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Fig. 2 Partial results of optical cryptosystem in the digital simulation process. (a) Original image at 449 nm; (b) original image at
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image at 637 nm

30 EMEGBREKERZEMEZESHF

CCD it s 1y 4 B & Hp W 7 R IR A7 76 T8 A 6 %
W g TR T R OGRS R G T M, R AT RE >
H SCOBIR B HE ¥ 50t sk o 23 3 g A 3D & ik
8 2D m G MG 4R T AT SO 2R oo 59 BEAILAR {7 B
M 3 TR €0 38 % R B 3 9 Rl AL 4R DR SR . CCD
B4 I 2 Y T ) 7 R MR RS A X e g Rl R b
) W 7 2 B i E G B IR R RIAR AV b o R, A (A
LA, 43 5310388 3 R 0 AR A7 A48 s M IR CHL o R R
Mg 5 5 8 I PR A O~1, A o7 M 75 58 3 9 L N O~27)
FEAR G| 3 W 2 11 43 B W 75 i % o A LR 1) 52
M), 43 AT O W s R 3 1 W 7 DX 31 5 Xof 28 o e 7
1) 4 5 PR HE AT B0 5 AL RN BB Pk &2, C-PSNR 5 &
F14) I 55 JFIT AL 437 M 7 5 8 114 O 2R T & 3 T 7R (AR SCHh Y
C-PSNR ¥ i gl ok Z K142 5 5 h o & K & &
25) .

F 1] 3 T AT, JC i iR R A A5 R R L AR] A 7 A7 A
FEUG b, KX C-PSNR By M JL-F = —20w . Hit,

AR i DA A R 1) C-PSNR H 43 AT H R 75 ) 2 780 1 ok
Uo TRIRE TCE I (o] M SO A M P g 75 ) A 7 4 2 0o
PG B4 ST 8 7 A SR, JF 0 i 2 — R AV TH I A% i A
7R R AN B W AR G ML G B 1A R e LA R Y
B $ T BFTE LIk R B .

TE ' AL R e v, A T T A ) (AR T L 45 2
g — Pl B A JBE, TG e e 4R R 9 o i 2 AR 52 9 A 9
Ja 19 965 73 A AN UG T A o i A 3 204k e Ok T
B S5 B A DAL e ) — P A 1 I RE MR 7 I 9 I AR Ak
FLEAT — 5 0 57 P M R P 2 S b o AR S P i
FHOLAE y BRBDE IR, R AR 19 2 B R a8 i 28 LK
2R ERARA T B, B EERE S 2RI EA
[7] 2 4 B AT Y B 38 1 F A TR AR 485 Al AN T ) DR A
2,0 22 K F A PR AT SR A2, T UTE A B iR =3
(6] 73 HE R AR B /N
32 ETHREMENMBRMFHEZ

% 18 B 8 B AR Ot HR (FTS) 96386 2 9%
NEZH I RON BT R R A OC, B b iR

0907001-4



® a4k E9HI/2024 £ 5 B/EER

@ C-PSNR /dB ®) C-PSNR /dB
70 70
60 60
g 60 50 50
2]
z 40 40 40
R
&) 30 30
20 20
1.0
Phag . oa 06 08 o 10
ISe 0.2 ’ npensity
gy, . ise INte
wsigy O Amplitude 1S
80 e e
(© -e- multiplicative noise (@ -o- multiplicative noise
70 Py - additive noise 70+ -=-additive noise
& 60
< 50l
4
D 40t
&)
30
201
10 1 1 1 1 1 1 1 1 1 1
0 01 02 03 04 05 06 07 08 09 10 0 1 2 3 4 5 6 7
Amplitude noise intensity Phase noise intensity
B3 Mg o IS 5 e A K BRI C-PSNR I JE 5 o (a) etk M i 25 1T, C-PSNR S 4IR 1 A Av7 5 7 5 87 1) = 24 ol 10 14

