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Computer-generated holography technology has been widely applied, and as research in this field deepens, the demand
for memory and computational power in small AR and VR devices continues to increase. This paper presents a hologram
generation method, i.e., a symmetrically high-compressed look-up table method, which can reduce memory usage by
50%. In offline computing, half of the basic horizontal and vertical modulation factors are stored, halving the memory
requirements without affecting inline speed. Currently, its potential extends to various holographic applications, including

the production of optical diffraction elements.

Keywords: computergenerated hologram, look-up table, holography
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1. Introduction

Holographic technology has the capability to reproduce
the seven-dimensional light field function completely, which
is regarded as the most perfect display technology.!'l It

has diverse applications in measurement,/>’1 display, [8-12]

e,[13-15] etc. Computer-generated hologram (CGH) of-

storag
fers lower noise and is unaffected to optical path. CGH is
a technique that involves using computational algorithms and
numerical methods to generate holographic images. Nowa-
days, quit a few computer-generated holography techniques

have been proposed, including look-up table (LUT),[16-21]

wavefront recording plane (WRP),?>-?#! ray tracing,[>-27]
and deep learning.[*3!1 The LUT method involves an effi-
cient calculation technique to synthesize holographic stere-
ograms using precomputed data for rapid processing.*>! The
WRP method involves capturing the entire wavefront of light
from an object or scene, providing a highly detailed and ac-
curate representation for hologram creation.!??! The ray trac-
ing method simulates light propagation and interaction, effec-
tively capturing and representing occlusions and complex op-
tical phenomena. 331 Deep learning refers to the application of
neural networks to learn and simulate the physical processes
involved in hologram generation, enabling complex and ef-
ficient holographic imaging.!3*! Typically, the LUT method
is easy to operate and attracts wide attention. In 1997, the
LUT method was proposed, which greatly improves the cal-
culation speed, yet it gives rise to the problem of excessive
memory consumption which leads to the efficiency of read-
ing out data lower.!'%! In 2008, Kim et al. proposed N-LUT
method, memory reduced to the level of several hundred gi-
gabytes (GBs).['7] In 2009, Pan et al. introduced the S-LUT

fCorresponding author. E-mail: biyong@mail.ipc.ac.cn
© 2024 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ad1e67

method, '8! this approach effectively minimized the memory
usage to several GBs in object space by segregating the stor-
age of horizontal and vertical factors. In 2013, Beijing In-
stitute of Technology introduced the C-LUT method, which
only consumed memory in the order of tens of megabytes
(MBs).!"1 Building on C-LUT, the team proposed an im-
proved AC-LUT method in 2015, reducing memory usage to
several MBs.[?% Tn 2019, the Beijing Institute of Technology
further advanced their research and introduced the AHC-LUT
method, the memory consumption in physical space was tens
of kilobytes (KBs).[?!! However, for small near-eye display
devices, their memory usage needs reduced further.

In this paper, an ultra-low memory symmetrically high-
compressed look-up table (SHC-LUT) method is proposed.
The SHC-LUT method is compared with the C-LUT, AC-
LUT, AHC-LUT methods on offline computing time, offline
memory usage, and inline computing time, demonstrating the
advantages of SHC-LUT. To validate the feasibility of pro-
posed method, the simulated and experimental reconstructed
images of CGH are performed, the results accord with each

other.

2. Proposed method

As shown in Fig. 1, the point source model refers to that
the calculated object is regarded as a collection of selfluminous
points. The complex amplitude distribution on the hologram
plane can be obtained by superimposition of the diffraction
image of each point.

The complex amplitude distribution on the hologram
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plane is expressed as

N
H(xh,yn) = Y Ajexplik(rj+ ;)] (1
j=1
with
=y Py Pl @)

where (x;, y;, z;) and A; represent the coordinates and the
amplitude of point j, respectively. N is the number of object
point, k = 27 /A is wave number, and A is wavelength; ¢; is
the initial phase, which can be any number between 0 and 27;
d is the distance between object plane and hologram plane.

Yn

LTh

CGH

Fig. 1. Schematic diagram of point source model.

In Fresnel diffraction region, according to Ref. [21], the
complex amplitude distribution can be rewritten as

N Xp—X;)>
H(xp,yn) = j;AjeXp[ik(d—Zj)] X {exp [¥}

xexp[(yh_yj)z]}(d”;j)~ (3)
2

Here, H (xp,x;) = exp[(xy —x;)?/2] is defined as the horizon-
tal modulation factor, V (yn,y;) = exp[(yn —y;)?/2] as the ver-
tical modulation factor, L; (z;) = exp[ik(d —z;)] and Ls(z;) =
ik/(d —z;) as the longitudinal and wavelength modulation
factor. Then, Eq. (3) can be simply rewritten as

N
H(xnyn) = Y AjL1 () [H (0, x)V O,y )26 (@)
j=1

For points falling on the same xoy plane, the longitudinal mod-
ulation factors L;(z;) and L»(z;) are the same.

