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Comparative Study of Phase-Only Hologram Generation Algorithms
Based on Iteration
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Abstract Phase-only holograms are used widely in holographic three-dimensional display owing to their high diffraction
efficiency and no conjugate image. An iterative algorithm plays an important role in generating phase-only holograms
because of its flexible calculation and high-quality image reconstruction. This study introduced a comparative study on the
latest iterative algorithms for generating phase-only holograms. The basic principle of generating phase-only holograms by
iterative algorithm was introduced, and representative and innovative algorithms were realized by programming.
Experiments were performed to analyze the characteristics, advantages, and disadvantages of various methods by
comparing the image reconstruction quality and computation time. The results show that the histogram compensation
algorithm can obtain better results for images with large pixel differences, the adaptive weighted Gerchberg-Saxton

algorithm can be used for images with high reconstruction quality.

Key words computer-generated holography; phase-only hologram; iterative algorithm; phase retrieval; image
reconstruction
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Fig. 1 Flowchart of the GS iterative algorithm
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Table 1 Simulation experimental data of each algorithm

) ) ) Weighted constraint Adaptive weighted Histograr.n
Experimental GS algorithm Fienup algorithm iterative algorithm GS algorithm compen.sauon
. algorithm
mase PSNR / Computing PSNR/ Computing PSNR/ Computing PSNR/ Computing PSNR/ Computing
dB time /s dB time /s dB time /s dB time /s dB time /s
creamman 25.68 1.66 28.72 1.85 25.25 1.73 27.06 1.95 26.29 1.77
baboon 27. 34 1.42 31.76 1.43 27.46 1.88 29.06 1.84 28.42 1.51
Lina 27.27 2.95 30.49 2.69 31.55 4.25 35.05 3.61 28.43 2.90
mola 25.48 2.99 28.29 2.77 30.55 4.21 33.33 3.80 26.57 2.92
peppers 29.77 2.65 33.15 2.89 33.85 3.31 34. 31 3.51 31.12 2.52
autumn 21.65 1.46 22.94 1.61 23.49 2.01 23.85 2.04 21.87 1.54
coins 28.16 1.34 31.39 1.37 31.06 1.98 31.29 1.74 30.59 1.31
lighthouse 25.97 3.37 29.29 3.46 30. 46 4.79 35.24 4.62 26.97 3.32
moon 19.18 2.57 19.71 2.41 22.42 3.49 22.95 3.02 19. 18 2.92
pears 27.48 3.90 31.38 4.19 32.62 5.19 35.39 4.76 28.22 3.92
rice 26. 89 1.55 30.62 1.55 27.51 1.90 30.07 2.01 29.09 1.68
trailer 22.26 6.49 23.17 6.31 23.37 9.46 23.75 8.67 22.25 6.81
liftingbody 28.55 2.74 32.76 2.78 33.28 4.16 38.63 3.64 28.99 3.38
horse 19.02 2.95 19. 00 3.00 20.83 4.01 21.65 3.78 19. 04 3.07
opera 22.83 3.01 23.56 3.02 25.47 3.92 27.03 3.75 22.70 2.98

(d) PSNR is 30.55 (¢) PSNRis 3333 (f) PSNR is 26.57
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Fig. 2 Simulated reconstructed images of each algorithm for mola image. (a) Original image; (b) GS algorithm; (¢) Fienup algorithm;

(d) weighted constraint iterative algorithm; (e) adaptive weighted GS algorithm; (f) histogram compensation algorithm
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(d) PSNR is 33.85

() PSNR is 34.31
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(f) PSNR is 31.12
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Fig. 3 Simulated reconstructed images of each algorithm for peppers image. (a) Original image; (b) GS algorithm; (¢) Fienup algorithm;

(d) weighted constraint iterative algorithm; (e) adaptive weighted GS algorithm; (f) histogram compensation algorithm
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Fig. 4 PSNR of the image reconstruction results of the different algorithms. (a) mola image; (b) peppers image
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Table 2 Performance comparison of each algorithm simulation