(b) C-PSNR 5 Jill 14 W 7 JIR i A {3 W 75 5% J32 Y == 2 oy 78T &1 5 (o) iR ek W8 75 i J32 56 C-PSNIR B9 52 ) 5 () A a7 I 75 5 J32 XoF C-
PSNR ) 511
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intensity; (c) effect of amplitude noise intensity on C-PSNR; (d) effect of phase noise intensity on C-PSNR
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Fig.5 Comparison of color recovery images obtained by DSA and WSA methods. (a)(b) Color recovery image obtained by DSA

method and its local zoom-in; (¢)(d) color recovery image obtained by WSA method and its local zoom-in
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Fig. 6 RGB three-component mean intensity distribution. (a) R-component mean intensity distribution; (b) G-component mean intensity
distribution; (¢) B-component mean intensity distribution
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Table 1 RGB three-component mean intensities and differences from the true values under different methods

Analyzed object Iy I I (Ie—1Iox) : (1o —1Io)  (Iy— Ioy)
DSA 72.10 64.68 24.86 6.23:16.14:3.68
WSA 67.12 58.87 17.82 1.25:10.34:10.77

65.87 48.53 28.54 —

True value of average intensity
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8T AR E Bk

BT LR, Ik R I R S 88 a8 R (T Y
W BEHEAT AL, T AN S 2 A 0k B o MR A [ s BRBH 23 Y
25 (CIE) M5 X, RGB = 28 % b i Al WOt K F -
210 (R) X N7 A4 30 1 7 Bl oA 620~750 nm (X R A4 30k 4
0 & 51K 44~T76) 5 gk (G) XF R 3 K TE F A
495~570 nm (XF b {9 9% K78 Bl & 51 8 13~31) ; # 4
(B) X 07 B 9% K 98 Bl A 450~495 nm (X 7 A4 38 1 7 Fl
EoI R 1~12) o HTARRILE Ay oE K Bl 449~
801 nm ., P K A BG4 4 nm (JE 89 IF EH %) , 3 F
IR, BE WO e e UK 43 i R 633,553,453 nm
7 B KR 51 Ry 47 .27.2) , 3 LU g w0 36 G
MU D] o 2 HR s TR AR S 7 T S 56 U B LAY
5 A5 D0 AR A DX [R] 2f- A2 1) JS B 1 R — A X ]
R EE RO e L T I O S 0 N e P T SR 7

DU 380) 305 8 K 30 S AN P 8 o) i 1) S U . E
DX [i] 2= 42 S Jr 8 BRI O84S B0, A8 AN 8 i 52 50 Dk B
0 LAY I AR R, A 3 AN U K R T X a] 43 B R
(1,247r) (27—r,27+7r) (47—r,47+7r) , 2447 + r=
89 BV r =42 1, 3 /4> X [H] i 55 52 55 vh (9 % 4 38 [l 5 [+
BF, X5 30 35 Y0 B AE 19 G B i, R ARIE A
B0 {5 B8 A0 58 3 M BV TIE BT 18 % K IX ] 41 75 CIE 5
Y O R A U K T R DRI 7 T SR R 2 > 12,
27+ r=31.27—r<<13,Blr=14. % b, rEUHEE
il b 14~42, 23, 24 X 8] 2 42 78 1250 Bl N & 27
e i, B 2 X ] 2 42 A 38 K, RGB = 43 i 1 1 {715 [
CRPH ey P K 326 BRI 1 L) 23 B i, 8 9 0 S B b 4 I
B CIE 1Y RGB ¥ K0 Bl bn o, % B3 (80K 52 & 6 i 5
W, PR DX ) 2 A S B0 K 2 X (R 2 AR /N B T
AR I K DX 18] TG 5 1o 55 52 56 95 B 9 % Y L A & CIE
BB T 9 I 1 9 1T, I ¥ ORI 00 1R A2 A R T A 6L 1)
SERENE AR . UL, 7R L R ER A SE A -, Bk
TE RN R X ) 2 42 25V w0 A X ] 2 AR O DL
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Fig. 7 RGB three-wavelength center selection versus C-PSNR

