram of the reference object is matched with the
first phase term of the phase only hologram of the target object. These cancels each other
when the 3-D aspect of the target object is matched with that of the reference object.
Thus, the correlation between the phase-only hologram of the reference object and that of
the target object gives a Fresnel zone type function only when the 3-D image of the target
object is matched with that of the reference object, which has shifted location along Az,

Ayand Az. Moreover, the information about the 3-D shifted location of the pattern-
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matched object is contained in the output correlation as a form of fringe pattern that is the
space-frequency characteristic (fringe pattern) of the space signal (the image).

The Wigner distribution is a signa transformation that is convenient for such a space-
frequency (or time-frequency) analysis because the Wigner distribution yields the space
(time) variation of the frequency components of a signal. Because the local frequency of
the chirp signa is a monotonically increasing function along the space, the Wigner
distribution of the chirp signal, f(t) = exp(jat?/2) gives the line impulse on the space-
frequency domain with the slope of the instantaneous frequency on the space-frequency

plane. Thisis given by

W;(t,w) = 2m6(w — at) (5.2-4)

The correlation of the phase only hologram for the 3-D image-matched object is atwo
dimensional chirp signal given by Eq. (5.2-3). Thus, the absolute value of continuous

Wigner distribution of the correlation about y for any given x value, z = z’, isgiven by

Wl = | - g (2 )2 (k- w-dw) (529

Note that the absolute value of the Wigner distribution of the correlation of phase only
holograms is the desired line impulse on the space-frequency plane. This line impulse

intersects with the y — axis, and the intersection point is Ay, which is the shifted location
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of the 3-D target object along the y-axis. When the 3-D target object is not matched with
the 3-D image of the reference object, one can not observe the line impulse in the Wigner
distribution. Furthermore, the dope of the line impulse is inversely proportional to the
shifted location aong the = — axis, that is -k,/2Az. Therefore, if the wave length X is
known ( k, = 2m/)), the shifted location is known by directly measuring the sope of the
line.

In the same manner, the shift dong the x — axis can be obtained by the Wigner
distribution of the = — axis. This implies that the complete location of the 3-D shifted
target object can be directly calculated from the correlation between the phase-only
hologram of the reference object and that of the target object. Further it suggests that the
Wigner analysis of correlation reveals the 3-D location of the matched 3-D target object.

An experimental set up of optical scanning holography is shown in fig.(5.2-2).
[llumination is provided by a He-Ne Laser, operating at A = 0.6328um. The two acousto-
optic frequency shifters provide frequency up-shifting of the laser beams at Q, /27 =
40.01 M Hz, and /27 = 40 M H z. The collimated beams are D ~ 15mm each. The
sinusoidal signals for acousto-optic frequency shifters are generated by the frequency
generator which aso provides the difference of the frequencies, (2, — Q,)/2m, for
electronic mixing. Therefore, the heterodyne frequency of the current from the photo-
detector is given by the difference of frequencies of each light beam, 10 K H z.

In the recording stage of the hologram of a reference object, again the two masks are
of the forms as follows: m;(z,y) = 6(z,y) and my(z,y)=1. A lens with foca length
f = 400mm, is used to focus the collimated beam emerging from beam collimator BE1 to
about the size of A\f/D ~ 17 um to act as a point source (note that the size of the point
source determines the lateral resolution of the scanning system), and the collimated beam
emerging from BE2 acts as a plane wave as my(z,y)=1. Beam splitter BS2 is used to
combine the two beams to act as a scanning beam of the system to scan the 3-D reference

object that is located 26cm away from scanning mirrors. The 3-D reference object
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consists of two trangparencies, as shown in fig.(5.1-2). The transparencies of a triangle
and arectangle are located side by side, but separated by a depth distance of about 15 cm,
with the triangle located closer to the 2-D scanning mirrors. Both the triangle and the
rectangle are approximately 0.5 cm by 0.5 ¢m, and have a line width of about 100 pm.
They are transmissive on an opague background. The output current from the photo-
detector is demodulated through the mixers based on the reference signal from the
frequency generator. These two demodulated outputs pass through two low-pass filters,
and are converted to digital signals. These signals are then stored in the computer. Figs.
(5.2-3a,b) shows the cosine- and sine- holograms of the reference object, from which a
complex hologram is first calculated and the phase-only holographic information in
frequency domain are then extracted according to Eqg. (4.2-5). The holograms are 800 x
800 sampled images with 256 gray levels.

