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Abstract: According to Compressive Sensing (CS) algorithms and the Ghost imaging (GI) model, the
CS was applied to the GI system to complete the CS reconstruction of an image. The feasibility of CS
applied in GI was firstly validated by a simulation experiment. By using Peak Signal to Noise Ratio
(PSNR) as the measure, the restructured images based on CS and traditional GI correlation algo-
rithms were quantified respectively. The simulation experiment results indicate that both the restruc-
tured images are getting better with the increase of the number of measurements, however, the PSNR
of CS reconstruction image is above 20 dB higher than that of the traditional correlation reconstruction

method at the same number of measurements. Furthermore, the CS was applied in an actual two-arm
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GI experiment. The experiment results indicate that the CS can achieve the image reconstruction of

two-arm correlation imaging equipment, but its reconstruction quality is hard to be better than that of

the GI correlation algorithm. For this special confliction phenomenon, the paper gives some reasona-

ble interpretations from the two-arm symmetry perspective and then fully validates the interpretations

by using the actual speckle pattern from the experiment. Finally, it proposes a solution scheme.

Key words: ghost imaging; two-arm ghost imaging system; two-arm symmetry; compressed sensing;

sparse representation; image reconstruction
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Fig. 1 Schematic of GI experiment setup
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Fig. 2 Simulation results for image reconstruction

AR S ORI R R 3 200,

NS 56 25 5 AT DLt 8 AH R 0 B BCT
CS B 45 R AL G i GT I B vk BRAE, it
LT CS B N T OB 1% & 48 h ] DL R4S
U B R AR AR

eV A 5 0 Ok R B A, 0 fE MR L
(PSNROAZ R T 5 — K EF SN ERME, A
AR5 38 FH P T LR T T U b Al e EE A (S S
ARSCHI A PSNR AE S 1 55 44 [ 15 5 & 1) 48 Ar
Kb [ 3 B i E A LS, o b 45 A &
3PN,

30
28 :g:?éGI-D\\'T /‘
26 F  |-4-CSGIFFT _—
24 e
n A
20F Aaaa—t
S 18 as
2 16 AL
5 14 ‘/ /____/“/:
£ np & o "
10 p.nu.-—:'/u
8F P
6 L
s
e 3 M M M L L
2 0 500 1000 1500 2000 2500 3000

Number of measurements

3 GI.CSGI-DWT #I CSGI-FFT #J PSNR X} Ht
Fig.3 Comparison of PSNR among GI, CSGI-DWT
and CSGI-FFT



1442 e KE TR

522 %

Hi & 3 AT LA i, 3 b B A4 K2 9 PSNR B
T2 YRR 1 o ) 2 B 3 R B LB N Y D
Bl BT O A Bl AL N G R T AR A L X
. I Bt 2 0 K 1% 3 T, A PR 1 AR R R
FOR B G, b, 7E AH R A I R BT CSGI-
FFT 0 AR 3 R e b CSGI-DWT W 22 A& 45 1y
GI 525, i — 2 EW] T CS H A4 Y B4R B
FEAEGE I G G I B 12 1) 5 A4 PRI 45 25 S B AR )
B X Jm 0 AR, FET (6 s A 45 R 22tk DWT
R, IS L A1E 10 44 SEEe N BN E A R T
3P, EWAITEM 5 PSNR & WPEA 79 56 &R i3
1N,

1 EMEGHERNENENSZWIEMN (PSNR)
Tab.1 Objective and subjective evaluations of

PSNR of reconstruction images

WAy EEIEM  PSNR/dB 1t
5 HF [30,+co) EME5 HirY & EURIL-F 41 [
4 R AT (20,300  EMRAM/NTHEARE 5 B
3 Hh 4 (15,200  FEMRHE —E T8, 7T AFEA
2 % [10,15) G i 25 AR HEHEIA
1 B2 (-0,10) KRS RS: 3N

i e PSNR il 5 F W PFEAN 45 31 L W,
KR T AT A L6 G R IR . S R
KPR R 9 PSNR A 22 /8T 5 dB B, #5837
W 45 S 1 — BOPE 2 L BT LAY 0 8 B8R B e A s
£:8| i PSNR $0{H7E 5 dB 0 B P % 30, e i 32 00
WM — Btk 2z, 455K 3 afLliF— L F W,
CSGI-FFT & #4 5 3 76 T i R 0K F 1 000 Ik
Ja EMRCR T A R4, B, CSGI-DWT 8 1)
R ORI AR B 3 b AR R L AT g8 Gk G AR
BAED & 3 200 YK FAY ERABICIE BN, ik
5 LS UE B L 3K A5 A ) 5 SR 1) A R, CS
R B 1 T ) e R S e D T A% e G B
B TEMRIRECE . CS BLE L G BB LM
BAGBAAT