M 7R LU 7 RGB 43 i, C-PSNR %I A9
W B (9140 680~800 nm ) Al Mg 75 AR 58, 40 B 3k F &1 4 4%
T I B T A e AR, X T B MR R R € Pk B2 3
T AR o AR AN [R] A B A e bk & LR 5] 8
Jin o B 8(a) B 7 by B 4% 40 % 5 19 RGB Hpob i K
(621,549,449 nm) #1780 9% &2 15 B 19 RGB # (A &
1%, i) C-PSNRAY K 48.92 dB, R 45 H RGB 43 19 °F
P10 B 3l V- H 0 B L (B R A o A T — W
WK B, TR AR M 7S 2 S v R B A TR, R T
W EGER, SRS A RS I B AT
g2z g . 1€ 8(b) Frzn A f H DSA J5 kb 17 2o
REZ 155 1) RGB ¥ A KM, lLit C-PSNR 4 74.13 dB,
T DSA 7k e o0 FH 7 W 22 S50k B B,
[ 8(b) M4 T 1] 8(a) A B8 b 1y P M U R L (H A BB Ak IR
VEWE BRI o R T T (il MR S 25 Sk S B SR
KAk I 0 /N G TUAY I e 5 e 1 I B A T &

C-PSNR: 48.92 dB

C-PSNR: 74.13 dB

B8 AFP KB O E R (a) 621,549,449 nm = KB
@B S 5 (b) 89 M I 1< B3 (0 k&2 11 4%

Fig. 8 Color recovery images under different wavelengths.

(a) Color recovery image by reconstructed images at

621, 549, and 449 nm; (b) color recovery image by 89

wavelength reconstructed images

R A1 396 B DX ] J2 75 X0 B, B3 MR 5 325 W LA 43 Sk X i)
AR E T (IRA) ¥ A A BE B (TS) v B B4R 4% %1 6
o C-PSNR A 450 18 B (A W6 Fp oy =X, o, TIRA 7R
Al LAy o % RGB = 43 i 8 BUAS [H] X [A] 2 42 (DRI) Al
A ] IX ] 242 (SRD P2 7 ¥

A, BT 6 %R RGB =i K, % DRI,
SRI W Rl J7 32 R AT H A, X 3 o IXC[a] A7 AR L 231 €8 K
o Hop Ay XA 43 o RGB 45 H K X [H]
PO R D K EE A B SR GG R 2 T 0 — 4 M-
PSNR 1 M AL & I ¥ (M-PSNR) . — {8 1k /¢ & H 7
(BW) (IX [a] P9 35 4 X6 iy 50440 PRI A% A AT A 1, Ay O
b B B M AR AL EE R 0) o b3 4 Fh 5 v R 9 IX
i) 2 42 5 C-PSNR #{ M-PSNR % % i £ K & 1 45 3
WE 9 R . XFF SRIJL, 40# RGB =4y 4 — X
[i] > 42 X C-PSNR 1 52 WA, 356 5 i1 26 i) o KA A5 A
S RGB 43 f 1y 4t — X ] > 42« ff 13 — {k M-PSNR
AT MBS 2 R M & s 9(a) s, % — X
[i] 2= 4% e 28 Bsf, X6 7 1) 231 €0 9k 2 RS an 6] 9 Ce) i
H C-PSNR 2/ 72.96 dB; fii HH BW 15 2 i ¢ 2 il £
E9Ce) Fran , 24 48 — X ] 2 42 B 26 B, %F W 1Y Bl (8
W 52 A% 4 15 9(g) i s, He C-PSNR 4 78.59 dB. %}
FDRIFE,FHEX BN RGB &GS RIEE G
EIAZ FAE /Y X5 N RGB 43 # Z [0] /) M-PSNR, 43 #7
RGB =3 X [A] 2 42 % M-PSNR B9 520, 2E$% i 2k o
1Y Foe KA ASAE A RGB 4% 73 1 1Y X [R] 242 FHIH — 1k
M-PSNR #E A7 AL, 15 2] 1 & F i £ an 51 9 (b) B 7
M RGB X (] 2 42 43 5 B 11 .35 . 1 /F, %F [y 9 3 4
W AR 1 9(F) B, H C-PSNR i 60.43 dB; fifi
I BW #5335 & il 2k an 15 9(d) fr 7R , RGB X ] 2 12
A3 LT 34 3B, X 07 A 26k & T 1] 9 (h) i
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B9 X425 C-PSNR 2 M-PSNR ) 5 5 1 28 S fie 2 21 (0 9K 52 P4 X EE o () i JH SRIH-M-PSNR J7 35 i IX ] 2 42 5 C-PSNR
95 2 5 (b) i ] DRI+ M-PSNR J7 i i IX ] 2 48 5 M-PSNR #  5 ; (¢) 6l ] SRI+BW J5 ki X ] 48 5 C-PSNR Y K 5
(d)fff ] DRI+BW J7 & i X ] 2 42 15 M-PSNR A5G A ; (e) i ] SRIH+M-PSNR J5 8 45 B A9 1 (40 52 1 5 5 (1) (i DRI+ M-
PSNR 77 45 2 B9 3 (9 A EHR ; () B SRI-BW J7 3545 1 89 20 (9 & 1R 5 (h) B H DRI-BW J7 45 19 21 (09K & [ 1%

