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Abstract. We propose an algorithm that can extract the depth location
of a target from its complex hologram directly in optical remote sensing
applications. The target is located in a 3-D space and its complex holo-
gram is obtained by optical scanning holography. Once the target’s depth
has been extracted, we can recover the image of the target from its
hologram. © 2002 Society of Photo-Optical Instrumentation Engineers.
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1 Introduction

Optical correlation techniques have a long-standing hist
and have been shown to be very useful for two-dimensio
~2-D! pattern recognition and target tracking in 2-
applications.1,2 Optical 2-D correlation matches the imag
of a target object and that of a reference object and g
the 2-D location of the matched object3–5 and, therefore, it
is restricted to pattern recognition and target tracking
2-D space. There are increasing interests in image reco
tion and target tracking in three-dimensional~3-D! space
because the actual world is 3-D and a target is locate
the actual 3-D space.6–8 Recently, the use of holographi
information was proposed to represent 3-D objects for
tical image recognition and target location in 3-D space.9–12

The location of a matched object is based on the 2-D c
relation of the holographic information of the 3-D targ
object and that of the 3-D reference object. The correlat
data is then analyzed by the Wigner distribution to extr
the depth location of the matched target. If the target ob
is not matched with the reference object, however, one c
not obtain the depth location of the target in three dim
sions.

In this paper, we investigate a technique that extracts
depth location of a target directly from its complex hol
gram ~or a single-sideband hologram!. Once the depth lo-
cation is extracted, we can reconstruct the target ima
This reconstructed 2-D image then can be recognized u
standard rotation- and distortion-invariant 2-D optical c
relation techniques,13–15 which gives the 2-D location o
the target. Thus, one can achieve rotation- and distort
invariant recognition as well as depth detection in 3
space.

We first acquire the complex hologram of the target
ing optical scanning holography. Optical scanning holog
phy is a real-time holographic recording technique in wh
Opt. Eng. 41(6) 1331–1338 (June 2002) 0091-3286/2002/$15.00
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the complex hologram of a 3-D object is obtained as
electrical signal by 2-D optical scanning of the 3-
object.16 Section 2 briefly reviews optical scanning holo
raphy and discusses ways in which the complex hologr
of a target can be generated by 2-D scanning of the tar
As it turns out, if we analyze the spectra of the compl
hologram, the target’s phase spectrum contains two pie
of information: depth information and the target’s pha
spectrum. The two spectra are blended together and
makes it difficult to extract the depth location of the targ
directly from the complex hologram. In Sec. 3, we propo
an algorithm that can extract the depth information direc
from the complex hologram. In a spectral domain, we w
first synthesize something called a real-only spectrum
logram. We then propose a filter to extract the depth lo
tion of the target from the real-only spectrum hologra
The filtered output is further analyzed by the Wigner dist
bution, which eventually gives the depth location of t
target on a space-frequency map. With the extracted de
information, we can then reconstruct the image of the tar
if desired. This reconstructed image can be further rec
nized by a rotation- and distortion-invariant optical corr
lation techniques. Section 4 provides computer simulati
of the ideas presented in Sec. 3. Finally in Sec. 5, we m
some concluding remarks.

2 Recording of a Complex Hologram Using
Optical Scanning Holography

A complex hologram of a 3-D target can be achieved us
optical heterodyne scanning.16–20A rigorous mathematica
analysis of the optical heterodyne scanning holographic
cording technique based on a spatial-frequency dom
analysis has already been described.18 In what follows, we
present only a brief and intuitive description of the tec
nique. Figure 1 shows the optical heterodyne scanning
1331© 2002 Society of Photo-Optical Instrumentation Engineers
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Fig. 1 Optical heterodyne scanning holographic system (M’s, mirrors; AOFS, acousto-optic frequency
shifter, BS1 and BS2, beamsplitters; BE1 and BE2, beam expanders; L, focusing lens; ^’s, electronic
multiplier; LPF, low-pass filter).
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tem used to record the complex hologram of a 3-D targ
In Fig. 1, the laser beam is split into two paths by bea
splitter BS1. The temporal frequency of the upper p
beam is shifted by an acousto-optic frequency shifter,
erating at frequencyV. This upper path beam is collimate
by a beam expander BE1. LensL provides a spherical wav
after beamsplitter BS2. This generates a tempo
frequency-shifted spherical wave of finite extent. Now, t
lower path beam is collimated by beam expander BE2. T
generates a plane wave of finite extent at beamsplitter B
The upper and lower path beams are then combined
beamsplitter BS2. The interference of the tempor
frequency-shifted spherical wave and the plane wave, b
of limited extent, creates a temporally modulated Fres
zone pattern. This Fresnel zone pattern is also limited
extent and is characterized by a numerical aperture~NA!
that is the inverse sine of the half-cone angle sustained
the pattern.19,20 The radius of the pattern at a distancez
from the focal point of the spherical wave isa(z)
5(NA)z. The Fresnel number of the pattern, that is t
number of Fresnel zones in the pattern, is given byF(z)
5a2(z)/lz, wherel is the wavelength of the light. Thus
the intensity of the scanning beam pattern that is the in
ference pattern between the temporal frequency shi
spherical wave and the plane wave of limited extent,
given by