Weighted Adaptive Histogram
Performance GS algorithm Fienup algorithm  constraint iterative weighted GS compensation
algorithm algorithm algorithm
Computing time Least Less Most More Less
Rate of convergence Slowest Slower Faster Fastest Faster
Reconstruction quality General General Good Best General

PRUE i 88 o i A 0 AR B T 2
XTI B IR 2 H R EOR N m g O, TR
I Fienup 583% A= i A 47 42 B &L

INAL 24 o % AL 5 A RE B <y 48 E B, ] 4 29 R
ARA5 5 DX, S it T ORGP A s 1], [ kO 1 &
ST A RER A BB 29 TR B AR A O
W P A S, I BE B AT BE AR AU R AR A ) A I

N SEAERE S KM A R EM, kT FahiEES
B REET, PSNR L GSBE#E R 1 2. 78 dB H T 75 14
TR GRS M 2 o %8k R R B g
FHERT G T REHER AR G bS5 385 R 44 .
35 AL GS B33 PSR 36 14 e S 1 o DA ek
BT — 0T A8 R B O 2 R SRR
S WSV | BT I SR B R AN T S [A) R LAR S

0609001-5



B GSEMRFIRE L — 4 HEHEEGFERS TR
KIZTH,PSNRIEE T 4. 74 dB, 38 3K /&5 i & 14 5 2@ K
LGz 373- R/

By B AME SR IF 4 T 8 R B o B (6 B
AN T80 GS Bk F g Z ik, 5 GS ik
FHLE IZ BB 1 PSNR #2151 0. 81 dB, ik 2 A8 [A] K 14
J %S R B D T 23% . EO R AR LT
ARG R R WS A R R FEEE A .
BT B M X6 mola BIHE RN peppers B4 4b 275 5]
B PSNR £ n] & % FREMZBE KN ER 25
RAMEROR T b X F— SR B (AR R B R K E
1% A8 HZ R L 5 Hopth S SR L I AR 25 5, o] A5 31 A k4l
FEAE 42 BB I 1) o ASOR

5 i w

WP HME & B ) A 1976 4F Bl R L )R Ok B
Hauck """ FitE 2B E AR P . RFE T EATE
H b G 1 A4 2 G- 1 ) 1 A7 326 A% A B 20 A o7
BRI E D REY BB E R T AMELBRIRIEE B
Jo B4 B MR BATAE R IR 25, 78 4 B F 1 454
13 Z 8 HEAT AR UG AR T Bk Ry — 2B R A2k
o B, W R AR R T — M A
T IR ) 5 25 YRR R T R AR I R [E Y E AR R R
BB FR I AR T gt M 48 v T B R
o L EITHE MR Bk AR N T i pe A A
1§ v BT A7 7 1 0] R 4 v i PR 9 o i, (H 7R AR
TR v ) AT SR B T TRIATS A AE T R 2 A TR B
J A VPR X — MR A B o BRI A PP AG 2 kAR e
L rE = R S A = N e R R VA SN NI P L 57 N VI
FEHFMRARERFZE, Hp kB Rk mTs
P 2 A2 S P A5 0 P Al o T SR A 30 2 sk AR
) 5 R B T SCA BRI (R
5.1 BgRETEMH

H Al 7E 2l A0 07 4 B B AR R 2 AR Rk R
T VARG B i R BRI 7 MR 22 (RMSE) Fl 45 #4 A8 L 14
(SSIM) i H . RMSE J& 2 A bk rh 5 iz i H 19
G o o B (B BN 36 7R A MR Il gy, (1
RMSE X 15 P 258 AR fU8%, N BE M Aff Sz e Je 6 241 1) 1]
B . Yang %7 I 1K SSIM 1R by B & &
JEE AL, SSIM A o 326 AR 55 3k op %) J8 0 RS T
VEAR B o A 6% B 4 700U AR AR AR e 7 S i — 2B Y
AR T i RS o i A B o el Bk 2k . i
FH SSIM 1E Ry & i s WAL FE i, 238 7590 AR L 2L