Fig. 9 Comparison of interval radius versus C-PSNR or M-PSNR and final color recovery images. (a) Relationship between interval

radius and C-PSNR using SRI-+M-PSNR method; (b) relationship between interval radius and M-PSNR using DRI+M-PSNR

method; (c) relationship between interval radius and C-PSNR using SRI+BW method; (d) relationship between interval radius

and M-PSNR using DRI+BW method; (e) color recovery image obtained by SRI+M-PSNR method; (f) color recovery image

obtained by DRI-+M-PSNR method; (g) color recovery image obtained by SRI+BW method; (h) color recovery image obtained
by DRI+BW method

M RGB = 4 £ F- 24 588 JE (%) 1 B 2E 47 53 B, il 246 1 2 APNDT N RGB Jp i 3 B2 H (A A0 H A
AL R .G B4 0 T B o B B S P e Table 2 Comparison of the ratio between mean intensities of
SIS R S S (X 41 B4 9 95 0 T RGP components in four methods
(B, FA X QS AR [R] o DRIk, X i ) S 247 5 2 L Method Ry Ry Ry
E R R T 1, 8 Rrb:%> 1\Rrg:%> 1. I8k SRI-M-PSNR 1.06 1.58 1.67

B G
A 7 A8 T 4 SR 2 ) 0 BT R L 2. HR DRITMEPSRR S
AP, B RDTJS IR 1 34 53 dik ] A AR X 58 )5, 34 SRI+BW Lo7 132 141
dz/fz\ﬁfﬁ%ﬂﬁéiﬁz%%‘ﬁ%,ﬁtmﬁﬁ% SRIJy i ki DRI B sis om0 s
LIRS IR e

16 T B AL 7 20 & X P9 E — 4k True value of average intensity 1.36 1.70 2.31
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Fig. 10 Curve of interval radius versus C-PSNR. (a) Reconstructed image at an interval radius of 5 with C-PSNR of 42.25 dB;

(b) reconstructed image at an interval radius of 26 with C-PSNR of 78.59 dB; (c) reconstructed image at an interval radius of 45
with C-PSNR of 74.12 dB
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f, e A B AR 2 A A0 11(h) T, H: C-PSNR iy
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B IRA 5 TS F ikt 47 e d - IRA J7 3% 38 1 # 1y
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Fig. 11 Threshold selection versus C-PSNR of the final color recovery image. (a) Reconstructed image with C-PSNR of 74.14 dB
when threshold is 10 dB; (b) reconstructed image with C-PSNR of 78.27 dB when threshold is 30 dB; (¢) reconstructed image
with C-PSNR of 44.78 dB when threshold is 70 dB

K E M EG 0 TS ik RGB = 4w Al T
48 .54 894 (H:h K 89 /) W K iy F A BIME . Rk, TG
W2 I C-PSNR $0{8 A B 3 2 PR 36 U BE R R
Fe B RGB = o Il K P HAl ) TRA 2 4 X 4
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Fig. 12 Flowchart of WSA algorithm

g5 LR BEHCE 1 A 0 R B TR AR AN
FE f% D /)N R P Y S ) T EL RE 6% 38 2 P 2 I Be iy H i
M RV N IS R NI IR 7/ R U NS o= (N W
(SCHOG) i 1 615 8 Bl A2 A iy, AR 31 52 00 285
A F A E s P A R A L AR SCHR K T
C-PSNR LA IR AS B He i 2 3 i .
F3 4 Rk A C-PSNR B AT IO (KA B e 4%
Table 3 Comparison of C-PSNR and wavelength number of

four methods

Method C-PSNR /dB Number of wavelengths
DSA 74.13 89
WSA 64.63 89
IRA 78.59 70
TS 78.27 89

33 Z4HREEBMIDEZXZEMB KM EHE LN
x5z A

BM 3D 5k 7 5 A W 0 T A T i 3 Y e,
BB 2 W 5 R FH A 20 B o MR R Ak B R4
AR, BM3D 5k 1] DL 43 oA ik 3K BE 5 BM3D 5
2 UL S A B €5 KR 1) CBM3D 303k .

