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1. Introduction

The computer-generated hologram (CGH), as a promising tech-
nology for three-dimensional display, has attracted broad atten-
tion in the past two decades!' ™. Since no display device can
modulate the amplitude and phase of the incident light field
simultaneously, the complex amplitude hologram (CAH) needs
to be converted to an amplitude hologram or a phase-only holo-
gram (POH) for display. Compared with the amplitude holo-
gram, the POH provides higher diffraction efficiency and
avoids the twin image in the reconstruction. The approaches
to obtain POHs include the Gerchberg-Saxton algorithm™~7"),
the one-step phase retrieval method!®, the bidirectional error
diffusion (BERD) method®™'?!, and so on. Different from other
approaches, no random phase is added in the CAH generation
process with the BERD method. Therefore, the influence of
speckle noise on the reconstructed images is effectively elimi-
nated, which significantly improves the image quality.

The concept of error diffusion was first proposed for halftone
image generation in 1976!"* and applied to the generation of the
CGH in 1984!"*), Due to the limitation of the display devices at
that time, the error diffusion method was initially applied to
convert the CGH into a binary hologram. The follow-up studies
were mainly about the optimization of four weighting coeffi-
cients in the error diffusion process''>'®!. With the development
of electronic display technology, spatial light modulators (SLMs)
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The bidirectional error diffusion (BERD) algorithm is free from random phase modulation that introduces speckle noise on
the reconstructed images, compared with other computer-generated phase-only hologram (POH) approaches. During the
POH generation process, the amplitudes of all pixels are traditionally set to one for diffusing the errors to their neighbor-
hood of unprocessed pixels. In this paper, we reveal that the reconstruction quality depends on the uniform amplitude value
for different object pattern. The pattern-adaptive BERD (PA-BERD) algorithm is proposed for high-quality holographic
reconstruction. The optimized amplitude value can be acquired for each object pattern and each propagation distance.
The PA-BERD-based POHs have shown higher reconstruction quality than traditional BERD-based POHs in simulations
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have replaced films as common display devices for CGHs. In
2013, the application of the error diffusion method in the con-
version of the CAH to the POH was proposed!'”). This algo-
rithm eliminates the need for random phase and iteration,
significantly reducing the calculation time. Its reconstructed
images are very similar to those obtained with the original com-
plex holograms. In 2014, parallel computation and low-pass fil-
tering were proposed to decrease the calculation time by over
two orders of magnitude!'®!. In 2019, four weighting parameters
were modified for different holograms by using the genetic
algorithm!"*),

In the POH generation process with the traditional BERD
method, the amplitudes of all pixels are traditionally set to
one, and the corresponding errors are diffused to their neighbor-
hood of unprocessed pixels to compensate for the discarded
amplitude information. However, different CAHs have different
amplitude distributions. The uniform amplitude value of one is
not suitable for all images. There is still obvious coding noise on
the reconstructed images of some object patterns with the BERD
algorithm. In this paper, an optimization algorithm called the
pattern-adaptive BERD (PA-BERD) algorithm is proposed.
An optimized uniform amplitude value in the error calculation
process is chosen for each object pattern and each propagation
distance, which effectively eliminates the coding noise and gen-
erally improves the reconstruction quality.
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2. Method distribution of the complex hologram is normalized. Then, each
pixel is scanned sequentially, and its amplitude value is set to one

Figure 1 shows the processing procedure of the POH generation o generate the POH Hp(x.y), as given by

with the error diffusion method. The wave propagation from the

object plane to the hologram plane is described by the angular- H(x;,y;) = A(x;,y;) expligp(x;,9,)], (3)
spectrum method®”!. No paraxial approximation is added in the ! ! !
calculation process, so the diffraction result is more accurate. Hp(x;,y;) = expliop(x;,y,)]- (4)

The CAH is given by

The corresponding error is given by

H(x,y) = F"{F{Io(xy) HHe(f of )} (1)
E(x;y;) = H(x;;) — Hp(xp,y;) = [A(x;9;) — 1] expligp(x;,9;)].
where Ip(x,y) denotes the intensity of the object image, (5)
Hp(f,f,) denotes the angular-spectrum transfer function,
and F and F7! denote the Fourier transform and inverse It is noteworthy that the complex value H(x;,y;) of each pixel
Fourier transform, respectively. The transfer function from (x},y;) is constantly updated in the error diffusion process, so the
the object plane to the hologram plane is given by H(x;,y;) used in Eq. (3) is the complex value after being diffused

by the neighborhood processed pixels.

