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This paper presents a phase-only modulation scheme for a three-dimensional (3-D) image match-
ing system to improve optical efficiency of the system. The 3-D image matching system is based
on the two mask heterodyne scanning. A hologram of the 3-D reference object is first created and
then the phase of the hologram is extracted. The phase of the hologram is represented as one mask
with the other mask being a plane wave. The superposition of each beam modulated by the two
masks 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 correlation of the phase-only hologram
of the reference object and the complex hologram of the target object. Since a hologram contains
3-D information of an object as a form of fringe pattern, the correlation of holograms matches whole
3-D aspect of the objects. Computer simulations are performed with additive gaussian noise and
without noise for the complex hologram modulation scheme and the phase-only hologram modu-
lation scheme. The computer simulation results show that the phase-only hologram modulation
scheme improves the optical efficiency. Thus the system with the phase-only hologram modulation

scheme is more robust than the system with the complex hologram modulation scheme.
OCIS codes : 070.4550, 070.5010, 090.0090, 100.5090, 100.6890.

I. INTRODUCTION

The main objective of this paper is to investigate a
three dimensional (3-D) holographic correlation tech-
nique with a phase-only mask. 3-D correlation has
been one of the most challenging problems in the pat-
tern recognition area, largely due to attempts to en-
dow pattern recognition systems with robust visual
capabilities and a variety of applications [1]. The real
spatial world is 3-D. Thus 3-D information of objects
can give a pattern recognition system more robust vi-
sual capabilities. 3-D correlation is a formidable task,
mainly due to visual systems that are restricted to
the sensing and processing of information that can
be displayed as 2-D projections [1]. For a higher or-
der correlation operation, trans-dimensional mapping
and matching the dimension-reduced signals has been
proposed [2]. Especially for 3-D correlation, 3-D to
2-D planar encoding and matching was proposed [3].
However, these two proposed techniques are restricted
to 3-D correlation of the given 3-D information of ob-
jects, and require a lot of 2-D sampling images for
high resolution performance. In 3-D image recogni-
tion, the extraction of 3-D information about objects
is another critical issue because conventional imaging
systems are restricted to two dimensions. An inter-
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esting 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 in-
formation is processed by 2-D optical Fourier trans-
formations. However, this proposed technique also re-
quires many 2-D images and a 3-D discrete Fourier
transformation [4].

Most recently, the use of holographic information
to represent 3-D objects for optical 3-D object recog-
nition was proposed and studied [5-9]. It has been
shown that, by using optical scanning holography, one
can achieve optical recognition of 3-D objects by 2-D
correlation between the holograms of the 3-D reference
object and 3-D target objects. 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. In the proposed
technique, a hologram of the 3-D reference object is
first created and then represented as one mask with
the other mask being a plane wave. The superposition
of each beam modulated by the two masks 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
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the hologram of the reference object and that of the
target object. When the 3-D image of the target ob-
ject is matched with that of the reference object, the
output of the system generates a strong correlation
peak. In the proposed technique the scanning beam is
modulated spatially by the complex hologram. This
modulation scheme suffers from a low power corre-
lation signal. Because the complex hologram blocks
most light by amplitude, the intensity of the mod-
ulated 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 a real situation. Thus, increasing the power of the
correlation signal with a given power of the laser is
necessary to improve the robustness of the system.
In this paper, we propose a phase-only mask as a
modulation scheme to improve the robustness of the
system. The phase-only matched filtering technique
was proposed to increase the optical efficiency of the
conventional 2-D optical correlators [10,11]. The idea
of the phase-only matched filtering technique origi-
nated from the fact that the phase information of
the image in the frequency domain plays an impor-
tant role in preserving the visual intelligibility of the
image, compared to the intensity information of the
image in the frequency domain [12]. 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.
In section 2, we review the 3-D holographic corre-
lation technique and shows the 3-D matching capa-
bilities of the proposed technique. In section 3, we
propose the phase-only modulation scheme to improve
optical efficiency of the 3-D holographic correlation
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FIG. 1. Optical scanning holography system (BS, BS1,
BS2: beam splitters, M,M1: mirrors, mi,mo: masks,
AOQFTS: acousto-optic frequency shifter; BPFQQ: bandp
ass filter tuned at frequency §2; LPF: low pass filter).