AU B I R
5.2 &

A SO IR T A Y A Al A 7 4x B TR A 2k AU
i IR BT AR B PR B LA 2 BRE AT
TR ST, 20 T e AR S Z Ak XA
0 06 AR L AT B L R AT A SR BT B . R B

F 605 F6H/2023 F3 A/HAESBTFZHE
TURREASE X 0 o) OB I R Y DR s B RO e . R
FH AR W PR R 29 SR A5 R L 38 1 5448 H A ER O
A1 5 4 8 EIGT T A% 91 I 588 32 A9 AN [] DG B0 o 8 vy 7 At
PG 0T o RIS SAGH B o 1 3 N A GS B39k 7 4t o o
B TR TR ROR AN 25 B EARME L BRI
¥ 7RR R, BIAT E O AR R R R 2 R A (B
FritfE FHAR R S SR E M ER R EG . KGR
PEAR R A 4 = I S B e, R 2
[ & RMSE B4 5 &5 2 5, {H By T H 0 R N 2 K
TS B ME B b Sz it R BT, SSIM AR S — Fok
H G T B AR . AEOR AR R AR TR Al
AR A 8 TR A B b RO T AN A R (A MR
A s s e EAA VF 2 Al iR TR s ], Ak, T ik
RETE IR R B KA 8 AR 2 i i 1 — g
T 52 VR W A 2R U8 B 0 AR AR 7 4 B R A AE SRR T
Boo AR ,ITHRE M XBERCEF R T
4 B R S 3 BE Sl AR A6 42 L BT Y A R R BT Y
o0 S B

6 4 i

X Al A Ao 4 5 AR Y T2 27— AU
B R AT T R GOF LR T Rk IS . T
FE] P 7 A 7 4 B TR B A AF 5 B 45 3 1 — 2B AR
PRHTE 22 S B BIF 5 T R B T A T ARG 1 O 2R Y
HRAEAL o RIS, 45 A TR B2 o 2] M 48 0 2% R A 11 58 1 4
AR 4 TR AR B 1 © A Dy — Bl BT B9 0T 58 07 1)
B, A T T A7 90 208 B0 1 T o R ) — AP AR
I 28 S AR S e G TR AR ) A A AT P BT S R
B

Z % x M

[1] Benton S A, Bove V M, Jr. Holographic imaging[M].
Hoboken: John Wiley &. Sons, Inc., 2008.

[2] Chang C L, Xia J, Yang L, et al. Speckle-suppressed
phase-only holographic three-dimensional display based
on double-constraint Gerchberg-Saxton algorithm[J]. Applied
Optics, 2015, 54(23): 6994-7001.

[3] Pan Y J, Liu J, Li X, et al. A review of dynamic
holographic three-dimensional display: algorithms, devices,
and systems[J]. IEEE Transactions on Industrial Informatics,
2016, 12(4): 1599-1610.

[4] SRR, XURm, DA, A kT 2R AR A DL AL 1) = 4
AR ERD] WOL5um Tk, 2022, 59(16):
1615003.

Zhang Y F, Liu C X, Ma J, et al. 3D human pose
reconstruction based on multi-feature point matching[J].
Laser &. Optoelectronics Progress, 2022, 59(16): 1615003.

(5] 7R . =R A 15 4 8 R M A R B R AR
(D] B #1: RWIFL TR, 2017: 15-20.

Xiang D. The research of fast algorithm and display of
computer-generated hologram for three dimension objects
[D]. Kunming: Kunming University of Science and

0609001-6



£ 605 F 6HI/2023 F3 H/HMAESBFFHE

(6]

(7]

(8]

[16]

(18]

Technology, 2017: 15-20.

LR, B, TR, ST ZgRnmelE
A PR MR 7] WOk 5ot H T aE B, 2019, 56(24):
240001.

Jiang Z X, Gui J B, Wang G Q, et al. Overview of
holographic-compression technology for three-dimensional
display[J]. Laser &. Optoelectronics Progress, 2019, 56
(24): 240001.

Pang H, Wang J Z, Cao A X, et al. High-accuracy
method for holographic image projection with suppressed
speckle noise[J]. Optics Express, 2016, 24(20): 22766-
22776.

