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Fig. 1. Principle of ghost imaging using pseudo-thermal light source. BS represents the beam splitter, PC represents the computer,

z1 denotes the distance between the target and the light source, zo denotes the distance between the CCD and the light source.
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Fig. 2. Schematic diagram of the ABNDF-GIR method. The blue section calculates correction terms for bucket detector observa-

tions, the yellow section covers the iterative computation process of compressed sensing ghost imaging, the green section presents

the proposed ADW-BG method for target reconstruction and noise reduction, and the red section assesses the iterative stopping

condition.
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Fig. 3. Schematic diagram of blind estimation for noise level in noisy image.
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PEREXT LL. SEggs SR an(&l 4 FEl 5 Bk,

g 4 FE 5 frn, ADW-BG J5 78 H bR
YRS RN S A T R B, 7E “Airplane” ]
BESED, ATEAMURE TEZNEER, &L
#4: % (40 BF, NLF, BM3D #l GF) 523 7 8
TN SR E A, 2R R S I B R A T4
Tt, 405K AE RE 1 5% . 7E “Dinosaur” R & #
R BM3D Fil GF FIiLRILE 4, ADW-BG /%
FEAL PR AT 2 2 AR B TR LI N, A RO h R,
HAETS SRS Gy 1, RENS T A PR B R S
BEANYT, B I S VE T Y ER. O T R
HPPAR AN R 7 VA EUER EE g P R ASOR, AR SCR I
{E{EME L (peak signal-to-noise ratio, PSNR) /£ K
bR e, SEPEM/E ABNDF-GIR HEZ2F W AN
[vi) 08 0t 4 o T AR R . PSNR B Y25 S
W 1 prs.

PR 4, K 5 BEEZEHR &R 1/ PSNR
XFLt, ADW-BG FikfeGE drh B & i
HEAHENR “Airplane” EHH, ADW-BG [ PSNR
9 26.16 dB, W1 . T HAR 7 (40 BF 19.23 dB,
NLF 21.58 dB, BM3D 22.67 dB, GF 24.15 dB),
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B 4 R[] 8 vk B a2 A% B A “ Airplane” T {H IR 25 1R
BG J7 k7 A v 45 3 i A B%

1.0

0.5

1.0

0.5

(a) B HA % (b)—(f) 4351 4 2% A BF, NLF, BM3D, GF il ADW-

Fig. 4. Tterative reconstruction results of the “Airplane” binary image using different filtering methods: (a) Original image; (b)—(f)

the reconstructed images obtained using BF, NLF, BM3D, GF, and ADW-BG methods, respectively, in the iterative algorithm.

B 5 RIEGEP 5T “Dinosaur” JK BE G ) 12510 2 45 1
07 vk B ES

1.0

0.5

0.5

(a) R EE; (b)—(f) 254K H BF, NLF, BM3D, GF fil ADW-BG

Fig. 5. Iterative reconstruction results of the grayscale target “Dinosaur” using different filtering methods: (a) Original image;
(b)—(f) the images reconstructed using the BF, NLF, BM3D, GF, and ADW-BG methods, respectively.

F 1 AFHAREEPORE SRR PSNR {EX]

Table 1. PSNR values for different filtering methods in the reconstruction of various targets.

BF/dB NLF/dB BM3D/dB GF/dB ADW-BG/dB
“Airplane” 19.23 21.58 22.67 24.15 26.16
“Dinosaur” 25.69 25.90 25.98 26.42 27.56

W AR 405 O B 0 RGBT LA AR
B BeAh, SR ADW-BG SRR HATHS L GF 274
FEZY 0.0852 s AR [A], & H Ax BT 75 40 S (] 24
4 3.9173 s, (H HAnE RS 1 2.01 dB. K&
ADW-BG 7ERF[HJHFE L RS, (A