Equation (4) can be rewritten as

N, Ny L (Zj)
Henom) = Y { ¥ Asy [Henx)Vonyp)] 7 i),
Jz=1 "=l

)
where j, is the sequence number in the 2D plane of 3D object,
and jy, is the sequence number of points in the 2D plane.

N, object points located on the same vertical line in each
2D plane have the same vertical modulation factor V (yn,y;).
Thus Eq. (5) can be rewritten as

N N)‘ Ny

Himyn) = Y { y [): ijH(xh,xj)Lz(Zj)}

jzzl jy=1 jx=1

X V(yh,y,;)L2<Z-f>}L1 (z)), (6)

where j, and j, (jr = 1,2,...,Ny, j, = 1,2,...,N,) are the
sequence numbers of horizontal and vertical lines of each 2D
plane.

H (xh,Xm) = exp(x2/2) is defined as the basic horizontal
modulation factor, V (yh,ym) = exp(y2/2) as the basic vertical
modulation factor, with xp,,ym = 0. According to the spatial
convolution theorem. Other H (xp,,x;) can be obtained by sim-
ply shifting, V(yn,y;) can also be obtained by shifting.

N N Y Ny

H(xh,yh) = Z { Z {Z ijH(xh—xj,xm)Lz(zj)}

Jz=1 jy=1 Jx=1

X V()’h*)’jv)’m)LZ(Zj)}Ll(Zj)- (7

The basic modulation factors H (xp,%m), V(Vh,ym) are sym-
metric about x, = 0 and y, = 0, respectively.  Thus,
H (xh,xm) = Ho + fliplr(Hp), Ho is half the H (xp,xm), fli-
plr is an operator that rotates a 1D array by 180° centered
on one end. Similarly, the basic vertical modulation factor
V (h,ym) = Vo + fliplr(Vp). Equation (7) can be rewritten as

N; Ny Ny
H(xn,yn) = ). { ) {Z ij(Ho+ﬂiplr(Ho))L2(Zj)}

Jz=1 jy=1 Jx=1

X (Vo + fliple (V)2 114 (2)) ®

."L2 shifting

-I—IO +fliplr(Hy/2) - :E -

+Hliplr(Vo/2)

y; =0
@

Fig. 2. Diagram of SHC-LUT.
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As shown in Fig. 2, the proposed method mainly consists
of the following steps. The first step is to compute Hy and Vj
offline. The second step is to invert Hy and V; to get H (xp, xm)
and V(yn,ym). The third step is to get H (xp,x;) and V (ypn,y;)
of each point by shifting, respectively. CGH is obtained by
superimposing the complex amplitude distribution of object
points.

To ensure the diffraction pattern size of each point can fill
the predetermined CGH size after shifting. It is necessary to
increase the resolution of the basic modulation factors. If p X g
is the resolution size of the CGH, R, and Ry, are the ratios of the
horizontal and vertical sampling intervals of the object space
to the horizontal and vertical spacing of the CGH plane pixels,
respectively. Ny and N, are horizontal and vertical resolutions

of object space, respectively. Therefore, the resolution of basic
modulation factors needs to meet

Resolution of Hy : (p+ Ny X Ry)/2,
Resolution of Vo : (¢ + N, xRy)/2.

To illustrate the simplicity of the proposed method, Ta-
ble 1 presents the offline computational complexity and mem-
ory usage of C-LUT, AC-LUT, AHC-LUT, SHC-LUT. It can
be seen that SHC-LUT has the least offline computational
complexity and memory usage among four methods. The
memory usage of the SHC-LUT method is 50% of the AHC-
LUT method. Generally, less memory usage will improve the
efficiency of reading data inline.