In our first experiment, for matching the target object that has the corresponding 3-D
image of the reference object but with shifted location, we place a target object with the
following specifications: T'(z,y; z) = R(x — Az, y — Ay; z — Az) with Az = 0mm,
Ay = 25mm, and Az = 250mm. In other words, the 3-D target object is identical to
the 3-D reference object, but otherwise displaced away from the original 3-D reference
object's location. The target object is scanned by the optical heterodyne scanning system.
Fig. (5.2-4a,b) shows holograms of the target object. In the computer, the phase-only
holographic information of the reference and target object are extracted and finadly the
correlation between them is calculated. Fig. (5.2-5) shows the Wigner distribution of the

correlation along the y — direction. The intersection between the line impulse, | L (4)*

5(k, — 2 (y — Ay))|, and the y-axis gives Ay, i.e,, the y-location of the 3-D target object.

The dope of the line impulse gives Az, i.e., the z location of the 3-D target object as
expected. The z-location, Az, can be extracted with the same process along the

z — direction.
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In our second experiment, we choose the target object that consists of two slices
and that are identical with dlices of the 3-D reference object, but located at different depth
locations. The difference of depth location is how 5cm within the 3-D volume of the
object as shown in fig.(5.1-5). Again, this target object is located at the same location as
the reference object 26 cm away from the scanning mirrors in the experiment. Figs. (5.2-
6a) and (5.2-6b) show the cosine- and sine- holograms of the target object, respectively.
Fig.(5.2-7) shows the Wigner distribution of correlation output between the phase-only
holographic information of the reference object and that of the target object as shown in
Fig. (5.1-5). We cannot observe the line delta in this Wigner distribution because the 3-D
pattern of the target object shown in Fig.(5.1-5) is not matched with the reference object.

In the third experiment, we choose the target object as shown in Fig.(5.1-7), in which
the depth location of the 2-D patterns are the same as the reference object. The 2-D
patterns are different than the reference object but the target object is located at the same
location as the reference object, 26 cm away from the scanning mirrors. The cosine- and
the sine- holograms of target objects are respectively shown in Fig. (5.2-8a) and Fig. (5.2-
8b). The Wigner distribution of the correlation output of this target object is shown in Fig.
(5.2-9). In this Wigner distribution, we again do not observe the line delta because the 3-D

pattern of the target object is not matched with the reference object.
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Figure (5.2-1): 3-D image matching using phase-only holographic information of the
target and the reference objects and Wigner distribution.
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Figure (5.2-2): Optical scanning holography system.
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BE1,2: beam expanders, — <: electronic differentiator, ® electronic multipliers; LPF:
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Figure (5.2-3a): Cosine- hologram of the reference object.
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Figure (5.2-3b): Sine- hologram of the reference object.
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Figure (5.2-4a): Cosine- hologram of 3-D target object with different depth location
but otherwise the target object is the same as the 3-D reference object.
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Figure (5.2-4b): Sine- hologram of a 3-D target object with different depth location
but otherwise the target object is the same as the 3-D reference object.
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Figure (5.2-5): Wigner distribution of the correlation output when the 3-D target
object and the 3-D reference object are displaced along the depth (z-direction) and along
the y — axis, but otherwise the object and the reference is identical.
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Figure (5.2-6a): Cosine-hologram of the longitudinally mismatched target object.
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Figure (5.2-6b): Sine-hologram of the longitudinally mismatched target object.
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Figure (5.2-7): Wigner distribution of the correlation output when the 3-D target
object that is composed of two dices that are identical with the reference object but
located at different depths.
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Figure (5.2-8a): Cosine-hologram of the transversely mismatched target object.
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Figure (5.2-8b): Sine-hologram of the transversely mismatched target object.
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Figure (5.2-9): Wigner distribution of the correlation output when the 3-D target
object that is composed of two dlices whose depth locations are the same with the
reference object but the 2-D patterns are different with the reference object.
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Chapter 6: Conclusion