JERS RN T, AR AR 2.01 dB A R
AR AT T SR, X F K EE IS “Dinosaur”,
ADW-BG iy PSNR K 27.56 dB, [Al ¥4t T GF
(26.42 dB) KHAbTEE (KT 26 dB), FH ADW-
BG 7E AB MR EE UG ) F g e 90 i k.
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Ry it Bk B R VAR AR R A T
FIPERE, XTI “Airplane” BIME#EAT T 4041, 4nl&l 6 fr
N, PO T AR A R il R [ i e e b, T
45 L0y PSNR A, W 5 % iE N 43 518 200, 400,
600 F1 800. 4 &% &~ 200 B}, ADW-BG J7ik
) PSNR (> 17.20 dB; P M = E0= N 2 800,
PSNR {H#2 T} & 26.16 dB, K EE TR R iFH 2
B A . S22, GF JHETEN = 200
IS PSNR {H4 14.80 dB, Z5d £ 5 T
% 24.15 dB. BM3D Jikig i PSNR 4 12.20 dB,
B A 22.67 dB, REUE A E . 7E BT A
it T, ADW-BG Jy i385 o 25 00 T H AL 38 I 2%
R I A 0 v DN i B, o A A AR T R
TS

28

—o— ADW-BG

26
24
22
20

PSNR/dB

18 i
16

14

12 . . . . .
200 300 400 500 600 700 800

N

6 AFMEREN T, SUENr B RE LS R PSNR
faLbE

Fig. 6. Comparison of PSNR values for reconstruction res-
ults using different filtering methods in iterative operations

under varying measurement numbers N.

3.2 AERMGEREZEEMEREXTLL

AR R BT DT I AT Bk, AT T S 2
457 RN Y AR 12 1) R G0 L LB A AR
VEFE T PRI [RIZR B J AR H b, DABR PR ik
PERERY T PEAL. X 28 H AR 45 — (K& “Double
Slit”, “Expression”, “TOP” #1 K & 1% “Car”, 1
Wi U SRR AN S e, FERRAS B bR A
AR, ATk H IE AC VL BLIE 15 (orthogonal
matching pursuit, OMP)B) F1A543 IENAE (total
variation augmented lagrangian alternating direc-
tion Algorithm, TVAL3) & K%k &4 800
X, H OMP 1 TVAL3 i RERRECH 500 K.
MEZ T, BTt ABNDF-GIR 53 i 5 k4R ik
AR 50 Y. B 7 JER TR 800 Wil T 4% H AR
R 2

E 7(a). E 7(al). Kl 7(a2) FIE 7(a3) 4351 @
~ TR BRI 1%: “Double Slit”, “Expression”,
“Top” Ml “Car”. [& 7(b). & 7(b1). El 7(b2) LA &
& 7(b3) & OMP &k i 45 1, v LA &
Ml A, B 7(c). Bl T(cl).
Kl 7(c2) A 7(e3) S TVAL3 5k i i 45
B IRAE R R A R IAAT, (R4 £, L
HAED GBI . M2, B 7(d). & 7(d1).
[ 7(d2) FE 7(d3) R B9 ABNDF-GIR J7 i 8
ORI T AT A, U0 B R AR T SR
& 7 F OMP, TVAL3 & f1 ABNDF-GIR J
P EERCR, % 2 4 THIRNY PSNR 4.

£ 2 AEJFEMEESR PSNR H

Table 2.  Reconstruction results in PSNR for different

methods.

OMP/dB TVAL3/dB ABNDF-GIR/dB
(a) 21.78 15.89 34.12
(al) 16.17 17.37 25.41
(a2) 18.25 17.63 30.95
(a3) 22.27 24.38 26.94

e 2 fr g, XF R AG B AR “Double Slit”, B
P27 B K PLAL 5, PSNR {H 4 7] 34.12 dB, it
OMP(21.78 dB) #il TVAL3(15.89 dB). xf T H #x
“Expression”, T4 77 R I A, PSNRE
4 25.41 dB, BE T OMP(16.17 dB) il TVAL3
(17.37 dB), #F— P50k T2 07 ik A &k, X F
H#x“TOP”, BT 777 (30.95 dB) 31 F OMP
(18.25 dB) fil TVAL3 (17.63 dB), ./~ T i% )5 ik
TEZ RS R ERAL S b () — B R B XK H
b “Car”, 45 J7 25 1 U0 8 B A B 4 B, PSNR
H} 26.94 dB, & T TVAL3 (24.38 dB) Fl OMP
(22.27 dB).

