Real-time three-dimensional object reconstruction
by use of a phase-encoded digital hologram
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A three-dimensional (3D) object reconstruction technique that uses only phase information of a phase-
shifting digital hologram and a phase-only spatial-light modulator is proposed. It is well known that a
digital hologram can store both amplitude and phase information of an optical electric field and can
reconstruct the original 3D object in a computer. We demonstrate that it is possible to reconstruct
optically 3D objects using only phase information of the optical field calculated from phase-shifting digital
holograms. The use of phase-only information enables us to reduce the amount of data in the digital
hologram and reconstruct optically the 3D objects using a liquid-crystal spatial light modulator without

optical power loss. Numerical evaluation of the reconstructed 3D object is presented. © 2002 Optical

Society of America
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1. Introduction

Three-dimensional (3D) imaging, display, and pro-
cessing have been investigated frequently.l5 Ho-
lography is one popular technique that can record
and reconstruct 3D objects. Recently, digital holog-
raphy® has become viable with the ongoing develop-
ment of megapixel CCD sensors that have sufficient
dynamic range in each pixel. It has been shown
with numerical propagation that the fully complex
field calculated from the digital holograms in the
Fresnel domain can be used to reconstruct 3D objects
successfully.6—2 Storage of the hologram in a com-
puter enables us to reduce the noise through image-
processing techniques and numerically reconstruct
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the object with arbitrary views. The digital holo-
gram is also in a convenient form for data transmis-
sion and object recognition.1%11 With digital
reconstruction, however, it takes a long time to cal-
culate the Fresnel diffraction pattern. This makes it
difficult to develop a real-time 3D display device.

In this paper, we propose a real-time 3D object
reconstruction system that uses phase-only informa-
tion of the complex field from the digital holograms
and a phase-only spatial light modulator. It is well
known that the phase distribution, that is a wave
front, contains 3D position information of point
sources. Phase-only hologram or information is
used in kinoform12-13 and diffractive optical elements
for interconnection,45 imaging or optical elements
such as lenses and prisms. The proposed method is
suitable for real-time optical reconstruction of the 3D
object because phase-only reconstruction allows us to
use commercially available display devices, such as
liquid-crystal spatial light modulator(s) (SLM)(s).16:17
These devices can only be operated in either phase or
amplitude modulation mode. Using only this phase
information, we can reduce by half the storage re-
quirements of the digital hologram. We also take
advantage of minimal optical power loss in the recon-
struction process. Reconstructed 3D objects with
phase-only information are evaluated numerically.
An experimental demonstration with a liquid-crystal
spatial light modulator is also presented.

10 October 2002 / Vol. 41, No. 29 / APPLIED OPTICS 6187



BS1

M3
Laser (\/(\' :
U I EmE N
Iy EmE
BE1 A2 A4
M1
To receiver ;
()
From transmitter
Laser

PC

(b)

Fig. 1. Proposed 3D object recording and reconstruction system.
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(a) Recording system for digital holograms by use of a phase-shifting

interferometer, (b) optical reconstruction system by use of a phase-only information of digital holograms.

2. Reconstruction with Phase-Only Information

An illustration of the proposed 3D object recording
and reconstruction system is presented in Fig. 1.
The proposed system consists of two subsystems:
One is a recording system for digital holograms of
3D objects and the other is an optical reconstruction
system by use of phase-only data of a digital holo-
gram.

For the recording system, we use a Mach—Zehnder
interferometer architecture as a phase-shifting inter-
ferometer. A laser beam is divided into two beams
by beamsplitter BS1. A 3D object is illuminated by
a collimated laser beam and diffracts this beam. Be-
cause 3D objects used in experiments are small
enough compared with the CCD size and the object is
located far enough from the CCD, we consider the
paraxial region where the scalar diffraction theory is
valid. The diffraction pattern propagates to a CCD
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camera that is located at a distance z along the optical
axis and is described by using the Fresnel approxi-
mation as

Ux',y') =Ax', y)exp{jd(x’, y')}
1 1 }
= ”f Ulx,y, 2) . exp{jkz}

JA
X exp{Jk {(x" — x)?
2z
+(y - y)z}}dxdydz, (1)

where \ and %k are the wavelength and the wavenum-
ber of the illumination, respectively. In Eq. (1),
A(x',y") and d(x’,y’) are, respectively, the amplitude
and the phase of the complex optical electric field at



the CCD plane. The diffracted beam interferes in
line with a reflected plane wave (reference beam) by
use of beamsplitter BS2. To reconstruct the com-
plex field of the 3D object as described in Eq. (1) from
the digital holograms, we employ a phase-shifting
digital holography technique.” This technique is ef-
fective to remove the conjugate reconstruction even
when an in-line hologram is used. To implement
phase-shifting digital holography, the reference beam
passes through both a half-wave plate and a quarter-
wave plate as shown in Fig. 1(a). Phase retarda-
tions in the reference beam of 0, /2, 7, and 37/2 can
be achieved by controlling the positions of the fast
and slow axes of the two plates. By use of the re-
sulting four digital interferograms, the complex field
of the 3D object in Eq. (1) can be calculated as de-
scribed in Refs. 7 and 8.