B ROk A U S BM3D Bk ik A xd e, 7
B AR 058 5, BM3D 53k 1 M 7 /K - 2 8 sigma
B 3. Bl A ] WSA L3 518 C-PSNR 4 78.59 dB,
i W P14 1 4b B BT 1R A 0.75 5 % DS A )y 12545 5]
H Bt Pk 2 AR LIEL 7(b) |, Bl CBM3D 51k 15
# 1) C-PSNR 4 79.15 dB, 4F i & 1% /Y 4b B ) 18] Ky
4.14 s, BIRPIF LY REA SO A HELZ T,
WSA B Y B W B PR, {H BM3D B 16153 21 i C-
PSNR ZUE 3 K o I, 7] LLZE & % 58 e sl 1 Ak
FEFE T A 5 1, DA SR AR AUR .

XA A S BM3D Bk i P 1 73e o %
i WS A B A5 21 19 2 28801 (0 Wk 2 RUE 8 CBM3D
SR Nl T B X ) A A PG 05 P € 7 DG it pR 5, 5 X
BHH RGB =/ 5 di F BM3D EiE g T &, a4
W) C-PSNR 24 1T 15 % WSA Bk 5 BM3D 5H i: A

Fd BRI

Table 4 Comparison of the use order of algorithms

Processing time of

Method C-PSNR /dB cach image /s
WSA 78.59 0.75
CBM3D 79.15 4.14
WSA+CBM3D 91.11 4.89
BM3D-+WSA 88.69 3.04

0907001-11



AN
(=)

25 G e NS AR G b T B PR 5 v Al MR s 52 iy, L Ak O AT
R FER, B R Hd H CBM3D % vk % WSA #3615 5]

C-PSNR: 74.13 dB

C-PSNR: 79.15 dB

C-PSNR: 64.63 dB

C-PSNR: 91.11 dB

a4k E9HI/2024 £ 5 B/HEER
RO B0V 52 TG R A T M B S5O B A, I C-PSNR
91.11dB. 1 B A S2 06 45 B An & 13 s .

C-PSNR: 78.59 dB

C-PSNR: 88.69 dB

13 Lgegsa . (a) DSA FA KM ;5 (b)) IH— 1k M-PSNR/E A K 19 T A4 EE 5 (o) R H WSA B0 E MG (DX 894
e 2 5 Fd ] CBM 3D B ik i R 5 (e) 250l WSA J5 1] CBM3D &k 59 T 44 BI4% 5 (O 558 1] BM3D 3% 5
i W SA Bk 1 5 4 R

Fig. 13 Experimental results. (a) Reconstructed image of DSA; (b) reconstructed image of normalized M-PSNR as a weighting factor;

(c) reconstructed image using only WSA algorithm; (d) reconstructed image using only CBM3D algorithm for 89 wavelengths

of recovered images; (e) reconstructed image using WSA algorithm followed by the CBM3D algorithm; (f) reconstructed image
using first BM3D algorithm followed by WSA algorithm
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Noise Reduction Method for Spectral Holographic Reconstructed Images
Based on Noise Discreteness
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Abstract
Objective  As high-resolution image sensors and computer technology develop, significant applications for holography

have emerged in the fields of three-dimensional imaging and display, optical information processing, and intelligent optical
computing. However, numerous challenges remain unresolved in both digital holography and computational holography.
During the recording process of digital holography, as a kind of multiplicative noise, speckle noise becomes a prominent
problem and its removal is more challenging than that of additive noise, drastically compromising the quality of the
reconstructed image. Consequently, noise reduction in holograms and reconstructed images is of particular urgency.
Current noise reduction methods are primarily categorized into two categories: optical-based methods and digital-based
methods. In the optical-based methods, one limitation involves the cumbersome recording process of multiple holograms
with speckle diversity by multiple mechanical motions, which could lower the system stability. In the digital-based
methods, complex algorithm commonly reaches better noise reduction effects. However, the cost of increased processing
time may impede the real-time capability of the system. Therefore, an integrated approach combining optical and digital
methods can maximize noise reduction while maintaining a focus on speed. Therefore, we combine Fourier transform
spectroscopy technology and digital holography technology to gain speckle diversity holograms. Then, utilizing the noise
difference analysis of decrypted images at several wavelengths, we propose a weighted summation average (WSA) noise

reduction method, in combination with the block matching 3D (BM3D) algorithm. As a result, the optimized effect of noise
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reduction can be achieved.