H T WRAM T RIS, K 8 R
T AFELTE “Double Slit” K45 64 47 SR
EXT el 2k, f4% OMP B3k | TVALS B ik
HEATE. o ERRBRRAE, v RN
RAE. WX E x0T b, v LIS A =R
AE MRS S A KA D7 T Y 25 5. OMP Jk:
ISR BB B, R AN 508 P 5 T A
TEANE. TVALS Bk — e R g £
Mgk, (BAEA IR A i Rk, o TP i ith 4&
e A Ak, FEEB B GMBEE LK. HHILZ T,
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Original OMP TVAL3 ABNDF-GIR

7 PRI AR b T A R RSSO (), (a1), (a2) M (a3) 42505 T S50 I : “Double Slit”, “Expression”,
“TOP” fl “Car”; (b), (b1), (b2) Fl (b3) &/ T 8 ] OMP J7 ik T #4554 (c), (1), (c2) Ml (c3) JE/n T i J] TVAL3 J5 i (1) T
gE5R 8] (d), (d1), (d2) Al (d3) B/R T 7 3005 vk iy 1 i 45 1

Fig. 7. Comparison of reconstruction results using different ghost imaging target reconstruction methods. Panels (a), (al), (a2), and
(a3) display the original targets: “Double Slit,” “Expression,” “TOP,” and “Car,” respectively. Panels (b), (b1), (b2), and (b3)
present the reconstruction results using OMP; panels (c), (c1), (¢2), and (c3) showcase the reconstruction results using TVAL3; and
panels (d), (d1), (d2), and (d3) demonstrate the reconstruction results of our method.

Comparison with ABNDF-GIR Comparison with TVAL3
1.0 1.0

—— Original , ' ‘ —— Original
—— ABNDF-GIR TVAL3

> 05F = 0.5F ‘ { \

0 . L . . . 0 . A . . . .
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
T x
Comparison with OMP
1.0 T v,
—— Original
> 051 — OMP
0 . A . . . .
0 20 40 60 80 100 120 140
T

B 8  AN[EE @R ETE “Double Slit” BURES 64 17 F AR R AXT Lh#h £k, “Original” /R JF 4G B AR EHR IR R h 2
Fig. 8. Comparison curve of pixel values in the 64th row of the “Double-Slit” image for different reconstruction algorithms. “Origin-

al” refers to the curve of pixel values for the original target.
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ABNDF-GIR FEAE PRI T- 0 PR RIS, s bk
BT EURANT, th4 AR & i B e s, BE
PO TR SRR T RS AN, SR T RS
T Y EE A

2438 ABNDF-GIR 7 REME R PERE,
ASCE T AFEME L (signal-to-noise ratio,
SNR. g , 35—55 dB) X} “Double-Slit” 4 A & 7 44
R PSNR 5200, SE5 R LN = 800. 45 R WAl 9
FiR, BR T AR E @R EAR SNR KT Xt
PSNR M52 0. SERIPAL T —Fh 8§ @ 5RA E AR
SNR £ 14 T # PSNR P GE. K% SNR M 35 dB

35
—o— ABNDF-GIR
—a- OMP

30 TVAL3

25

I /

15 j/ =

10 . . .

35 40 45 50 55
oB

PSNR/dB

Bl 9 ORIE EE 7 AE A SNR 414 T 9 PSNR {H L4
Fig. 9. Comparison of PSNR values of different reconstruc-

tion methods under various SNR conditions.