Tsang P W M, Poon T C. Review on the state-of-the-art
technologies for acquisition and display of digital
holograms[J]. IEEE Transactions on Industrial Informatics,
2016, 12(3): 886-901.

Zhai T T, Song Q, Liao E L, et al. An approach for
holographic projection with higher image quality and fast
convergence rate[J]. Optik, 2018, 159: 211-221.
Nishitsuji T, Shimobaba T, Kakue T, et al. Review of
fast calculation techniques for computer-generated holograms
with the IEEE
13(5):

point-light-source-based model[J].
Transactions on Industrial Informatics, 2017,
2447-2454.

Blinder D, Schelkens P. Phase added sub-stereograms
for accelerating computer generated holography[J]. Optics
Express, 2020, 28(11): 16924-16934.

Leonardo R D, Ianni F, Ruocco G. Computer generation
of optimal holograms for optical trap arrays[J]. Optics
Express, 2007, 15(4): 1913-1922.

T, #wE, ARG, 55 . 50> T A A HER R
A B S HT). ok 5o TR gt R, 2021, 58(12):
1200001.

Yang J Y, Dong H, Xing F L, et al. Single-molecule
localization super-resolution microscopy and its applications
[J]. Laser &. Optoelectronics Progress, 2021, 58(12):
1200001.

Guan C S, Wang Z C, Ding X M, et al. Coding
Huygens’ metasurface for enhanced quality holographic
imaging[J]. Optics Express, 2019, 27(5): 7108-7119.
Wang Z, Zhu L. M, Zhang X, et al. Computer-generated
photorealistic hologram using ray-wavefront conversion
based on the additive compressive light field approach[J].
Optics Letters, 2020, 45(3): 615-618.

Michalkiewicz A, Kujawinska M, Krezel J, et al. Phase
manipulation and optoelectronic reconstruction of digital
holograms by means of .LCOS spatial light modulator[J].
Proceedings of SPIE, 2005, 5776: 144-152.

bk, skl 2R 5, 55 . & 4R 0m 0 il AE B 1E g % &
I8 P F LA A BTk DT O R, 2021, 41(15):
1509001.

Gui J B, Zhang K, Li J C, et al. Optimal design of
kinoform encoding and filtering system based on complex
amplitude modulation[J]. Acta Optica Sinica, 2021, 41
(15): 1509001.

Zhang Z C, You Z, Chu D P. Fundamentals of phase-
only liquid crystal on silicon (I.LCOS) devices[J]. Light:

[19]

[20]

(21]

[24]

[25]

[26]

[29]

[30]

[31]

[33]

[34]

0609001-7

Science &. Applications, 2014, 3(10): e213.

Zeng W M, Poon C T, Wang M, et al. Integrating
multiple images in a sampled phase-only hologram[J].
Chinese Optics Letters, 2019, 17(5): 050901.

XUPLUEE , PN, sk, A% AlAE AL TR TR 2K 4 B IR g R i
AR B R B W R[] e 7o, 2014, 43(5):
0509003.

Liu K F, Shen C, Zhang C, et al. Iterative feedback
algorithm for phase-only Fresnel hologram and display
using liquid crystal on silicon[J]. Acta Photonica Sinica,
2014, 43(5): 0509003.

Lazarev G, Chen P J, Strauss J, et al. Beyond the
display: phase-only liquid crystal on silicon devices and
their applications in photonics[J]. Optics Express, 2019,
27(11): 16206-16249.

LiBY, Wang J, Chen C, et al. Spherical self-diffraction
for speckle suppression of a spherical phase-only hologram
[J]. Optics Express, 2020, 28(21): 31373-31385.

R VIIN: S U A s R A o NS K S e N AN T RS A
7~ , 2021, 36(6): 810-826.

BuH Z, Jiao S M. Review of computer-generated phase-
only hologram optimization algorithm[J]. Chinese Journal
of Liquid Crystals and Displays, 2021, 36(6): 810-826.
Mendoza-Yero O, Minguez-Vega G, Lancis J. Encoding
complex fields by using a phase-only optical element[J].
Optics Letters, 2014, 39(7): 1740-1743.

