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Fig. 1. Schematic of the dual chaotic compression encryption method based on I-COACH.
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2 I-COACH (a) ; (b) 1-COACH ; (©)
0.5 ;(d) 0.5 ;(e) 1/6

Fig. 2. Original image processed by the I-COACH system and decrypted images under different interference conditions: (a) Original
image; (b) object hologram obtained after processing by the I-COACH system; (c) decrypted image after adding salt-and-pepper
noise with an intensity of 0.5 to the ciphertext; (d) decrypted image after adding Gaussian white noise with an intensity of 0.5 to

the ciphertext; (e) decrypted image after cropping 1/6 of the ciphertext.

3 (a) I-COACH (b)) K=M
;) K=M ;(d) K<M 0.7

Fig. 3. Key images in the encryption process and ciphertext images under different sampling rates: (a) Point-source hologram recor-

ded by the I-COACH system; (b) orthogonal key matrix image under the condition of K = M ; (c) final ciphertext image gener-

ated under the condition of K = M ; (d) final ciphertext image generated with a sampling rate of 0.7 under the condition of

K<M
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Fig. 4. Statistical characteristics and adjacent-pixel correlation analysis of grayscale images and their encrypted counterparts:
(a) Histograms of the five original grayscale images; (b) histogram of the ciphertext image; (c) scatter plot of horizontal adjacent-

pixel correlations; (d) scatter plot of vertical adjacent-pixel correlations; (e) scatter plot of diagonal adjacent-pixel correlations.

1
Table 1. Comparisons for the correlation coefficients of different encryption scheme.
) 110 m
Lena
0.8248 0.9595 0.9279 0.9839 0.9543 -0.0047 0.0013 -0.0013
0.8686 0.9335 0.9358 0.9866 0.9158 -0.0305 0.0020 0.0283
0.7880 0.9056 0.8860 0.9722 0.8931 0.0078 0.0032 0.0465
] ] 2
, CS Table 2.  The structural similarity of the decryp-
ted image and the original image.
SSIM
/ 5(a)
Lena
CPM PSH,
5 2(c) 05842 0.7766 0.6689 0.6863  0.6223
2(d) 0.5988 0.7805 0.7078 0.6804 0.6214
., 5(b)
5 2(e) 0.8149 0.9094 0.8432 0.9440 0.8765
5(a) 0.0145 0.1345 0.0756 0.1119 0.0281
' 5(b) 0.0031 0.1249 0.1321 0.0373  0.0598
SSIM 0.2,
5(c) 1.0000 1.0000 1.0000 1.0000 1.0000
5(d) 0.6011 0.6064 0.6284 0.6011 0.6202
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5 (@ CPM PSH : (b)

;) K=M ;(d) K<M 0.7
Fig. 5. Visual performance of decrypted images under different conditions: (a) Decrypted image obtained using an incorrectly gener-
ated PSH with erroneous CPM; (b) decrypted image obtained using an incorrect measurement matrix key; (c) decrypted image un-
der the condition of K = M ; (d) decrypted image with a sampling rate of 0.7 under the condition of K <M
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Fig. 6. Influence of different conditions on the SSIM of decrypted images: (a) Variation curve of SSIM for decrypted images under
different sampling rates; (b) SSIM variation curve for decrypted images with central wavelength deviation; (c) SSIM variation curve
for decrypted images with diffraction distance deviation; (d) SSIM variation curve for decrypted images with diffraction distance de-