technique. The section 4 presents the computer simu-
lation results that compare the discrimination abil-
ity and the optical efficiency between the complex
hologram modulation scheme and phase-only modu-
lation scheme. The computer simulations are per-
formed with additional gaussian noise and without
noise. The computer simulation results show the ro-
bustness of the proposed modulation scheme against
the additional gaussian noise.

II. THREE-DIMENSIONAL HOLOGRAPHIC
CORRELATION

A rigorous mathematical analysis of the three-
dimensional holographic correlation technique based
on the spatial-frequency domain analysis has already
been described [5]. Thus in this section, we present
a brief and intuitive description of the system. Fig.
1 shows the optical heterodyne scanning system. In
Fig. 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 ms respectively, and are combined
by a beam splitter, BS1. The intensity pattern of the
combined beam, I;(x,y; z) at a distance z away from
the masks is given by

I (z,y; z) = Imi.(z, y) exp[j(w, + Q)t]
+ma (@, y) exp(jwot)| (1)

where m1,(z,y) and mg,(x,y) are respectively
diffracted patterns of masks mi(z,y) and mea(z,y),
that are given by

miz(@,y) = mi(z,y) Q) h(z, 4;2);i = 1,2, (2)

where h(z,y;z) is called the free space impulse re-
sponse, and is given by

jko _-ﬁ 2 2
o op iz +40)|, @)

h(z,y;2) =

with kg representing the wave number of the scanning
beam and ) denoting the 2-D convolution operation,
which is defined as:

91(z,y) ® g2(z,y)
- [ [0 )0t~ oy - iy @
When the 3-D intensity pattern of the combined

beam, I(z,y; z) scans on the I,(z,y; z) object ampli-
tude transparency, located z away from the masks as
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shown in Fig. 1, the total intensity passes through gz, y) © h(z,y)
I,(z,y;2) is given b
o(T,y;2) is g y // hiz + o,y +1)da'dy’. (6)

I(z,y) = // o'y 2)lo(z + 2,y +ys 2)da’dy’, ‘
The total intensity is collected and transformed to
= I(z,y; 2) @ IL(z,y; 2). (5) an electric signal by the photo-detector.. The current
output that is proportional to the total intensity con-
Note that the total intensity that passes through the sists of a DC term and heterodyne term with temporal

object intensity transparency is proportional to the frequency at €.
correlation between the scanning beam and the object The in-phase and the quadrature-phase components
amplitude transparency. The symbol () in Eq. (5), of the heterodyne term of the output current are ex-
denotes the 2-D correlation operation that is defined tracted by respectively multiplying it with sin(Qt),
as: cos(€2t) and low-pass filtering. These are given by
|
Re{my.(2',y"Ymi, (z',y)} (O Lo(,4:2), and Im{my.(¢',¢)m3,(«',¥)} (D Lo(2, 4 2), (7)

where Re{-} and I'm{-} represent the real part of and "
m bl y =
the imaginary part of the cross term of the scanning 122, Y)ma: (@, ) 2z 2z