Qi Y J, Chang C L, Xia J. Speckleless holographic
display by complex modulation based on double-phase
method[J]. Optics Express, 2016, 24(26): 30368-30378.
Zhao T, Liu J, Duan J Y,

enhancement via gradient-limited random phase addition

et al. Image quality

in holographic display[J]. Optics Communications, 2019,
442: 84-89.

Chen L. Z, Zhang H, Cao L. C, et al. Non-iterative phase
hologram generation with optimized phase modulation[J].
Optics Express, 2020, 28(8): 11380-11392.

Tsang P W M, Chow Y T, Poon T C. Enhancement on
the generation of sampled phase-only holograms[J].
Chinese Optics Letters, 2015, 13(6): 060901.

Tsang P W M, Chow Y T, Poon T C. Generation of
edge-preserved noise-added phase-only hologram[J].
Chinese Optics Letters, 2016, 14(10): 100901.

Tsang P W M, Chow Y T, Poon T C. Generation of
patterned-phase-only holograms (PPOHs) [J]. Optics
Express, 2017, 25(8): 9088-9093.

Wyrowski F, Bryngdahl O. Iterative Fourier-transform
algorithm applied to computer holography[J]. Journal of
the Optical Society of America A, 1988, 5(7): 1058-1065.
Gerchberg R W, Saxton W O. A practical algorithm for
the determination of plane from image and diffraction
pictures[J]. Optik, 1972, 35: 237-250.

Fienup J R. Phase retrieval algorithms: a comparison[J].
Applied Optics, 1982, 21(15): 2758-2769.

DGR, XA, Afd i . I BGH 1 Fienup £ U 2 # 4T
By e BEET] Ot 2012, 32(6): 0609002.

Pan X C, Liu C, Zhu J Q. Improved Fienup’s iteration
method for image reconstruction in digital holography[J].



[38]

[41]

[42]

Acta Optica Sinica, 2012, 32(6): 0609002.

Mukherjee S, Seelamantula C S. Fienup algorithm with
sparsity constraints: application to frequency-domain
optical-coherence tomography[J]. IEEE Transactions on
Signal Processing, 2014, 62(18): 4659-4672.

Akahori H. Spectrum leveling by an iterative algorithm
with a dummy area for synthesizing the kinoform[J].
Applied Optics, 1986, 25(5): 802-811.

Wyrowski F. Diffractive optical elements: iterative
calculation of quantized, blazed phase structures[J].
Journal of the Optical Society of America A, 1990, 7(6):
961-969.

MR, FAET . JE TR 45 1% SR 0 Al RH L 0 1A AR L 1K 52
(J]. ¥y 3244, 2013, 62(10): 104203.

Yang Z Y, Zheng C J. Phase retrieval of pure phase
object based on compressed sensing[J]. Acta Physica
Sinica, 2013, 62(10): 104203.

Chen L. Z, Zhang H, He Z H, et al. Weighted constraint
iterative algorithm for phase hologram generation[J].
Applied Sciences, 2020, 10(10): 3652.

Chen L. Z, Zhang H, Cao L. C, et al. Weighted iterative
algorithm for phase hologram generation with high-
quality reconstruction[J]. Proceedings of SPIE, 2019,
11188: 347-351.

Wu Y, Wang J, Chen C, et al. Adaptive weighted
Gerchberg-Saxton algorithm for generation of phase-only
hologram with artifacts suppression[J]. Optics Express,
2021, 29(2): 1412-1427.

Kim Y K, Ryu W J, Lee J S, et al. Histogram
compensation algorithm for an
hologram calculation[J]. Optics Express, 2020, 28(26):
40164-40175.

%) 7% £ " (Ting-Chung Poon), &)Xl % ¥ (Jung-Ping
Lin). B E 72 8 2in[M] =608, ke, . dt
AU MU Tl AL, 2018: 141-143.

Poon T C, Liu J P. Introduction to modern digital
holography[M]. Yan X P, Yan Z Q, Transl. Beijing:
China Machine Press, 2018: 141-143.