He(f of ) = exp ( ikz m) ’ @) It is shown that. thf{ error between the con.1plex value anfi the
pure phase value is directly related to the discarded amplitude
information A(x;y;). The error diffusion algorithm encodes

where k =27/, 4 is the wavelength of the optical beam, z  the discarded amplitude information into the phase component
denotes the propagation distance, and (f,.f,) denote the spatial explig(x;,y;)] by introducing the error term. It can keep the

frequencies. To avoid the circular convolution, the object image  reconstruction quality of the POH similar to that of the CAH.

should be padded with zeros to twice the original size. The cal-  However, the amplitude A(x,y) has its own distribution accord-
culated CAH is composed of the amplitude component and  ing to the original object pattern and diffraction parameters. Its
phase component, as shown in Fig. 1(a). average value may be near to one or far below one. It is closely

Thereafter, the CAH is converted into the POH Hp(xy)  related to the degree of the amplitude component encoded to the
by using the error diffusion method. First, the amplitude  phase component. As we shall show later, the reconstructed
images of some objects are accompanied with obvious
ettt ittt ittt detdetadetat coding noise. In this work, we propose an algorithm to adjust
" ' ' ‘ the uniform amplitude value in the error calculation process
for different object patterns, known as the PA-BERD algorithm.
A variable parameter «a is introduced to replace the value
of one. The error used in the PA-BERD calculation process is
given by

]

&, P,has‘e'

(a)

Eq(xpy;) = H(x;y;) — aHp(x;,);)
= [A(xj,y;) — a] explig(x;,y;)]. (6)

Thus, we can adjust the degree of the amplitude component
encoded to the phase component by changing the value of a.

As shown in Fig. 1(b), the pixels on odd rows are scanned
from left to right, and their errors are diffused to the neighbor-
hood pixels as follows:
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Fig. 1. Processing procedure of POH with the error diffusion method. H(x; + Ly; + 1)¢H(x; + Ly; + 1)+ w4Ea(xj,yj), (10)
(a) Object and its CAH. (b) The error diffusion mode for odd rows, and black

arrow denotes the scanning direction. (c] The error diffusion mode for even ~ where w; to w, are the Floyd-Steinberg coefficients (w; = 7/16,
rows. (d) The calculated POH and its reconstruction. wy =3/16, w3 =5/16, and w, = 1/16). As shown in Fig. 1(c),
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Fig. 2. Numerical reconstructions of the resolution test chart using different
methods. (a) Object image. (b) Numerical reconstruction with the BERD algo-
rithm. (c) Numerical reconstruction with the proposed PA-BERD algorithm.

the pixels on even rows are scanned from right to left, and their
errors are diffused to the neighborhood pixels as follows:

H(xjy; = DeH (x5 = 1) + wiEa(x50)), (11)
H(xj + Ly; + DH(x; + Ly, + 1) + wyEq(x3),  (12)
H(xj + Ly)<H(x; + 1Ly;) + w3E,(x;,))), (13)
H(x; + Ly, — DeH(x; 4+ Ly, — 1) + wiEy (). (14)

As shown in Fig. 1(d), the POH generated with the PA-BERD
algorithm can be reconstructed by the inverse angular-spectrum
propagation, as given by

(15)

Hey) = F- {F{Hp(x,y)}}.

HF(fx’fy)

For each object pattern, « is set from 0 to 1.5 with the
interval of 0.01. The best value is acquired according to the
reconstruction quality by using peak signal-to-noise ratio
(PSNR) as the evaluation standard. It is shown that the best
value of a is different for each object pattern because of the
amplitude distribution A(x,y). In this work, we calculate the
optimized « for different patterns at different propagation
distances.

3. Experiments

The resolution test chart is used to evaluate the proposed
method. The image size is 512 X 512 pixels. The hologram size
is 1024 x 1024 pixels, and the pixel pitch is 3.74 pm. The wave-
length is 532 nm, and the distance between the object plane and
the hologram plane is 60 mm. The CAH is calculated by the
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angular-spectrum method. The CAH is converted into POHs
with the original BERD algorithm and the proposed PA-BERD
algorithm, respectively. The reconstructed results are shown in
Fig. 2. With the optimized uniform amplitude @ = 0.56, the cod-
ing noise in the reconstructed image introduced by the original
BERD algorithm is removed, and the PSNR of the reconstructed
image is improved by 3.65 dB.