viation.
3
Table 3.  Sensitivity analysis of key parameters in chaotic systems.
( =0:0001)
+ + + Xo + Yo + Zo +
/10 1.0781 1.0983 1.2914 1.2738 1.0612 1.0820
SSIM 0.1985 0.1921 0.1868 0.2022 0.2050 0.1947
/dB 7.8042 7.7237 7.0202 7.0797 7.8728 7.7885
10.01 s, L: L» 180 mm,
6(a) 30 mm 150 mm. USAF-
SSIM, 1951 :
‘l2711 Ll311 5‘417 , SLM(
GCI-770402, SLM, 1280%720
4 , 6.3 um) Zv 300 mm.
I-COACH SLM ( MER-
130-30 UM, 1280x=1024 , 5.2 um)
Zx 150 mm.
1(a) LED( 7(a) PSH 3
GCI-060403, 3 W, o= CCD : 7(b), (d)—(
528.2 nm, /(= 25 nm)
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Fig. 7. Experimental results of I-COACH-based multi-image dual-chaotic compression encryption: (a) Plaintext obtained by lens
imaging; (b) recorded PSH image; (c) ciphertext; (d)—(f) holograms of numbers “2”, “3”, and “4”; (g)—-(i) decrypted reconstruction

images; (j)—(1) decrypted images at 0.7 compression sampling ratio.

7(c) :
7(9)—(® : :
0.7 , 70)—()
5
I-COACH
DCT
CS )
I-COACH
, Logistic
Henon )
; : CS
30%

[1] Wang Y, Wong K W, Liao X F, Chen G R 2011 Appl. Soft

(2]
3]

4
(3]

6]

[

8

9
(10]
(11]
(12]
(13]
(14]
(15]
[16]
(17]
(18]
(19]
(20]
(21]
[22]
(23]
[24]

(25]

050404-10

Comput. 11 514
Kaur M, Kumar V 2020 Arch. Comput. Method. E. 27 15
SaberiKamarposhti M, Ghorbani A, Yadollahi M 2024 Chaos
Soliton. Fract. 178 114361
Patro K A K, Acharya B 2021 Nonlinear Dynam. 104 2759
Zhou N R, Tong L J, Zou W P 2023 Signal Process. 211
109107
Zhou N R, Hu L L, Huang Z W, Wang M M 2024 Expert
Syst. Appl. 238 122052
Sui L S, Zhou B, Ning X J, Tian A L 2016 Opt. Express 24
499
Wang X G, Li M, Yu NN, Xi S X, Wang X L, Lang L Y
2019 Acta Phys. Sin. 68 240503 (in Chinese) [ , ,
, , , 2019 68 240503]

Hazer A, Yildirm R 2021 J. Opt. 23 113501
Wang Y H, Wu Y X, Fang H, Zhang X, Su Y G 2024 J. Opt.
53 4997
Fang G Q, Lin H, Wang S Y, Peng P, Fang Z Y 2025 Acta
Phys. Sin. 74 064205 (in Chinese) [ , , ,

, 2025 74 064205]
Refregier P, Javidi B 1995 Opt. Lett. 20 767
Vijayakumar A, Rosen J 2017 Opt. Express 25 13883
Rosen J, Anand V 2024 Photonics. 11 115
Zhang M H, Wan Y H, Man T L, Zhang W X, Zhou H Q
2024 Opt. Laser. Eng. 173 107929
Yu X L, Wang K W, Xiao J J, Li X F, Sun Y Q, Chen H
2022 Opt. Lett. 47 409
Yang L, Yang J P, Huang T, Li J S, Zhang Q N, Di J L,
Zhong L Y 2024 Opt. Laser Technol. 169 110096
Yu X L, Chen H, Xiao J J, Sun Y Q, Li X F, Wang K W
2022 Opt. Commun. 510 127889
Zhang W B, Zou Z H, Ren Y C, Sun X D, Yu Y X, Tsai C
W, Zhang Z J 2024 Opt. Express 32 27444
Liu H J, Wang X Y 2011 Opt. Commun. 284 3895
Li Y P, Wang C H, Chen H 2017 Opt. Laser. Eng. 90 238
Wei D Y, Jiang M J, Deng Y 2023 Expert Syst. Appl. 213
119074
Chai X L, Gan Z H, Chen Y R, Zhang Y S 2017 Signal
Process. 134 35
Chai X L, Zheng X Y, Gan Z H, Han D J, Chen Y R 2018
Signal Process. 148 124
Shi H, Wang L D 2019 Acta Phys. Sin. 68 200501 (in