I s~x,y,z,t !

5A0~x,y!U11
j

lz
expF2 j

p

lz
~x21y2!1 j Vt GU2

, ~1!

whereA0(x,y) is the size-limiting factor that is determine
by the numerical aperture of the interfering beams. Her
is represented by a Gaussian envelope with radiusa0 , i.e.,
neering, Vol. 41 No. 6, June 2002
.

A0(x,y)5exp@2(p/a0
2)(x21y2)#, andz is a depth paramete

measured away from the focal point of the spherical wa
This patternI s(x,y,z,t) now scans the targetI 0(x,y,z),

as shown in Fig. 1. The total intensity reflected from t
target is proportional to and given by

I ~x,y,t !5E E E I s~x8,y8,z,t !

3I 0~x1x8, y1y8, z! dx8 dy8dz

5E
z02~1/2!dz

z01~1/2!dz
I s~x,y,z,t !(I 0~x,y,z! dz, ~2!

wherez0 is the average distance between the target and
focal point of the spherical wave, anddz is the depth of the
target. Note that the total intensity that is reflected from
target is proportional to the correlation between the sc
ning beam and the target’s intensity. The symbol( in Eq.
~2! denotes the 2-D correlation operation that is defined

g~x,y!(h~x,y!5E E g* ~x8,y8!

3h~x1x8, y1y8! dx8 dy8. ~3!

The total intensity is then collected and transformed
an electric signal by an area-integrating photodetector.
current output from the photodetector consists of a dc te
and a heterodyne term with temporal frequency atV.

The in-phase and the quadrature-phase componen
the heterodyne term of the output current are extracted
respectively multiplying it with cos(Vt) and sin(Vt), and
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low-pass filtering. The two outputs respectively repres
the correlation between the sine and cosine Fresnel z
plate ~FZP! and the target’s intensity10:

i r~x,y!5E
z02~1/2!dz

z01~1/2!dz A0~x,y!

lz

3sinF p

lz
~x21y2!G(I 0~x,y,z! dz, ~4a!

i i~x,y!5E
z02~1/2!dz

z01~1/2!dz A0~x,y!

lz

3cosF p

lz
~x21y2!G(I 0~x,y,z!dz. ~4b!

These output currentsi r(x,y) and i i(x,y), when displayed
on a 2-D monitor, are called the sine FZP hologram and
cosine FZP hologram of the targetI 0 . Alternatively, these
output currents, as shown in Fig. 1, can be stored i
digital computer using an analog-to-digital converter. In t
digital computer, we can construct a complex hologra
Hc(x,y), by adding the two outputs in the following man
ner:

Hc~x,y!5 i r~x,y,z!2 j i i~x,y,z!

5E
z02~1/2!dz

z01~1/2!dz 2 jA0~x,y!

lz

3expF j
p

lz
~x21y2!G(I 0~x,y,z! dz

5E
z02~1/2!dz

z01~1/2!dz
I 0~x,y,z! ^ hz~x,y! dz, ~5!

wherehz(x,y)5@ jA0(x,y)#/(lz)exp@2j(p/lz)(x21y2)#, to
within a phase constant, is the free-space propagation
pulse response.21 The complex resulting hologram is
single-sideband hologram as it does not contain the tw
image information.17 The symbol^ in Eq. ~5! denotes the
2-D convolution operation defined as

g1~x,y! ^ g2~x,y!5E E g1~x8,y8!