Numerical simulations of some standard test images with the
original BERD algorithm and the proposed PA-BERD algorithm
are also taken. The PSNR improvements of the corresponding
reconstructed images are shown in Fig. 3. It is obvious that
the proposed PA-BERD algorithm can generally improve the
reconstruction quality, which proves its universal applicability.
The improvements vary from image to image, and the highest
one is 3.59 dB.

To illustrate the reconstruction quality for different values of
a, the PSNR-a curve is shown in Fig. 4. With the increase of a,
the PSNR first rises and then oscillates sharply and drops. By
observing the reconstructed images, the rising area corresponds
to the filling process of low-frequency information, and the
reconstructed image information is incomplete. The oscillating
area corresponds to the reconstructed images with complete
information and different degrees of coding noise. The param-
eter @ = 1 used in the traditional BERD algorithm is in this area.

Compared with the random phase method, the propagation
range where the object can be clearly reconstructed by the
BERD method is narrow. Figure 5 shows the reconstructed
images at different propagation distances by the BERD algo-
rithm. Diffusely extended noise clouds exist in the reconstructed
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Fig. 3. Reconstruction quality improvement of different object images by the
PA-BERD algorithm. (a)-(e) are the reconstructed images with the BERD algo-
rithm. (f)-(j) are the reconstructed images with the proposed PA-BERD algo-
rithm. (k) is the PSNR comparison of (a)-(j).
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Fig. & (a) and (c) show the relationship between the value of ewand the PSNR
of the reconstructed images of (b) “Peppers" and (d) "Airplane”, respectively.
The blue and red dots represent the simulation results of the BERD algorithm
and the PA-BERD algorithm, respectively.

images at 40 mm, 70 mm, and 80 mm, respectively. In contrast,
the proposed PA-BERD algorithm can effectively eliminate the
noise. The wider display distance range has opened the possibil-
ity to apply the error diffusion method in three-dimensional
holographic display.

The experimental setup is shown in Fig. 6. A Holoeye Gaya
SLM with the resolution of 3840 X 2160 pixels and the pixel
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PSNR(dB)| 17.35 | 24.45 | 20.76 | 18.84
a 0.36 0.58 0.47 0.38
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PSNR(dB)| 23.63 | 26.44 | 26.14 | 23.36

Fig.5. Numerical reconstructions at different distances using different meth-
ods. (a)-(d) are the reconstructed images with the BERD algorithm at the dis-
tances of 40, 60, 70, and 80 mm, respectively. (e)-(h) are the reconstructed
images with the proposed PA-BERD algorithm at the distances of 40, 60, 70,
and 80 mm, respectively. (i) is the PSNR comparison of (a)-(h).

Vol. 19, No. 5 | May 2021 Chinese Optics Letters

(a) ) P-SLM
Laser Pinhole
A’t’tenuatorG ()‘
(c)

Camera

Fig. 6. (a) and (b) are the schematic and photograph of the experimental
setup, respectively. (c] shows the object image patterns "HOLOLAB" and “star”.

BERD

100 ' 100

PA-BERD

Fig. 7. Optical reconstruction results using different methods. (a) and (b) are
the POHs and the corresponding optical reconstructed images and intensity
distributions of "HOLOLAB" and “star" using the BERD algorithm, respectively.
(c) and (d) are the POHs and the corresponding optical reconstructed images
and intensity distributions of "HOLOLAB" and “star” by using the proposed PA-
BERD algorithm, respectively.

pitch of 3.74 um was used to modulate the phase of the incident
laser. By adding offset phase to the holograms in the experiment,
the noise caused by the SLM itself was removed. Improved
reconstructed results with reduced noise were obtained.

The experimental results are shown in Fig. 7. It can be
observed that the images reconstructed by the original BERD
method are dark with much coding noise. However, the pro-
posed PA-BERD algorithm can effectively improve the contrast
and remove the coding noise. It is shown that the PA-BERD
algorithm could support higher-quality reconstruction over
the traditional BERD algorithm.

4. Conclusion

In summary, this paper reports an optimization algorithm for
POH generation based on the PA-BERD method. The optimized
amplitude value of a is introduced in the error calculation
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