https://doi.org/10.1016/j.asoc.2009.12.011
https://doi.org/10.1016/j.asoc.2009.12.011
https://doi.org/10.1016/j.asoc.2009.12.011
https://doi.org/10.1016/j.asoc.2009.12.011
https://doi.org/10.1016/j.asoc.2009.12.011
https://doi.org/10.1016/j.asoc.2009.12.011
https://doi.org/10.1016/j.asoc.2009.12.011
https://doi.org/10.1016/j.asoc.2009.12.011
https://doi.org/10.1007/s11831-018-9298-8
https://doi.org/10.1007/s11831-018-9298-8
https://doi.org/10.1007/s11831-018-9298-8
https://doi.org/10.1007/s11831-018-9298-8
https://doi.org/10.1007/s11831-018-9298-8
https://doi.org/10.1007/s11831-018-9298-8
https://doi.org/10.1007/s11831-018-9298-8
https://doi.org/10.1016/j.chaos.2023.114361
https://doi.org/10.1016/j.chaos.2023.114361
https://doi.org/10.1016/j.chaos.2023.114361
https://doi.org/10.1016/j.chaos.2023.114361
https://doi.org/10.1016/j.chaos.2023.114361
https://doi.org/10.1016/j.chaos.2023.114361
https://doi.org/10.1016/j.chaos.2023.114361
https://doi.org/10.1016/j.chaos.2023.114361
https://doi.org/10.1007/s11071-021-06409-z
https://doi.org/10.1007/s11071-021-06409-z
https://doi.org/10.1007/s11071-021-06409-z
https://doi.org/10.1007/s11071-021-06409-z
https://doi.org/10.1007/s11071-021-06409-z
https://doi.org/10.1007/s11071-021-06409-z
https://doi.org/10.1007/s11071-021-06409-z
https://doi.org/10.1016/j.sigpro.2023.109107
https://doi.org/10.1016/j.sigpro.2023.109107
https://doi.org/10.1016/j.sigpro.2023.109107
https://doi.org/10.1016/j.sigpro.2023.109107
https://doi.org/10.1016/j.sigpro.2023.109107
https://doi.org/10.1016/j.sigpro.2023.109107
https://doi.org/10.1016/j.eswa.2023.122052
https://doi.org/10.1016/j.eswa.2023.122052
https://doi.org/10.1016/j.eswa.2023.122052
https://doi.org/10.1016/j.eswa.2023.122052
https://doi.org/10.1016/j.eswa.2023.122052
https://doi.org/10.1016/j.eswa.2023.122052
https://doi.org/10.1016/j.eswa.2023.122052
https://doi.org/10.1016/j.eswa.2023.122052
https://doi.org/10.1364/OE.24.000499
https://doi.org/10.1364/OE.24.000499
https://doi.org/10.1364/OE.24.000499
https://doi.org/10.1364/OE.24.000499
https://doi.org/10.1364/OE.24.000499
https://doi.org/10.1364/OE.24.000499
https://doi.org/10.7498/aps.68.20191362
https://doi.org/10.7498/aps.68.20191362
https://doi.org/10.7498/aps.68.20191362
https://doi.org/10.7498/aps.68.20191362
https://doi.org/10.7498/aps.68.20191362
https://doi.org/10.7498/aps.68.20191362
https://doi.org/10.7498/aps.68.20191362
https://doi.org/10.7498/aps.68.20191362
https://doi.org/10.7498/aps.68.20191362
https://doi.org/10.7498/aps.68.20191362
https://doi.org/10.7498/aps.68.20191362
https://doi.org/10.7498/aps.68.20191362
https://doi.org/10.7498/aps.68.20191362
https://doi.org/10.7498/aps.68.20191362