Methods  First, we calculate the normalized monochromatic peak signal-to-noise ratio (M-PSNR) between the
reconstructed images and take the original images as a representation of the noise intensity level of the reconstructed
images, which are used as an initial weighting factor. Subsequently, within a given spectral range, the wavelength centers
of the three RGB components are selected respectively according to the CIE international standard. A uniform interval
radius is selected for the three RGB components, and a binary weighting factor is applied to weight the selected wavelength
intervals, achieving the waveband optimization. Finally, the BM3D algorithm is combined with the WSA algorithm to

further reduce the noise, with the sequence of utilization also being analyzed to achieve the optimum denoising effect.

Results and Discussions To verify the feasibility of the algorithm, we take the decryption process of the proposed optical
cryptosystem as the testbed (Fig.1). Under specific conditions, 89 single-wavelength reconstructed images, spanning a
wavelength range of 449-801 nm with a 4 nm wavelength interval are processed to analyze the noise reduction effect. First,
the normalized M-PSNR between the reconstructed images and the original images is calculated to be used as the weighting
factor (Fig. 4). The suboptimal denoising effect of this direct method is analyzed by examining the deviation of the average
intensity ratio of the three RGB components from the ground truth. Hence, it is imperative to select the waveband that is
closer to the true average intensity value. Second, according to the CIE international standard, initial wavelength centers
of three RGB components (633 nm, 553 nm, and 453 nm) are selected. When the interval radius of 25 is chosen, the
selected intervals for RGB components approximately encompass the entire waveband (Fig. 7), and optimization is
performed to identify the optimal wavelength center of the three RGB components (621 nm, 549 nm, and 449 nm). Third,
we perform a comparative analysis considering the symmetry of the intervals, the uniformity of the selected interval radius
for the three RGB components, and the adopted weighting method, aiming to maximize the color-PSNR (C-PSNR) value
between the noise reduction result and the original color image (Fig. 9). As a result, the C-PSNR reaches to 78.59 dB
when the abovementioned three parameters are determined in which a symmetric interval radius of 26 for the three RGB
components and a binary weight factor for weighting is utilized. Fourth, the noise reduction result is compared with that
achieved by the classical color BM 3D algorithm which reaches 79.15 dB. In comparison, the WSA algorithm demonstrates
a faster noise reduction speed (0.75 s vs 4.14 s), while the C-PSNR value obtained by the CBM3D algorithm is
comparatively larger (79.15 dB vs 78.59 dB). Considering both the noise reduction effect and processing time, we combine
the two algorithms to analyze the order in which the two algorithms are used, and choose the method with the best
denoising effect. Specifically, the images denoised by the WSA algorithm should be further denoised by the CBM3D
algorithm to obtain the final color-denoised image. Following this sequence of the two algorithms, the C-PSNR between

the final denoised image and the original color image reaches 91.11 dB.

Conclusions Based on the combination of Fourier transform spectroscopy technology and digital holography technology,
we propose a method for noise reduction that makes full use of the noise diversity cross all reconstructed images at varying
wavelengths with hyperspectral resolution. Our WSA algorithm analyzes the difference in the noise intensity level of
several wavelengths to determine the center and interval radius of the three RGB components to optimize the waveband and
reduce noise. The BM3D algorithm is further applied to reduce the noise. Numerical simulation and experimental results
indicate that a maximum C-PSNR value of 91.11 dB is attainable by reasonably employing the WSA and BM3D
algorithms. Our composite algorithm can effectively reduce speckle noise based on the optimal selection of optical

waveband and weighted factors. This method provides new insights for the noise reduction of color digital holography.

Key words Fourier optics; spectral holography; image noise reduction; weighted summation averaging algorithm; block
matching 3D (BM3D) algorithm
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