It has already been shown that with computer re-
construction the fully complex field of the 3D object
calculated from the digital holograms can be success-
fully reconstructed. Using the complex field of the
hologram, we can reconstruct numerically the 3D ob-
ject by the Fresnel-Kirchhoff integral, written by

1 1
R(x,y;2) = — - ” Ux',y") _ exp{—jkz}

JA
X exp{ — Jziz {(x —x")?
+ (y —y’)2}]dx’dy’- (2)

In the proposed method that uses phase-only infor-
mation, a reconstructed object is described as

1
P(x,y;2) = — f f exp{jd(x', y')} — exp{—jkz}
JA z
X exp{—élz {(x —x")?
+(y —y')z}]dx'dy’, (3)

where

1/2
“ |R(x, y; 2)|” dxdy

a= . (4)
” |P(x, y; 2)[* dxdy

Note that the total powers of Egs. (2) and (3) have
been made equivalent by choosing a as indicated in
Eq. (4). In the next section we evaluate the quality
of the reconstructed 3D object using phase-only in-
formation.

(a) (b)

(c) d)

Fig. 2. Numerically reconstructed 3D objects of die from (a) a
fully complex field, (b) phase-only information, (c) low-pass filtered
3D objects with a mean filter of 11 X 11 pixels, (d) 21 X 21 pixels
after reconstruction with phase-only information.

3. Numerical Evaluation

To evaluate the error in the reconstructed 3D object,
we calculate a normalized root mean square (NRMS)
criterion as follows:

NRMS

1/2
Uf {|R(x, y; 2)]> = |P(x, y; 2)|*} dxdy]
= (5)

1/2
” {|R(x, y; 2)[}? dxdy]

Note that the total powers in Eqgs. (2) and (3) can be
made equivalent by adjusting a in Eq. (4).

Digital holograms of the 3D object are recorded
optically as shown in Fig. 1(a). Numerically recon-
structed 3D objects are evaluated. An argon ion la-
ser operated at a wavelength of 514.5 nm is used as a
recording beam. The CCD array consists of 2028 X
2044 pixels. Each pixel is 9 pm X 9 pm and has
1024 gray levels (10 bits). We use two 3D objects in
the experiments: One is a die with dimensions 5
mm X 5 mm X 5 mm, and the other is a screw of
similar size. The die and the screw are located at
distances of 322 mm and 390 mm from the CCD,
respectively.

Figures 2(a) and 2(b) show the numerically recon-
structed 3D die object by use of complex information
and phase-only information, respectively. Figures
3(a) and 3(b) show the numerically reconstructed
3D screw object by use of complex information and
phase-only information, respectively. These fig-
ures show that the phase-only information can re-
construct the 3D object successfully. We can also
see that speckle noise is an influence on both 3D
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Fig. 3. Numerically reconstructed 3D objects of a screw from (a)
a fully complex field, (b) phase-only information, (c) low-pass fil-
tered 3D objects with a mean filter of 11 X 11 pixels, (d) 21 X 21
pixels after reconstruction with phase-only information.

reconstructed images. The speckle is a key in this
method. It is important to mention that the
speckle on the hologram is necessary if we want to
reconstruct the object with the phase-only informa-
tion. The effect of the speckle is to spread the
intensity histogram of the hologram, so that the
equalization error of the amplitude is reduced.

We evaluate the reconstructed 3D object. The re-
constructed 3D objects are low-pass filtered by the
mean filter to reduce the speckle noise in the recon-
structed image. The low-pass filtered images are
presented in Figs. 2(c), 2(d), 3(c), and 3(d). The sizes
of the mean filter in Figs. 2(c) and 3(c) are 11 X 11
pixels, and in Figs. 2(d) and 3(d) are 21 X 21 pixels.
The intensity levels are scaled to enhance the con-
trast. We can see that speckle noise is removed to a
large extent by low-pass filtering. The intensities of
the die and the screw reconstructed from the phase-
only holograms are compared with the intensities of
the objects reconstructed from fully complex holo-
grams, for different mean filtering neighborhoods.
Figure 4 shows a NRMS difference as a function of
the side length of the mean filter. We can see that
the NRMS difference is reduced as the size of the
mean filter increases for both 3D objects. In the die
3D object, the error is reduced from 40% to 15%.