. 2 2k
&exp [_J(:E +y%) 0]_

beam respectively. (10)
Note that the undesirable space-variant DC terms
have been eliminated due to the heterodyne photo de- One output of the system is the correlation between
tection. The two outputs respectively represent the the real part of the Fresnel zone pattern and the in-
correlation between the real part (?f: and the imagi- tensity distribution of the object, that corresponds to
nary part of the product of the diffraction patterns the cosine hologram of the object as in Eq. (8). The
of each. mask, and the f’bJeCt intensity. For a general other output of the system is the correlation between
3jD ?bJeFt that is dlStl’lb_Uted along z as well as z —y the imaginary part of the Fresnel zone pattern and the
distribution, Eq. (7) are integrated along the depth 2 intensity distribution of the object, that corresponds
due to the superposition. These are given by to the sine hologram of the object as in Eq. (9). Thus,
the outputs of the system are cosine and sine holo-
ir(z,y) = /Re{mlz(x,y)m;z(x, ) @Io(w,y; 2)}dz, grams of the reference object. These are given by
8 . ko ko,
(8) ir(T,y) = s [2z (z® + yz)} @R(z,y;z)dz,
ii(z,y) = /Im{mlz(w,y)mEz(z,y)@Io(:v,y;Z)}dz' (11)
9
) i(z,y) /——sm[ a:—i—y)]@Rmy,
(12)
1. Recording stage of the holographic information These output currents of the system are stored in a
of objects digital computer using an analog-to-digital converter.

In the digital computer, the complex hologram is

hieved by adding two hol i 1 -
Fig. 1 shows the optical system in the recording achleved by adding two nOIOBTAIIS 1l & COMPIEX At

stage of holographic information of an object. Here, ner:

we choose masks, ml(:v,y).z §(z,y) and m.,z(m,y) =1 Hr(z,y) = ir(z,y; 2) + jis(z,y; 2)

then scan a reference object, R(z,y;z) i.e., we let k "

I(z,y;2) = R(z,y;2). The diffracted pattern from = /j ° exp[ —J — (g%t y )]

the first mask, m; (z,y) = d(x, y) is the spherical wave, 2nz 2z

mi(e,y) = (jko/272) exp[—j{((z* + y?)ko)/22)}] () R(z,y; 2)dz, (13)
and the diffracted pattern from the second mask, ‘

ma(z,y) = 1, is the plane wave, mo,(z,y) = 1. Thus, Note that the complex hologram of an object has
3-D distribution of the scanning beam pattern is the the depth information of the object as a form of fringe

Fresnel zone pattern. That is given by - pattern.
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2. 3-D image matching stage

After the complex hologram of the object is
recorded as described in sub-section 2.1, 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)

o = { [ L2

now is placed z away from the masks of the scan-
ning system. Let mi(x,y) = Hg(z,y), and keep
ma(z,y) = 1 as in the holographic recording stage
and then the target object, T'(z,y;2) is scanned by
the system.

The diffracted pattern from the first mask,
mi(z,y) = Hg(z,y), is the reconstructed image of
the reference hologram. That is given by

[%fo(xz + y2)] O R(z,y; z)dz} Q) h(z,y; 2). (14)

The diffracted pattern from the second mask, ma(z,y) = 1, is the plane wave, mo,(z,y) = 1. Thus, 3-D
distribution of the scanning beam is the reconstructed image of the reference hologram. That is given by

-
s (o )m o) = { [ 3R exp | S

(% +9° ]@ny, dz}@h:ry, (15)

Note that the 3-D distribution of the scanning beam is the same as the actual intensity distribution of the

reference object.

According to Egs. (8) and (9), the output currents are given by

ir(z,y; 2)

= Re [mlz(x’ y)m;z(x7 Zl)] O T(:l?, Y z)’

= Re [Ha(z,9) @ H(z,4:2)] O T(@,;2),

= Re [{ ;7]:; exp [
{ ;’i: |52
O/
= Re [HR (z,9) @HT(-’E,Z/)]

= Re

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

Eq. (16) demonstrates that the system can perform
correlation of two holographic information, and hence
3-D image matching is possible.