https://doi.org/10.7498/aps.68.20191362
https://doi.org/10.1088/2040-8986/ac2463
https://doi.org/10.1088/2040-8986/ac2463
https://doi.org/10.1088/2040-8986/ac2463
https://doi.org/10.1088/2040-8986/ac2463
https://doi.org/10.1088/2040-8986/ac2463
https://doi.org/10.1088/2040-8986/ac2463
https://doi.org/10.1088/2040-8986/ac2463
https://doi.org/10.1007/s12596-024-01721-4
https://doi.org/10.1007/s12596-024-01721-4
https://doi.org/10.1007/s12596-024-01721-4
https://doi.org/10.1007/s12596-024-01721-4
https://doi.org/10.1007/s12596-024-01721-4
https://doi.org/10.1007/s12596-024-01721-4
https://doi.org/10.7498/aps.74.20241444
https://doi.org/10.7498/aps.74.20241444
https://doi.org/10.7498/aps.74.20241444
https://doi.org/10.7498/aps.74.20241444
https://doi.org/10.7498/aps.74.20241444
https://doi.org/10.7498/aps.74.20241444
https://doi.org/10.7498/aps.74.20241444
https://doi.org/10.7498/aps.74.20241444
https://doi.org/10.7498/aps.74.20241444
https://doi.org/10.7498/aps.74.20241444
https://doi.org/10.7498/aps.74.20241444
https://doi.org/10.7498/aps.74.20241444
https://doi.org/10.7498/aps.74.20241444
https://doi.org/10.7498/aps.74.20241444
https://doi.org/10.7498/aps.74.20241444
https://doi.org/10.7498/aps.74.20241444
https://doi.org/10.1364/OL.20.000767
https://doi.org/10.1364/OL.20.000767
https://doi.org/10.1364/OL.20.000767
https://doi.org/10.1364/OL.20.000767
https://doi.org/10.1364/OL.20.000767
https://doi.org/10.1364/OL.20.000767
https://doi.org/10.1364/OL.20.000767
https://doi.org/10.1364/OE.25.013883
https://doi.org/10.1364/OE.25.013883
https://doi.org/10.1364/OE.25.013883
https://doi.org/10.1364/OE.25.013883
https://doi.org/10.1364/OE.25.013883
https://doi.org/10.1364/OE.25.013883
https://doi.org/10.1364/OE.25.013883
https://doi.org/10.3390/photonics11020115
https://doi.org/10.3390/photonics11020115
https://doi.org/10.3390/photonics11020115
https://doi.org/10.3390/photonics11020115
https://doi.org/10.3390/photonics11020115
https://doi.org/10.3390/photonics11020115
https://doi.org/10.3390/photonics11020115
https://doi.org/10.1016/j.optlaseng.2023.107929
https://doi.org/10.1016/j.optlaseng.2023.107929
https://doi.org/10.1016/j.optlaseng.2023.107929
https://doi.org/10.1016/j.optlaseng.2023.107929
https://doi.org/10.1016/j.optlaseng.2023.107929
https://doi.org/10.1016/j.optlaseng.2023.107929
https://doi.org/10.1016/j.optlaseng.2023.107929
https://doi.org/10.1364/OL.439615
https://doi.org/10.1364/OL.439615
https://doi.org/10.1364/OL.439615
https://doi.org/10.1364/OL.439615
https://doi.org/10.1364/OL.439615
https://doi.org/10.1364/OL.439615
https://doi.org/10.1364/OL.439615
https://doi.org/10.1016/j.optlastec.2023.110096
https://doi.org/10.1016/j.optlastec.2023.110096