Table 1. Offline complexity and memory usage of the C-LUT, AC-LUT, AHC-LUT, SHC-LUT

methods.
Method Offline complexity Memory usage
C-LUT pXNi+qxN, (P X Ne+qx Ny)M x2
AC-LUT P X Ny+qxNy (p X Ny +qx Ny)M
AHC-LUT P+Ny xRi+q+N, xR, (p+ Ny X Ri+q+Ny xR)M
SHC-LUT (p+Ne xR +q+NyxR,)/2 (P+ Ny X Ri+q+Ny X Ry)M /2

3. Algorithm simulation and emulation

To verify the feasibility and advantages of SHC-LUT,
four methods are simulated on MATLAB. The object space
interval is 10 um, CGH resolution is 1024 x 1024, and wave-
length of simulation is 638 nm. The four methods run on In-
tel(R) Core (TM) i5-10400F CPU @ 2.90 GHz.
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Fig. 3. Comparison of offline computing time by the C-LUT, AC-LUT,
AHC-LUT, SHC-LUT methods.

As shown in Fig. 3, the SHC-LUT method has the least
offline computing time among the four methods. With the in-
crement of object space width and height, the growth rate of
the C-LUT method is the fastest, followed by the AC-LUT
method. There is only slight fluctuation in the AHC-LUT and
SHC-LUT methods, which fluctuate in millisecond (ms). The
offline computing time of the SHC-LUT method keeps several
ms, about 30% faster than the AHC-LUT method.

—— C-LUT

—e— AC-LUT
—e— AHC-LUT
SHC-LUT

15000

10000

Usage (kB)

5000

(U
0 100 200 300 400 500 600 700 800 900 1000

Layers in width and height

Fig. 4. Comparison of offline memory usage by the C-LUT, AC-LUT, AHC-
LUT, SHC-LUT methods.

The memory usage of the four methods is not related to
the depth z of the object space.!!°-2!! Therefore, the width and
height of the object space are the main factors of memory us-
age. From Fig. 4, in the C-LUT method, the memory usage
keeps tens of MBs with increment of object space width and
height. In the AC-LUT method, the memory usage reduces
further but still keeps several MBs. In the AHC-LUT method,
the memory usage reduces to tens of KBs. Notably in the
SHC-LUT method, as shown in Table 2, the memory usage
reduces 50% than the AHC-LUT method. The sampling of
width and height is 1000 x 1000, the memory usage is only
28.875 KBs. Therefore, the proposed method has the least
memory usage among the four methods, which accords with

the theoretical analysis in Table 1.
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Fig. 5. Comparison of inline computing time by the C-LUT, AC-LUT, AHC-
LUT, SHC-LUT methods.

C-LUT AC-LUT

SHC-LUT

AHC-LUT

Fig. 6. Numerical simulation of reconstructed results by the C-LUT, AC-
LUT, AHC-LUT, SHC-LUT methods.

Table 2. Comparison of memory usage by the C-LUT, AC-LUT,
AHC-LU, SHC-LUT methods.

Method Layers of width and height Memory usage
C.LUT 500 15.625 MB
1000 31.25 MB
AC-LUT 500 7.8125 MB
1000 15.625 MB
AHC-LUT 500 36.86 KB
1000 57.75 KB
SHC-LUT 500 18.43 KB
1000 28.875 KB

Random points are selected in the sampling object space
of 200 x 200 x 200 for computing inline. As shown in Fig. 5, it
can be seen that the inline computing times of the AHC-LUT
and SHC-LUT methods are similar, which are less than the
C-LUT and AC-LUT methods.

In simulation, the 3D object is reconstructed to verify the
feasibility of the proposed method. A teapot object is placed
at distance of 300 mm. The hologram plane resolution is
1024 x 1024, computing the CGH by using the C-LUT, AC-
LUT, AHC-LUT, SHC-LUT methods. As shown in Fig. 6, it
can be seen that 3D model reconstructed images are accurate
by using the AC-LUT, AHC-LUT, SHC-LU methods at the
distance of 300 mm. However, the C-LUT method has ob-
vious distortion of reconstructed image accuracy, which can
be seen from Fig. 6(a). The reason for reconstruction results
variance is that the C-LUT method does not locate in Fresnel
diffraction region but in Fraunhofer diffraction region. With
the increment of distance, the distortion of the C-LUT method
becomes larger.

Fig. 7. 3D scenes.

To verify the feasibility of the proposed method further,
two 3D objects are placed in a scene located at different dis-
tances, as shown in Fig. 7. It can be seen that 3D model re-
constructed images are accurate by using the AC-LUT, AHC-
LUT, SHC-LUT methods at the distances. The C-LUT method
can reconstruct different 3D objects at different distances.
Nevertheless, there is obvious distortion of reconstructed size
and image accuracy, as shown in Figs. 8(a) and 8(e). The re-
constructed size of scenes requires an additional scaling factor
to be consistent with the original scene, the image distortion is
difficult to solve.