II1. PHASE-ONLY HOLOGRAM
MODULATION SCHEME

The proposed 3-D holographic correlation technique
in section 2 suffers from a low power correlation sig-
nal. Because the complex hologram blocks 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 sig-
nal is small, compared to the noise level of the system,

%f"(xz + yz)] @R(w, v; z)dz} ® h(z,y; Z)] @T(x,y; 2)
(% + 12 ]@R T, y; 2 }
[—zjjo (o2 + yQ)] GT((E, s z)dz}] ,

(16)

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 a real situation. Thus,
increasing the power of the correlation signal with a
given power of the laser is necessary to improve the
robustness of the system.

1. Optical efficiency

Optical efficiency is a critical issue for the 3-D holo-
graphic 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 [9,10]:
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[ [1f(z,y) @ g*(z,y)) dedy 17 preserving the visual intelligibility of the image, com-

J S £, y)|? dwdy ' (7 pared to the intensity information of the image in the
frequency domain [12]. In addition, a phase-only fil-
ter 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.

NH =1MMm

where f(z,y) is any input function, g{z,y) is a refer-
ence function, and 7y, is the medium’s efficiency.

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

Because the 3-D holographic image matching sys-
tem uses the complex hologram of the reference object

2. Phase-only hologram

as one mask, most of the light is blocked by the ampli- This sub-section introduces the phase-only holo-
tude of the hologram. Thus, the optical efficiency of gram, in which the 3-D information of a 3-D object
the 3-D holographic matching system is insufficient. is preserved because both the depth information and
The phase-only matched filtering technique was pro- the transverse information of a 3-D object are con-
posed to increase the optical efficiency of the con- tained in the phase term of a hologram.
ventional 2-D optical correlators [10,11]. The idea of The complex hologram of the reference object in the
the phase-only matched filtering technique originated frequency domain is achieved by the Fourier transfor-
from the fact that the phase information of the image mation of the complex hologram which is achieved in
in the frequency domain plays an important role in the recording stage:

Fitin(o ) = F{ [ 532 o0 | 226 48] O Rz
= / [F* {j2lj:z exp [ ;ko (z® +y )]} X F{R(m,y;z)}] dz

- / |:exp{ T+ kQ)}F{R(x,y; z)}] dz, | (18)
| | |

where F{-} denotes the Fourier transform op- The phase, ®(k;.ky; z) is far more significant than
eration and is defined as F{u(w,y)}kmku L= its intensity, A(kz.ky;2). In general, the phase infor-
[ [u(z,y) exp(jksz + jkyy)dzdy = U(ky, ky) with kg mation contains the locations of objects in them [12].
and k, denoting the spatial frequencies, and with the In particular, the information of the shifted location
upper case function U denoting the transform of the of an object is contained only in the phase by adding
lower case function u. a linear phase term.
Note that the Fourier transformation of an image .

is in general complex with F{R(z,y; 2)} being repre- Thus, the hologram in frequency domain is ex-
sented as: pressed using the amplitude and phase parts of images

with additional phase terms of the free space impulse
F{R(z,y; 2)} = A(ks, ky; 2) exp(§ ®(kz.ky; 2)). (19) response function, that is given by:

P{HR()} = [ [Alherkyi2) oxp(i(i ki) exp {2 4 1) | (20
- / [A(kz,ky;z) exp { j [fb(kz.ky;z) + 2—’%(192 + kg)] H dz.
|

Note that the depth information of a 3-D object is the 3-D object.
contained in the phase of the hologram. Thus, the We define a phase-only hologram in the frequency
phase of the hologram in the frequency domain has domain to be
both depth information and transverse information of
F{Hr(z,y)}e = exp[jarg(F{Hr})], (21)
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FIG. 2. Phase-only masks that is located at the back
focal point of the lens Ly.

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 ver-
sion of the image. In it, lines, edges and other nar-
row events are emphasized without modifying their
position [12]. Especially in the hologram, the holo-
graphic information is contained in the high frequen-
cies of phase as a form of chirp type signal, as shown in
Eq.(20). Thus, in the phase-only hologram, the whole
3-D lines, edges and other narrow events are empha-
sized, and the matching accentuated narrow events
will give better discrimination ability.