R PR R RR LR & L. 5%k
H B CCD2 R #5485 78 T 4 i 48 & 1L LK
B CCD2 5 BRI T 43 0 4% B2 10 %5 7k s )
B BRI £ o0 15 cm., 2235 TV 90 8 6 vl 4
RN — RV R AR b W R 0 AR S K 5 IR AE )
M5 CCDL | (44 31135 55 19 2§ Al CCD1

FEFEWE BN 20, &G HITEIITA
CCD2 5 1% F 1Y K B (8 A Sk 52 3L 90 8 09 4
R

S BUR R B SR SR BRI 2
RG50S 56 0 I B By 200
WM CCD B A B 2% R 4 19 MR AR 2 1 396
X1 024, BT ABCH A0 Y 256 X256 18 2%, 2 (71t
17 B A% S 56, B3 S 3B AL4E CCD1 3k Bl
88— AT BB B AR I A SRy i AT AR et 5 R
XF R CCD2 HiUBE 5 PG 4947 A 0 5 56 B 1 — A~ 17
] 4, 430 i OGRS SR CS 2 S E M AT
], 5 i F T HE 51 45 47 1) £ o 52 B D 4 1R R
S I, SCEG o G DWT 77 A 78 0 4 B4, &%
mE 4 s,

(b)GI Ty 45 3

(b) GI reconstruction

(a) HAr K4
(a) Object image

(¢) CS HEH4h
(¢) CS reconstruction
Bl 4 IR S0 45

Fig. 4 Experiment results of GI

A 4 AT LA L e 40 AL S B T H AR R
AU AL L BT CS a] RLRE T 1% 48 XU SC I 4
AHEMHAREN , i R 4b) 4 Z B,
CS BTGB AR 7 59250 8RB 50 3t A T
g GI R L. &b, X0 i K55
b5 LSS B X 3 RO . TR 1B B S PR XL
T OCHE U4 % & b, CCD2 5 H AR W K 6 F 43 31



5 6 0]

FE U A OBV X Bk T 46 1 8O T QIR LA A 1 5 Wi 1443

i B THT L ™A% X B 3R T DA A AR TR S )
H AR I 1 BCBES) 3 A A7 2 52 B 3 — s R M i
2 5 10 15 BC L 56 AE 58 4 BRAR A4 B0 R SR AT A RR X
TH A SLM = DMD # i #l 2 % & W 1% 3%
BOS R SR H AR A HOBE S ul R AL G 3
B THSE AL A L TE T 275 R G BB 3 5B B
Yy 0 SR A T L L S 560 35 2658 £ 4 1 U 24 /N
B2 AR R . X CCD2 fi & 1E 6 &, ¢
Tor AR BE T N BB 5 H AR 4 4R 58 4 X FR BT, 43 #r
DA, GT I B30 1 A £ fff 1 44 1115 % A= i
B o TN 2 5 W) Ay PR 1) 3 Ol e 8 fHL 2 CS
A B3 T 2 L 5 v I R A R RS A R
MORBERATHRE B (00 00 2 B L R BE 2K A5 B
1) 2 AL A

T WA bR 4 B, R S5 rh R A Y 92 PR
FCBE I 1 R B H AR 0K 1956 375 5 1) B 4 3 ) o
MM LG 2l 256 X 256 [ Lena BS1E N H %
P AIEAT 5 22 0 0 B OCHE BUAR 5256 . I vk L)
B 200 WK, BRI R A AR 5 S0 B S0 06 2o B AH
[ o RV AT AL AP O I AR 52 30y, SE g 25 R an &1 5 i
NI E = R/ E MR T/ NS
T3 R B 1N X AR I CS H AL BISR , h A HL
BB T B ) T RS X RR S — MR R R B S %
BRI 2% 5 H AR PR O T 3 o A% B I AN X FR
T