4. Optical experiment

To demonstrate the feasibility of the proposed method, an
optical experimental system is established. As shown in Fig. 9.
The function of the first part is to expand the light beam to ob-
tain parallel light with uniform energy. In the second part,
parallel light irradiates SLM vertically, the phase of the ob-
ject light wave is reconstructed. However, the phase of the
object light wave is mixed with incident parallel light, which
affects the viewing quality of the object light wave. The third
part is to convert the results of the second step into a spectrum
through a Fourier lens. Then, the filter filters out the parallel
zero-order light, the clean object phase is observed at corre-
sponding depth.

044201-4
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Fig. 8. Numerical simulation of reconstructed results by the C-LUT, AC-LUT, AHC-LUT, SHC-LUT methods. Here, [(a), (e)],
[(b), (D], [(c), (2)], and [(d), (h)] show the reconstructed results by using the C-LUT, AC-LUT, AHC-LUT, and SHC-LUT methods,
respectively; [(a)—(d)] and [(e)—(h)] are focused at 300 mm and 400 mm, respectively.

BS
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Fig. 9. Optical reconstruction experiment.

The parameters of SLM are listed in Table 3. The wave-
length of the reconstructed light is 638 nm, and the recon-
structed distance is 300 mm. The C-LUT, AC-LUT, AHC-
LUT and proposed SHC-LUT methods are used to obtain the
CGH of 3D objects, then, the CGH is loaded on the SLM and
reconstructed by an optical experiment.

Table 3. SLM parameters.

Modulation type phase-only
Liquid crystal type reflecting
Effective area 15.32 mm x 9.22 mm
Resolution 1024 x 1024
Pixel pitch 3.74 pm
Reflectance 62%-72%
Iluminance (maximum) 2 W/em?
Waveband model dependent
Data interface HDMI

Figure 10 shows the CGH optical reconstructed images
by using the C-LUT, AC-LUT, AHC-LUT, SHC-LUT meth-
ods. It can be seen that reconstructed images by using the
AC-LUT, AHC-LUT, SHC-LUT method are accurate. How-
ever, there is distortion of reconstructed image accuracy for the
C-LUT method. As shown in Figs. 10(a). The reconstructed

results accord well with the simulation results. Optical exper-
imental results show the accuracy of the SHC-LUT method to
achieve 3D reconstructed images.

C-LUT AC-LUT

AHC-LUT

SHC-LUT

Fig. 10. Optical experimental reconstruction results by the C-LUT, AC-
LUT, AHC-LUT, SHC-LUT methods.

From Fig. 11, it can be seen that 3D model reconstructed
images and reconstructed size are accurate by using the AC-
LUT, AHC-LUT, SHC-LUT methods at respective distance.
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Fig. 11. Optical experimental reconstruction results focused on different distance. Here, [(a), (e)], [(b), (D], [(c), (g)], and [(d), (h)]
show the reconstructed results by using the C-LUT, AC-LUT, AHC-LUT, and SHC-LUT methods, respectively; [(a)—(d)] and [(e)—(h)]

are focused at 300 mm and 400 mm, respectively.

The reconstructed distance of the C-LUT method is exact.
Nevertheless, there is distortion of reconstructed size and im-
age accuracy. As shown in Figs. 11(a) and 11(e), an additional
scaling factor is added to the program to control the size of the
reconstructed scene.

5. Conclusions

This paper proposes a symmetrically high-compressed
LUT method of CGH in Fresnel diffraction region. In of-
fline computing, after separating the longitudinal and wave-
length modulation factors, the basic vertical and horizontal
modulation factors are compressed to 1D arrays, respectively.
Moreover, the two 1D arrays are symmetric, which verify that
storing half the arrays data is feasible. Therefore, the pro-
posed method has the least memory usage which improves the
efficiency of reading data. In inline computing, other hori-
zontal and vertical modulation factors of object points can be
obtained by simply shifting the basic horizontal and vertical
modulation factors without sacrificing the speed. To verify the
feasibility of the proposed method, simulated and experimen-
tal reconstructed images of 3D objects are performed. Simu-
lations and optical experiments results accord well with each
other. The proposed method alleviates the distortion of the
C-LUT method, improves the inline speed of the AC-LUT
method, reduces the memory usage 50% of the AHC-LUT
method without sacrificing the inline speed. Our next work is
to combine the proposed method on GPU with optical waveg-
uide near-eye display devices. For small holographic near eye
display devices, the proposed method has great potential for
its small memory usage requirement. In addition, the pro-
posed method is expected to be used in the fields of optical
waveguide fabrication.
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