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

In the phase-only 3-D holographic image match-
ing system, the phase-only hologram of the reference
object in the frequency domain is place at the Fre-
quency plane, instead of the complex hologram. This
increases the optical efficiency and sensitivity of the
system.

This section discusses the correlation between the
phase-only hologram of the reference object and the
complex hologram of the target object with high op-
tical efficiency. We introduce a Fourier transform lens

ir(2,9; 2)

Ly with focal length f and a phase-only mask m,; in
the Frequency domain, that are shown in the Fig. 2.
The lens and the phase-only mask shown in the Fig.
2 is located at the place of the dotted box in the Fig.
1 instead of mask m;. We set the makes, ms = 1
and the phase-only mask, my equals the phase-only
hologram in the Frequency domain, that is given by

mp(x,y) = expljarg(F{Hr})k,=koz/fky=kou/f (22)

Note that the spatial distribution of light at the lo-
cation of mask m; equals the inverse Fourier transform
of phase-only hologram of the reference object in the
frequency domain, that is given by

ma(z,y) = F~ {expljarg(F{Hr}]}- (23)

Note that spatial distribution of light is modulated
by masks that are composed only of phase. 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.

The diffracted pattern from the spatial distribu-
tion of light at the location of mask my(z,y) =
F~Y{exp[jarg(F{HRg})]} is the reconstructed image
of the phase-only hologram. That is given by

mas(z,y) = {F~{exp[jarg(F{Hr})]} Q) h(z, y; 2).
(24)

The diffracted pattern from the second mask,
ma(z,y) = 1, is the plane wave, mg,(z,y) = 1. Thus,
3-D distribution of the scanning beam is the recon-
structed image of the phase-only hologram. That is
given by

{F~*{expljarg(F{HR})]}

Q) iz, y; 2). (25)
Note that the 3-D distribution of the scanning beam

is the high frequency emphasized version of the refer-

ence object. According to Eq. (8), the output current
are given by

mlz(f’ y)mgz (.’L‘, y) =

= Re[mlz(ma y)mgz(xa y)] @T(ZE, Y z)’

= Rel{F~"{exp[jarg(S{Hr}NI} (O Hr(z,)]
= Re[Hpp () Hr(z,y)], (26)

where Hpg(z,y) =

F~Yexp[jarg(F{Hg})|} and Hr(z,y) =

[ h(z,y;2) O T(z, y; z)dz.
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FIG. 3. 3-D reference object R, with L, = L, = 1 cm,
Az =1 cm.

(b)

FIG. 4. (a) Cosine-FZP hologram of 3-D reference ob-
ject. (the scanned area is 1 cmx1 cm) (b) Sine-FZP holo-
gram of 3-D reference object. (the scanned area is 1 cmx1
cm)

The i.(z,y) given in Eq. (26) is the display of a
2-D pattern which basically represents the correlation
between the phase-only hologram of the reference ob-
ject and the complex hologram of the target object. It
is shown that the correlation between the phase-only
reference image and the target image gives the sharp
correlation peak compared to the conventional corre-

lation, with high robustness [10]. 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 mask provides 100 % optical
efficiency. It is obvious that this gives the strong signal
compared to the complex hologram case. 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 [10]. Besides
of this factor, section 4 considers the ‘robustness of the
proposed system against noise that is in the original
input image, by means of computer simulations.

IV. COMPUTER SIMULATIONS

For matched cases and mis-matched cases, 3-D im-
age 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 scan-
ning 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=1/0 [9]. Additive Gaussian noise
is generated by a random number subroutine in the
computer. Fig. 3 shows a 1 cmmx1 cmx3 cm 3-D
reference object, R, consisting of a “triangle” and a
“circle,” separated by 3 cm along the depth of the ob-
ject. Figs. 4(a) and (b) plot the cosine-FZP hologram
and the sine-FZP hologram of the reference object, R,
as calculated by Egs. (11) and (12), with 2=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 0.6 um for h. The scanned area of the hologram is
1 cmx1 cm. Physically, these holograms would corre-
spond 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 mi(z,y) = 1 and
ma(z,y) = 6(z,y) for holographic recording, as de-
scribed in the section (2.1).