https://doi.org/10.1016/j.optlastec.2023.110096
https://doi.org/10.1016/j.optlastec.2023.110096
https://doi.org/10.1016/j.optlastec.2023.110096
https://doi.org/10.1016/j.optlastec.2023.110096
https://doi.org/10.1016/j.optlastec.2023.110096
https://doi.org/10.1016/j.optcom.2021.127889
https://doi.org/10.1016/j.optcom.2021.127889
https://doi.org/10.1016/j.optcom.2021.127889
https://doi.org/10.1016/j.optcom.2021.127889
https://doi.org/10.1016/j.optcom.2021.127889
https://doi.org/10.1016/j.optcom.2021.127889
https://doi.org/10.1016/j.optcom.2021.127889
https://doi.org/10.1364/OE.530564
https://doi.org/10.1364/OE.530564
https://doi.org/10.1364/OE.530564
https://doi.org/10.1364/OE.530564
https://doi.org/10.1364/OE.530564
https://doi.org/10.1364/OE.530564
https://doi.org/10.1364/OE.530564
https://doi.org/10.1016/j.optcom.2011.04.001
https://doi.org/10.1016/j.optcom.2011.04.001
https://doi.org/10.1016/j.optcom.2011.04.001
https://doi.org/10.1016/j.optcom.2011.04.001
https://doi.org/10.1016/j.optcom.2011.04.001
https://doi.org/10.1016/j.optcom.2011.04.001
https://doi.org/10.1016/j.optcom.2011.04.001
https://doi.org/10.1016/j.optlaseng.2016.10.020
https://doi.org/10.1016/j.optlaseng.2016.10.020
https://doi.org/10.1016/j.optlaseng.2016.10.020
https://doi.org/10.1016/j.optlaseng.2016.10.020
https://doi.org/10.1016/j.optlaseng.2016.10.020
https://doi.org/10.1016/j.optlaseng.2016.10.020
https://doi.org/10.1016/j.optlaseng.2016.10.020
https://doi.org/10.1016/j.eswa.2022.119074
https://doi.org/10.1016/j.eswa.2022.119074
https://doi.org/10.1016/j.eswa.2022.119074
https://doi.org/10.1016/j.eswa.2022.119074
https://doi.org/10.1016/j.eswa.2022.119074
https://doi.org/10.1016/j.eswa.2022.119074
https://doi.org/10.1016/j.sigpro.2016.11.016
https://doi.org/10.1016/j.sigpro.2016.11.016
https://doi.org/10.1016/j.sigpro.2016.11.016
https://doi.org/10.1016/j.sigpro.2016.11.016
https://doi.org/10.1016/j.sigpro.2016.11.016
https://doi.org/10.1016/j.sigpro.2016.11.016
https://doi.org/10.1016/j.sigpro.2016.11.016
https://doi.org/10.1016/j.sigpro.2016.11.016
https://doi.org/10.1016/j.sigpro.2018.02.007
https://doi.org/10.1016/j.sigpro.2018.02.007
https://doi.org/10.1016/j.sigpro.2018.02.007
https://doi.org/10.1016/j.sigpro.2018.02.007
https://doi.org/10.1016/j.sigpro.2018.02.007
https://doi.org/10.1016/j.sigpro.2018.02.007
https://doi.org/10.7498/aps.68.20190553
https://doi.org/10.7498/aps.68.20190553
https://doi.org/10.7498/aps.68.20190553
https://doi.org/10.7498/aps.68.20190553
https://doi.org/10.7498/aps.68.20190553
https://doi.org/10.7498/aps.68.20190553
https://doi.org/10.7498/aps.68.20190553
https://doi.org/10.7498/aps.68.20190553
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Acta Phys. Sin.