N = 800

TVAL3

ABNDF-GIR

Original

OMP

R 55 dB, FrA Sk E) PSNR HE5#H$E T, 3=
HH ASE I 1) W 7 7K P Bl 1 R A2 T i 1 4
ABNDF-GIR 535 F 80 B 8 0 #5, 7£ 1% SNR
(35 dB) T PSNR fEH N 14.54 dB, H-Bf SNR [
Jind s isE 31.85 dB, o T HAEME A IR T AY
ARG FRERES. HLLZ R, OMP B 3L 1A [H
M T 1) PSNR B /IMEEET, femioh 21.24 dB,
F W HAE o M 7S T W55 K Re 1 A B R4
TVAL3 FIEFEME S T T R4 7 K2 15 dB #9AH
XFEE PSNR {H, {HiX — 7K e B T HAEfF 5
PRAZAE: 55 T ) Jmy PR

3.3 EERXBEEERSH

K10 En 1 4 T A R R BB 5 7E 800,
1000, 1200 F1 1400 Y& A9 < S 2R H#E 45 21
BT RRARXT EE. WX e G R I, B2 0 vk X
FABETIN, 2550 B A5 SR P ) S M e 745
T, E AR5 AR AT BT . e M, £ AH R
MEYWECT, gk e E e R B, 2
R A A S ) S R PR AR,
FE 1400 Yl T, T 5t LT 52 eiE bR, A
ZF, OMP Bk 45 RAE TS FE S A0 T4 N
DR, T TVALS FEfe & HrE B IX

N = 1400

[}

[}

1.0

10 IR TR DT B AN () 0 BT 9 A bR T A A L

Fig. 10. Visualization comparison of reconstruction targets for different reconstruction methods at varying measurement numbers.
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AR 52 BB T8, FECHARXELIBHR. g2,
REHIE T — B, 3 HA [R5k B E A
R, IR T5 kAT S R A bR T L
FIUBE, JOHAE R m OB, W s 1
AR

4 %

AR SCHE Bl [ S N MRS AT S kAR
R B3 A% H AR Bk ABNDF-GIR, B7ESCFL
RN OB A e o AR 2 A U R T
Mg 7 0 KRR R 114 [0 PG, 300 e i 0 o
AR E PRI R IR UE IEBOR, $27+ T E AU
WK A S N h AR gD SRR A, R E
FEAG T PEAG 50 B, 51 A BM3D JE A 7]
PEPEHEAT AN, WAL T A RE. K8
SEYGZE TR, AT A U I R e AR R
AL FAE SR uE e R BA B B P teoh, BT
PSNR FIARSEITAG 1 43 Hr 2 1, 1207 iR ZE 0l 5%
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Abstract

This paper introduces an adaptive blind noise dynamic filtering for ghost imaging reconstruction (ABNDF-
GIR), a novel method of optimizing ghost imaging data with a limited number of measurements, significantly
improving image quality and peak signal-to-noise ratio (PSNR). To address the challenges of noise and
undersampling, we first enhance the stability of the measurement matrix by using pseudoinversion and a unit
matrix, and calculate correction terms for bucket detector observations to optimize the reconstruction process.
A Dbalanced all-one column vector is used as the initial value to accelerate convergence. For iterative
computation, we propose a novel filtering and denoising technique, the adaptive denoising window-based guided
filtering with BM3D (ADW-BG), which integrates blind noise estimation, block matching and 3D filtering, and
guided filtering. This dynamic filtering method effectively preserves important details during each iteration, and
can achieve high-quality target reconstruction even with fewer measurements. Extensive simulations and
experimental results verify that our method is significantly superior to traditional filtering methods and various
compressiv sensing algorithms, especially in edge preservation and texture detail enhancement. The proposed
technique provides a key technical advancement for the application of ghost imaging in fields such as remote

sensing and medical imaging, showing significant advantages in real-world imaging scenarios.
Keywords: ghost imaging, blind noise estimation, iterative operation, low measurement number
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