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(a) and (b). 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 im-
age 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.
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TABLE 1. Matching results for noise-free inputs (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. ng (%) is the Horner efficiency)

Noiseless Case

Modulation scheme Target objet Peak height A{%) nu (%)

Complex Hologram Mached Obj. (Fig.3) 1 5.91

Complex Hologram Longitudinally Mis-matched Obj. (Fig.6) 0.0152 98 3.05
Phase-Only Hologram Transversely Mis-matched Obj. (Fig.7) 0.7088 29 5.96
Phase-Only Hologram Matched Obj. (Fig.3) 223 100
Phase-Only Hologram Longitudinally Mis-matched Obj. (Fig.6) 20.87 91 100
Phase-Only Hologram Transversely Mis-matched Obj. (FigT7) 164.45 26 100

TABLE 2. Matching results for inputs with additive noise (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. ng (%) is the Horner efficiency)

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

Modulation scheme Target objet Peak height A(%) N (%)

Complex Hologram Mached Obj. (Fig.3) 1.2825 1.72

Complex Hologram Longitudinally Mis-matched Obj. (Fig.6) 0.0283 98 1.94
Phase-Only Hologram Transversely Mis-matched Obj. (Fig.7) 0.9363 27 1.72
Phase-Only Hologram Matched Obj. (Fig.3) 226.29 100
Phase-Only Hologram Longitudinally Mis-matched Obj. (Fig.6) 22.22 90 100
Phase-Only Hologram Transversely Mis-matched Obj. (Fig.7) 171.59 24 100

Thus, the system gives out the strong correlation peak
according to Eq. (16). The intensity pattern of the
system output, |45 + ji.|2 shown in Fig. 5. The peak
height and optical efficiency are calculated according
to Eqgs. (16) and (17) respectively, and shown in Table
I

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 ref-
erence object, but located at different depths as shown

024.-

Nemnalized intensity

o1

o}

x-axis{cm) y-axis(cm)

FIG. 5. Correlation output (0.4 cmx0.4 cm) when the
target object is matched _with the reference object.

in Fig. 6, is chosen. The peak height and optical effi-
ciency are calculated according to Eqgs. (16) and (17)
respectively, and shown in Table II. The peak height
of the longitudinally mis-matched case is lower than
that of the matched case because the fringe pattern of
the hologram of the target object is not matched with
that of the reference object. In order to have a strong
correlation peak, the 3-D object have to be matched
precisely throughout the whole 3-D volume.

Third, for the test of the transversely mis-matched
case without noise, the target object whose 2-D slides
are slightly different from those of the reference ob-
ject, but located at the same depth as the reference
object. The peak height and optical efficiency are cal-
culated according to Egs. (16) and (17) respectively,
and shown in Table I. The peak height of the trans-

=

Ly

l

k— Az —e— Az —tk— Az —+

FIG. 6. 3-D target object T'.



Three-dimensional Phase-only Holographic Correlation — Taegeun Kim 107

T

Ly,

l

RN

Lx

\‘L—

Az i« Az Ie Az —H

FIG. 7. 3-D target object 1.

(b)

FIG. 8. (a) The first slide that composes the target
object with Gaussian noise having standard deviation,
¢=0.25. (b) The second slide that composes the tar-
get object with Gaussian noise having standard deviation,
o=0.25.

object is shown in Fig. 7. In order to compare discrim-
ination ability between proposed two different modu-
lation schemes, we choose the slides whose spatial dis-
tribution is slightly different from that of the reference

(b)

FIG. 9. (a) The first slide that composes the target
object with Gaussian noise having standard deviation,
0=0.25. (b): The second slide that composes the tar-
get object with Gaussian noise having standard deviation,
0=0.25.

versely mis-matched case is also lower that of matched
case because the 2-I) pattern of the target object is not
matched with the that of the reference object.