Here we discuss the effect of the mean filter and the
remaining error in Fig. 4. The mean filter is used to
remove the multiplicative speckle noise. Ideally the
filter would give the mean of the original object mul-
tiplied by the mean of the noise, which is a constant
all over the image. Unfortunately, the size of the
mean filter that is N X N is finite. When N is finite
we can only obtain an estimate of the mean of the
noise. This estimate has a standard deviation that
decreases when N increases. This standard devia-
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Fig. 4. NRMS difference between reconstructed 3D objects from a
fully complex field and reconstructions from phase-only informa-
tion as a function of the side length of the mean filter.

tion is a noise that limits the accuracy that we can
expect when we compare two reconstructed images
from the phase-only hologram and the fully complex
hologram. For a small value of N, this accuracy is
low, which is responsible most of the RMS error.
When N increases, the RMS error decreases until it is
only due to the actual difference between the images.
The remaining error is due to the loss of amplitude
information of the hologram. We expect that these
errors can be decreased by manipulating the phase
distribution by use of any error reduction technique,
such as simulated annealing or genetic algorithm.18

In practical systems, there is a limit on the num-
ber of phase levels that can be displayed in phase-
only spatial light modulators. Die and screw
reconstructions from phase-only information are
compared with intensity images reconstructed from
fully complex information, for different numbers of
quantization levels. For these calculations, we use
a mean filter with 11 X 11 pixels. Figures 5 and 6
show the reconstructed 3D objects without quanti-
zation reduction, and with quantization reductions
to 4 bits and 1 bit. We can discern the 3D objects
even when the phase level of the phase-only spatial
light modulators is binary. Figure 7 shows NRMS
as a function of the number of phase levels of phase-
only information. As few as 16 levels (4 bits) are
sufficient to reconstruct the 3D objects without sig-
nificant loss of detail.

(@) (®) ©

Fig. 5. Reconstructed 3D object of the die without quantization
reduction and with quantization reductions to 4 bits and 1 bit.
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Fig.6. Reconstructed 3D object of the screw without quantization
reduction and with quantization reductions to 4 bits and 1 bit.
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Fig. 7. NRMS difference as a function of the number of phase
levels of phase-only information when 3D objects are (a) a screw
and (b) a die, respectively.

4. Optical Reconstruction

The optical setup to reconstruct 3D objects is shown
in Fig. 1(b). A He-Ne laser operated at a wave-
length of 632.8 nm is used. After the collimation
and the beam-width expansion of the He—Ne laser

() (b) ©)
Fig. 8. Experimental results: (a), (b), and (c) are reconstructed
images of the die where the CCD is located at 113 mm, 123 mm,
and 133 mm from the SLM, respectively.

(@ (b) ©
Fig. 9. Experimental results: (a), (b), and (c) are reconstructed
images of the screw where the CCD is located at 135 mm, 155 mm,
and 165 mm from the SLM, respectively.

beam, the beam illuminates a liquid-crystal SLM
with 1024 X 768 pixels. The size of each pixel is
approximately 18 pum X 18 pm. This SLM does not
have enough pixels to display the complete 2044 X
2028 pixel phase-only hologram, and so a 1024 X
768 pixel window is presented. By measuring
phase retardation of the SLM in a Mach—Zehnder
interferometer, the maximum amount of phase re-
tardation possible with our SLM is 0.6 w. The
phase retardation is almost linearly proportional to
the signal level from the computer. Figures 8 and
9 show the reconstructed 3D die and screw objects.
Figures 8(a), 8(b), and 8(c) contain reconstructions
with the CCD located at distances of 113 mm, 123 mm,
and 133 mm from the SLM, respectively. Figures
9(a), 9(b) and 9(c) show reconstructions at distances of
135 mm, 155 mm, and 165 mm from the SLM, respec-
tively. Figures 8(b) and 9(b) are the most in focus.
From these figures, we can see that the die and the
screw are reconstructed at different planes. The cal-
culated positions of the in-focus reconstructions are
104 mm and 126 mm, respectively. These errors are
caused by a small amount of phase retardation of the
SLM, our use of a different readout wavelength, dif-
ferent pixel size, and a readout wavefront not exactly
the same as a plane wave.

5. Conclusions

We have proposed a method to reconstruct 3D objects
that uses only the phase information of the complex
field from digital holograms. Experimental demon-
stration shows that optical reconstruction of views of
3D objects can be successfully implemented. Nu-
merical evaluation shows that NRMS errors of from
10% to 40% appear due to speckle noise. These er-
rors were caused by the loss of amplitude information
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of the hologram. The error could be decreased by
manipulation of the hologram’s phase distribution.
We think that the proposed method is a promising
way for a real-time 3D display because the phase-
only reconstruction allows us to use commercially
available display devices such as liquid-crystal
SLMs.
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