3g2~x2x8, y2y8! dx8 dy8. ~6!

As is commonly the situation in optical remote sensin
the target is located farther than the Rayleigh range of
scanning beam and the depth of the target is smaller
the Rayleigh range, and hence the radius and the Fre
number of the scanning beam pattern are approxima
constant within the scanned volume of the target, i
a(z);a05(NA)z0 ; F(z);F5a0

2/lz0 . As a result, the
free-space impulse responsehz(x,y) is approximately con-
stant within the scanned volume of the target, i.
hz(x ,y) ; hz0

(x,y) 5 @ jA0(x ,y)# /(lz0)exp@2j(p/lz0)(x
2

1y2)#. Under these conditions the complex hologram of
target@see Eq.~5!# is approximated given by
e

-

n
l

Hc~x,y!5E
z02~1/2!dz

z01~1/2!dz
I 0~x,y,z! ^ hz~x,y! dz

;F E
z02~1/2!dz

z01~1/2!dz
I 0~x,y,z! dzG ^ hz0

~x,y!. ~7!

3 Real-Only Spectrum Hologram, Depth
Extraction, and Image Reconstruction

3.1 Real-Only Spectrum Hologram

In this subsection, we describe an algorithm that synt
sizes the so-called real-only spectrum hologram, as
cussed in the introduction.

According to the approximations made to obtain the
sults in Eq.~7!, the sine FZP hologram and the cosine F
hologram respectively are now given by

Hs5Re~Hc!

5F E
z02~1/2!dz

z01~1/2!dz
I 0~x,y,z! dzG

^ H A0~x,y!

lz0
sinF p

lz0
~x21y2!G J , ~8a!

Hc5Im~Hc!

5F E
z02~1/2!dz

z01~1/2!dz
I 0~x,y,z! dzG

^ H A0~x,y!

lz0
cosF p

lz0
~x21y2!G J , ~8b!

where Re(•) and Im(•) represents the real part and th
imaginary part of Eq.~7!. The spectrum of the sine and th
of the cosine holograms of the targetI 0(x,y,z) are obtained
by the Fourier transformation of Eqs.~8!. The Fourier
transform operation.F (•) is defined asF $u(x,y)%kx,ky

5**u(x,y)exp(jkxx1jkyy)dxdy5u(kx ,ky) with kx andky
denoting spatial frequencies.21 Note that the bold letteru
represents the Fourier transform ofu. After some manipu-
lations, the Fourier transforms of Eqs.~8a! and ~8b! are
given by:

Hs~kx ,ky!5F F E
z02~1/2!dz

z01~1/2!dz
I 0~x,y,z!dzG

3F H A0~x,y!

lz0
sinF p

lz0
~x21y2!G J

5I0~kx ,ky!H A0~kx ,ky!sinFlz0

4p
~kx

21ky
2!G J ,

~9a!
1333Optical Engineering, Vol. 41 No. 6, June 2002
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Hc~kx ,ky!5F F E
z02~1/2!dz

z01~1/2!dz
I 0~x,y,z! dzG

3F H A0~x,y!

lz0
cosF p

lz0
~x21y2!G J

5I0~kx ,ky!H A0~kx ,ky!cosFlz0

4p
~kx

21ky
2!G J ,

~9b!

whereI0(kx ,ky) represents the Fourier transform of the ta
get,I0(kx ,ky)5F $*z02(1/2)dz

z01(1/2)dz
I 0(x,y,z)dz%, andA0(kx ,ky),

is the size limiting factor caused by the finite size of t
scanning beam, given approximately byA0(kx ,ky)
;exp@2(1/4p)(lz0 /a0)2(kx

21ky
2)#. Note thatI0(kx ,ky) is

in general a complex function and the other terms in E
~9!, i.e., A0(kx ,ky), the sine FZP and the cosine FZP a
real functions. Thus Eqs.~9a! and ~9b! can be rewritten as
complex addition of two real-only functions Re@•# and
Im@•#, and are given by

Hs~kx ,ky!5Re@ I0~kx ,ky!#

3H A0~kx ,ky! sinFlz0

4p
~kx

21ky
2!G J

1 j Im@ I0~kx ,ky!#

3H A0~kx ,ky! sinFlz0

4p
~kx

21ky
2!G J , ~10a!