Vol. 75, No. 5 (2026)

050404

[26]
[27]
(28]
[29]

(30]

(31]

[32]

Chinese) [ , 2019 68 200501]
Xu QY, Sun K H, He S B, Zhu C X 2020 Opt. Laser. Eng.
134 106178
Qin Y, Man T L, Wan Y H, Wang X 2023 Laser
Optoelectron. Prog. 60 0400001 (in Chinese) [ , ,

, 2023 60 0400001]
Wang C, Song L 2023 Inf. Sci. 642 119166
Wen H P, Yang L C,Bai C X, LinY T, Liu TY, Chen L, He
D J 2024 Sci. Rep. 14 8805
Jia J W, Zhang Z, Zhou H Y, Chen X B 2025 Opt. Precis.
Eng. 33 624 (in Chinese) [ , , , 2025

33 624]

Eltoukhy M M, Alsubaei F S, Elnabawy Y M, Hosny K M
2025 Alex. Eng. J. 125 367
Hu L L, Chen M X, Wang M M, Zhou N R 2024 Chaos

(33]

(34]
(39]
(36]

[37]
(38]

(39]
[40]

[41]
[42]

Soliton. Fract. 188 115521

Huang L L, Gao H 2024 IEEE Trans. Circuits Syst. I1-Regul.
Pap. 71 3726

Zhou L L, Chen P Y, Tan F 2025 Phys. Scr. 100 025223

Lan Y C, Wang C M 2025 IEEE Access 13 43316

Acharya B, Sravan J V, Potnuru D J R, Patro K A K 2025
IEEE Access 13 62773

Wei J J, Zhang M, Tong X J 2022 Entropy 24 784

Hosny K M, Elnabawy Y M, Salama R A, Elshewey A M
2024 Sci. Rep. 14 30597

Zhang Z Y, Mou J, Banerjee S, Cao Y H 2024 Chin. Phys. B
33 020503

Xue L L, Ai C H, Ge Z H 2025 Phys. Scr. 100 035539

Wang L Y, Cheng H 2019 Entropy 21 960

Hénon M 1976 Commun. Math. Phys. 50 69

Multi-image dual-chaotic compression encryption method for
interferenceless coded aperture correlation holography”

LI Jia? YU Xuelian bt

ZHANG YuehuiV
SUN Yangian %

NIU Jia?¥ HE Lei®

LI Xiufang %

1) (Heilongjiang Provincial Key Laboratory of Quantum Control, School of Measurement and Communication Engineering,

Harbin University of Science and Technology, Harbin 150080, China)

2) (Shanxi Key Laboratory of Quantum Information and Quantum Optoelectronic Devices, School of Physics,

Xi’an Jiaotong University, Xi’an 710049, China)

3) (Key Laboratory of Luminescence and Optical Information of Ministry of Education,

Beijing Jiaotong University, Beijing 100044, China)

4) (Daheng New Epoch Technology, Inc., Beijing 100085, China)

5) (Harbin Xinguang Optic-electronics Technology Co., Ltd., Harbin 150078, China)

( Received 10 November 2025; revised manuscript received 22 December 2025 )

Abstract

To improve the security and efficiency of multi-image encryption, this study proposes a hybrid encryption
method that combines interferenceless coded aperture correlation holography (I-COACH) with chaotic
modulation and compressed sensing techniques. This method constructs a dual-layer encryption framework that
integrates optical and digital processing, thereby overcoming the limitations of single-domain schemes.

In the optical layer, I-COACH is used to encode multiple input images by recording their point spread
holograms without interference, providing initial encryption and resistance to physical attacks. Then, resulting
hologram is processed using block-wise discrete cosine transform (DCT) to achieve sparsity. Dual chaotic
sequences perturb DCT coefficients to enhance key sensitivity and randomness. Finally, compressed sensing is
used to achieve secondary encryption while reducing the data volume by 30%, enabling efficient and secure
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storage or transmission. The experimental results show that the proposed method against differential attacks
achieves an average number of pixels change rate (NPCR) of 99.44% and a unified average changing intensity
(UACI) of 33.04%, with a ciphertext entropy of 7.9996 bit. Moreover, it exhibits excellent encryption
performance in terms of key sensitivity, robustness, and resistance to statistical analysis. This method provides

a practical solution for secure image application scenarios such as medical imaging and surveillance.
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