Shimobaba T, Kakue T, Endo Y, et al. Random phase-
free kinoform for large objects[J]. Optics Express, 2015,
23(13): 17269-17274.

Chen L. Z, Tian S Z, Zhang H, et al. Phase hologram

optimization with bandwidth constraint

efficient phase-only

strategy for
speckle-free optical reconstruction[J]. Optics Express,
2021, 29(8): 11645-11663.

Pang H, Wang J Z, Zhang M, et al. Non-iterative phase-
only Fourier hologram generation with high image quality
[J]. Optics Express, 2017, 25(13): 14323-14333.

Hauck R, Bryngdahl O. Computer-generated holograms
with pulse-density modulation[J]. Journal of the Optical

0609001-8

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[56]

[57]

[58]

[59]

[60]

£ 605 F 6H/2023 F3 H/HMAESBFFHE

Society of America A, 1984, 1(1): 5-10.
Tsang P W M, Poon T C. Novel method for converting
digital Fresnel hologram to phase-only hologram based

on bidirectional error diffusion[J]. Optics Express, 2013,
21(20): 23680-23686.

Tsang P W M, Jiao A S M, Poon T C. Fast conversion
of digital Fresnel hologram to phase-only hologram based
on localized error diffusion and redistribution[J]. Optics
Express, 2014, 22(5): 5060-5066.

Bl R, R, AF . Ol NI R T 2 gk
ZY WL B U B it 5 BB S 2E i, 2014,
26(11): 1974-1980.

HuJH, Wang Y K, Wang S H, et al. An adaptive noise
modulation multilevel error diffusion algorithm[J]. Journal
of Computer-Aided Design & Computer Graphics, 2014,
26(11): 1974-1980.

JEVIE I | W . = A A Bt o A B N S A
(7). O, 2018, 45(12): 1209001.

Zhou T T, Han C. Speckle noise suppression in three-
dimensional phase-only holographic display[J]. Chinese
Journal of Lasers, 2018, 45(12): 1209001.

Fischer D, Sinzinger S. Evaluation of quadratic phase
hologram calculation algorithms in the Fourier regime[J].
Applied Optics, 2020, 59(6): 1501-1506.

Liu K X, He Z H, Cao L. C. Pattern-adaptive error
diffusion algorithm for improved phase-only hologram
generation[J]. Chinese Optics Letters, 2021, 19(5): 050501.
Barten P G J. Evaluation of subjective image quality with
the square-root integral method[J]. Journal of the Optical
Society of America A, 1990, 7(10): 2024-2031.

Chu D P, Dowsett M G, Cooke G A. Characterization
of the noise in secondary ion mass spectrometry depth
profiles[J]. Journal of Applied Physics, 1996, 80(12):
7104-7107.

Lehmann E L, Casella G. Theory of point estimation
[M]. 2nd ed. New York: Springer, 1998.

Wang Z, Bovik A C, Sheikh H R, et al. Image quality
assessment: from error visibility to structural similarity[J].
IEEE Transactions on Image Processing, 2004, 13(4):
600-612.

Yang H N, Liu L, Tang H, et al. Relationship of just
noticeable difference (JND) in black level and white level
with image content[J]. Journal of Display Technology,
2014, 10(6): 470-477.

Yang H N, Chu D P. Iterative phase-only hologram
generation based on the perceived image quality[J].
Applied Sciences, 2019, 9(20): 4457.

Alsaka D 'Y, Arpali C, Arpali S A. A comparison of
iterative Fourier transform algorithms for image quality
estimation[J]. Optical Review, 2018, 25(5): 625-637.



	1　引　　言
	2　GS算法
	3　迭代算法的改进研究进展
	3.1　基于初始相位的改进算法
	3.2　基于振幅约束的改进算法

	3.2.1　Fienup算法
	3.2.2　加权约束迭代算法
	3.2.3　自适应加权GS算法
	3.2.4　直方图补偿算法
	4　实验比较验证
	4.1　实验模拟结果
	4.2　实验分析

	5　讨　　论
	5.1　图像质量评估
	5.2　分析

	6　结　　论