We have presented an optical technique that performs the matching of 3-D images and
extracting the 3-D location of the pattern-matched object. 3-D matching and 3-D location
extraction endows robust visual capabilities to the pattern recognition system and many
applications in 3-D space. The optical system based on the two pupil heterodyne scanning
system basically performs the 2-D correlation of the hologram of a 3-D reference object
and that of a 3-D target object. It is important to point out that the 2-D correlation of the
holograms can match the 3-D aspect of the 3-D objects because the hologram has depth
information about the 3-D object as a form of 2-D fringe pattern, as well as transverse
information about the 3-D object. A strong correlation peak results if the two holographic
data match. However, the correlation output does not give a strong correlation peak when
the location of the 3-D target is shifted along the depth direction because the holographic
correlation is basically a 2-D correlation process. Two 3-D location extraction techniques
were proposed. One proposed technique is that the defocused correlation would first be
presented as a complex transparency and illuminated by laser. A z-trandated CCD camera
would detect the diffraction pattern and give the 3-D coordinates of the shifted
correlation. The other technique is to use the Wigner distribution. The Wigner distribution
isasignal transformation that yields the spatia frequency contents of a signal at different
gpatia instants; thus the location that is contained in the fringe pattern is extracted by the
Wigner distribution. The proposed optical 3-D matching technique and the analysis
techniques for extraction of the location of the matched 3-D object are promising for using
holographic information about objects in the field of 3-D pattern recognition and target
tracking in 3-D space. Holographic information about a 3-D object is extracted and
processed just by 2-D active scanning and the location, contained as a form of fringe

pattern, is extracted directly from the correlation pattern using Wigner distribution.
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6.1 Summary of original contributions

1. Proposed, for the first time, to utilize the holographic information of objects in the

area of 3-D optical pattern recognition.

2. Proposed 3-D optical image matching based on a two-pupil heterodyne scanning
system, which extracts the holographic information of a target object, and correlates it

with the holographic information of areference object.
3. Proposed a digital signal processing technique to extract the 3-D location of the 3-D
image matched object using the phase-only holographic information of the holograms and

Wigner distribution.

4. Experimentally verified the principles of the proposed 3-D optical image matching

system.

5. Experimentally verified the principles of the proposed 3-D location extraction

technique based on the Wigner distribution.

6. Proposed a real-only hologram mask to improve the feasibility of the proposed

system's implementation.

7. Proposed a phase-only hologram mask to improve the robustness of the proposed

optical system.
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6.2 Futureresearch

Conventional imaging systems are dependent on the viewpoint of an observer. This
makes the image matching systems vulnerable to the change of viewpoint. Especialy for
the object's rotation, conventional matching systems fail. Thus, matching systems are
usually used at the feature extraction stage rather than the recognition stage directly.
There are a lot of brilliant techniques that endow rotation invariance to 2-D image
matching system. The maor approaches are divided into two categories. One is the
harmonic decomposition technique and the other is the synthesis discriminant function
technique [41]. For the future study, we can apply the aforementioned approaches to the
proposed 3-D optical image matching technique devel oped in the dissertation.

Besides that, we propose a new geometry of the optical scanning holography that is
inherently rotation invariant, as a future study. Figure (6.2-1) shows the new geometry of
the optical scanning holography that is defined in the cylindrical coordinates. The scanning
beam scans an object adong the perimeter of the cylinder, i.e., scanning of the object is
performed about ¢ and z. The hologram with this geometry has the whole 360° parallax of
the object. Thus, this makes the direct matching of the holograms inherently rotation-
invariant. In addition to the rotation-invariant image matching, this proposed geometry has
agreat potentia in 3-D image display. This gives the 360°-viewing angle to a viewer with
a proper reconstruction geometry.

As the basic principles of 3-D image matching presented in this research opens a door
of a new area, "Optical 3-D image matching using holographic information”, the 360°-
geometry of the optical scanning holography will bring it to another level of 3-D image

matching.
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Figure (6.2-1): Proposed geometry for 360° optical scanning holography.
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