Fourth, for the test of the matched case in the pres-
ence of noise, the intensity of Gaussian noise with
standard deviation, 0=0.25 is added to the same tar-
get object that is used in the first case. Images of
each slide with noise are shown in Figs. 8(a) and (b).
The peak height and optical efficiency are calculated
according to Eqs. (16) and (17) respectively, and are
shown in table (2).

Fifth, for the longitudinally mis-matched case in the
presence of noise, the intensity of Gaussian noise with
standard deviation,c=0.25 is added to the same tar-
get object that is used in the is added to the same
target object that is used in the second case as shown
in Fig. 6. The peak height and optical efficiency are
calculated according to Eqgs. (16) and (17) respec-
tively, and are shown in Table IIL.
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FIG. 10. Phase-only hologram of the 3-D reference ob-
ject shown in Fig. 3.

Sixth, for the transversely mis-matched case in the
presence of noise, the intensity of Gaussian noise with
standard deviationo,=0.25 is added to the same tar-
get object that is used in the third case as shown in
Fig. 7. Images of each slide with noise are shown in
Figs. 9(a) and (b). The peak height and optical effi-
ciency are calculated according to Egs. (16) and (17)
respectively, and are shown in Table II.

For the test of the system which uses the phase-
only hologram as a mask, the same tests in the com-
plex hologram case are repeated. In these tests, the
phase-only hologram of the reference object is used to
modulate spatial distribution of the scanning beam.
Fig. 10 represents the phase-only hologram in the
Frequency domain as a gray level -black denotes zero
radian and white denote 2 7 radian. Fig. 11 shows
respectively the intensity outputs of the system for
the matched case in the absence of noise. The same
tests of the system are performed in the presence of
noise. For each tests with phase-only hologram mod-
ulation scheme, the peak-heights and optical efficien-
cies are calculated according to Egs. (16) and (17)
respectively. Tables I and IT show the peak heights of
system outputs and optical efficiencies for both spa-
tial modulation schemes in the absence of noise and
in the presence of noise respectively. In the Tables
I and II, we can see that there is very little differ-
ence between the proposed two 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

[=] Q o (=]
Mo @@ =
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FIG. 11. Correlation output (0.4 cmx0.4 cm) when the
target object is matched with the reference object using
phase-only hologram as a mask.

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 does not block any light, we get a strong
signal compared to the complex hologram modulation
scheme. As a conclusion, we can deduce that the 3-D
image matching system is very robust about additive
noise in the input image regardless of the modula-
tion schemes. The 3-D image matching system with a
phase-only hologram is more robust than the complex
hologram modulation scheme about system noise that
is attributed to the detector and the optical compo-
nents of the system itself.

V. CONCLUSION

‘We have presented a phase-only modulation scheme
to improve the optical efficiency of the 3-D holographic
correlation technique. 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 modulation scheme with the
phase-only hologram gives correlation results between
the phase-only hologram of the reference object and
the complex hologram of the target object. Since the
phase-only hologram contains the emphasized version
of whole 3-D lines, edges and other narrow events
as well as depth information of the object, the cor-
relation between the phase-only hologram and the
complex hologram of the objects gives 3-D matching
of the objects. We performed computer simulations
with additional noise and without noise. Computer
simulation results show that the system with a phase-
only modulation scheme is robust about system noise.
Because the phase-only hologram has 100 % optical
efficiency, in other words, it does not block any light,
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we get a strong signal compared to the complex holo-
gram modulation scheme.

*Corresponding author : takim@sejong.ac.kr.
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