Hc~kx ,ky!5Re@ I0~kx ,ky!#

3H A0~kx ,ky! cosFlz0

4p
~kx

21ky
2!G J

1 j Im@ I0~kx ,ky!#

3H A0~kx ,ky! cosFlz0

4p
~kx

21ky
2!G J . ~10b!

We now synthesize a hologram by adding the real part
Eqs.~10a! and ~10b! in a complex manner:

Hr-only~kx ,ky!5Re@ I0~kx ,ky!#

3H A0~kx ,ky! cosFlz0

4p
~kx

21ky
2!G J

1 j Re@ I0~kx ,ky!#

3H A0~kx ,ky! sinFlz0

4p
~kx

21ky
2!G J

5Re@ I0~kx ,ky!#

3H A0~kx ,ky! expF j
lz0

4p
~kx

21ky
2!G J . ~11!

The resulting holographic information~in the frequency do-
main!, Hr-only(kx ,ky), is called a real-only spectrum holo
gram. The reason is thatHr-only(kx ,ky) contains the real-
1334 Optical Engineering, Vol. 41 No. 6, June 2002
f

only information of the target’s spectrum and at the sa
time it contains the depth information. Note that from t
complex exponential term of Eq.~11! we can determine the
depth locationz0 of the target. Figure 2 shows a flow cha
and its first three blocks illustrate the procedures discus
so far. The inputsi r(x,y) and i i(x,y) are basically propor-
tional to hologramsHs and Hc given by Eqs.~8!. After
Fourier transforming the holograms, extracting their re
only parts, and finally adding their real-only parts in a co
plex manner, we end up with the real-only spectrum ho
gram, Hr-only(kx ,ky), given by Eq. ~11!. In the next

Fig. 2 Flow chart for detecting depth location of a target object from
its holographic input information ir and i i .
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subsection, we discuss a digital filtering technique to
tract the depth location of the target from the real-on
spectrum hologram.

3.2 Depth Extraction from the Real-Only Spectrum
Hologram

Since the complex exponential of the real-only spectr
hologram contains the depth information of the target
ject as a form of fringe pattern, our goal now is to extra
that piece of information. We extract the information fro
Hr-only(kx ,ky) by applying the following power fringe-
adjusted filter10,14,15:

F~kx ,ky!5
1

uHr-only~kx ,ky!u21d

5
1

$Re@ I0~kx ,ky!#A0~kx ,ky!%21d
, ~12!

whered is a small value of either a constant or, some fun
tion of kx or ky ; d is added to overcome the possible po
problems of the filter.14,15 Note that the denominator term
uHr-only(kx ,ky)u21d, in the filter does not contain the dep
information of the object because the depth information
contained only in the complex exponential of the hologra
The filtered output in the frequency domain is given by t
product of the real-only spectrum hologram squared and
filter.10,14,15Thus the output is given by

Houtput~kx ,ky!

5
1

uHr-only~kx ,ky!u21d
3@Hr-only~kx ,ky!#2

5
$Re@ I0~kx ,ky!#A0~kx ,ky!%2 exp@ j ~lz0/2p!~kx

21ky
2!#

$Re@ I0~kx ,ky!#A0~kx ,ky!%21d

.expF j
lz0

2p
~kx

21ky
2!G . ~13!

Note that the filtered output in the space domain is
Fresnel zone pattern located atz52z0 . That is given by the
inverse Fourier transformation of Eq.~13!:

Houtput~x,y!5F 21@Houtput~kx ,ky!#

.expF2 j
p

l~2z0!
~x21y2!G . ~14!

Equation~14! shows that the depth location of the target
contained in the local frequency variations of the filter
output, which can be obtained from its Wign
distribution.10,22,23Thus, the depth location of the target ca
be found using the following algorithm. First, the filtere
output signal is projected on thex axis. That is given by
f y~x!5E Houtput~x,y! dy

5E expF2 j
p

l~2z0!
~x21y2!G dy

}expF2 j
p

l~2z0!
x2G . ~15!

We then calculate the Wigner distribution of Eq.~15!:

Wf y
~x,kx!5E f yS x1

x8

2 D f y* S x2
x8

2 D exp~2 jkxx8! dx8

}dS kx2
p

lz0
xD . ~16!

Equation ~16! is a line impulse with a slope dkx /dx
5p/lz0 on the space-frequency map~x2kx plane!. Since
the slope of the line delta is inversely proportional to t
depth location of the object (dkx /dx5p/lz0), if the wave-
length is known, the depth location is found by direct
measuring the slope of the line. The last three blocks of
flow chart shown in Fig. 2 summarize the procedures.
have just now extracted the depth information from the t
holographic inputsi r(x,y) and i i(x,y), which are obtained
from the photodetector’s currents.

3.3 Reconstruction of the Image at Its Original
Depth Location

In Sec. 3.2, we discussed the detection of the depth loca
of the target from its complex hologram obtained by optic
scanning holography. Using the detected depth location
the target, we can reconstruct the image of the target a
original depth location. The reconstruction of the image
achieved by the convolution between the complex ho
gram of the target and the complex conjugate of the fr
space impulse response at the depth location. Mathem
cally, that is given by

O~x,y!5Hc~x,y! ^ hz0
* ~x,y!

5H E
z02~1/2!dz

z01~1/2!dz
I 0~x,y,z! dzJ ^ hz0

~x,y! ^ hz0
* ~x,y!

}E
z02~1/2!dz

z01~1/2!dz
I 0~x,y,z! dz. ~17!

Note that the reconstructed image is the original ima
of the target at its depth location. If one desires, we c
now recognize the reconstructed image using conventio
optical correlators, and the output of the optical correla
gives the transverse location of the matched target. In
ticular, for a rotated and distorted target~such as scale
change!, we can apply rotation- and scale-invariant optic
correlation techniques.14,15Therefore, this makes it possibl
to achieve rotation- and scale-invariant recognition, and
the same time obtain the 3-D location of the target in 3
space.
1335Optical Engineering, Vol. 41 No. 6, June 2002
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Fig. 3 Original target at a distance of 95 m from the focal point of
the spherical wave projecting the scanning pattern.

Fig. 4 (a) Cosine and (b) sine FZP holograms of the target.
1336 Optical Engineering, Vol. 41 No. 6, June 2002
4 Computer Simulation Results

The parameters in this simulation are representative o
optical remote sensing situation where a 3-D target wh
depth is smaller than the Rayleigh range of the scann
beam, is located further than the Rayleigh range. Figure~3!
shows a 5-35-cm target,O(x,y,z), in a 15-315-cmfield
of view. The target is located at a distancez0595 m from
the focal point of the spherical wave projecting the sca
ning pattern. The radius of the scanning beam pattern
a058 cm, at the location of the target. The numerical a
erture of the scanning pattern is thus given by NA5a0 /z0

58.4231024. The wavelength of the scanning beam isl
51024 cm. The NA and the wavelength of the scanni
beam determine the Rayleigh range of the scanning b
pattern, that is given byl/(NA) 25141 cm.

Figures 4~a! and 4~b! show the cosine and sine holo
grams @Eq. ~8! with z0595 m# that are achieved by 2-D

Fig. 5 (a) Real and (b) imaginary parts of the real-only spectrum
hologram.
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Fig. 6 (a) Real and (b) imaginary parts of filtered output.

Fig. 7 Wigner distribution of filtered output.
scanning of the target. Again, our goal is to extract t
depth information from these holograms. Figures 5~a! and
5~b! show the real and imaginary parts of the real-on
spectrum hologram given by Eq.~11! and Figs. 6~a! and
6~b! show the real and imaginary parts of the filtered outp
given by Eq.~14!. The Wigner distribution of the filtered
output along thex axis is shown in Fig. 7. The slope of th
line impulse givesz0595 m, i.e., the depth location of th
target as expected. Finally, once the depth location is fou
the reconstructed image of the hologram can be calcula
by Eq. ~17!. The image is shown in Fig. 8.

5 Conclusion

We proposed a technique that extracts the depth locatio
a target directly from its complex hologram. The compl
hologram of the target is obtained using optical scann
holography. The image of the target at its depth location
then reconstructed using the information of the depth lo
tion. One of the immediate applications of the propos
technique is rotation- and scale-invariant 3-D pattern r
ognition as the reconstructed image of the target can
recognized by conventional 2-D rotation- and sca
invariant optical correlation techniques.
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