HE S ATLLE B ESZEHRN G S BirY
A T 43 o 1 B T R X RR BB R L CS A A
BRI AL T B GL M EIR ., t b i
W, &L 5 (b) BT 19 7 52 B 52 56 v BT 3545 1) 1B
B4 Bt AL 52 4 m] DA AL CS HR 8 b 1 I A R Y
BOR, AR 5Cd) 5 Ce) AT L& B, x4 T s £
B K JE TG HEAT B A I, CSGI-DWT B ik 1 CS-
GI-FET B3k W 8R4, Jr LU AE 2 2% 5 R0 4% 5
HARY AR A X FR T 43 o 4% 56 B, i CSGT-
DWT 3k &+ F% , & 5D iz , i i B 5 AT LA
B EMER T, 5B 50 iR i R A
RO SC I G T A S AH L, e CS k%
ARIB I G S Z MRS B AR ik
B R P X CS B8k B B AR RO B AR K
I TEAB GE I RV R AR R e, CS Bk Z A
530 = B i 1 A RS W ARTE S %O I e
B AR IR TE H bR P AR 1 BB

T A SRR S 5 R BRI 28 S H AR R

() Hn K4
(a)Object image

(b) S B BB
(b) Actual speckle pattern

(oGl T EE

() GI reconstruction

(d) CSGI-DWT # #4 Fl %
(d) CSGI-DWT reconstruction

(e)CSGI-FFT \EHESL (D W HEEZ 0 CS i EIGS

(e) CSGI-FFT reconstruction () CS reconstruction of

shift speckle
PR 5 fd S B i A% HOE 3 14 0 L S B0 25 2R

Fig.5 Simulation results using actual speckle pattern

T3 PR B T S o 5 X LA A A SRR S A
FIBR W PR ) BCOE 37 52 560 i) 85 20K o b 3 35 52 56
PG EETESY B AP R CCD1 3% B 1y B
B 5 H AR A5 R SR TE CCDL bR JF 78
ACE PR AR B OOl i S SR R S
FRERM S CCD2 1 T4 & F 5 5 [8] i 31 55 Bl
SIS PR R R S T LR
WLGE ARG 1 = 4k 2 K o D 1a) F y 5 1)
A FL ARG 2, 2 oo A0y D ) 1) B AH G it 2 rd 0
(LRI AL T FCe B 72 A X AR Al A S U 30



1444 ﬁ%%

T TR

522 %

A R TR R m b —— X0, 225 4R I 4%
ARAT B 5 IR AT TE B R W MR 0 BB 3 3 A A
[, 1 B 3l i CS B3 3k K RE A5 2 v I Y A
K&

A CS BB R H T R AR R G, 5
T A% 45 1 U O B AR ) R A AR IR R, D
PSNR h fj & 48 #5 . 23 %l X} CSGI-FFT. CSGI-
DWT FIOCHE GI 3 Fpaa ik iy iR 8O R 047 T i
b, & BEAE A RE (SR FE R BT, CS 0 B R 1Y
PSNR [ 1% 48 BB 1k F A KI5 2 /0 i i 20 dB,
3 i B 1 1 A S R B i T R B RG 38 n i AR
P BT 415 8 i R, CSGI-FET B kAl T

SE Lk

[1] PITTMAN T B,SHIH Y H, STREKALOV D V,
et al.. Optical imaging by means of two-photon
quantum entanglement[J]. Phys. Rew. A, 1995,52
(5):R3429-R3432.

[2] MEYERSR E,DEACON K S. Quantum ghost ima-
ging experiments at ARL[J]. SPIE, 2010, 7815:
781501-1.

[3] SHAPIRO J H. Computational ghost imaging [J].
Phy. Reu. A, 2008, 78(6): 061802 -1 4.

[4] FERRIF, MAGATTI D. LUGIATO L A, et al..
Differential ghost imaging [J]. Phys. Reu L. ,
2010, 104(25): 253603 -1 4.

[5] BROMBERG Y, KATZ O, SILBERBERG Y. Ghost
imaging with a single detector [J]. Phys. Reu A,
2009, 79(5): 053840 -1 4.

[6] CHEN X, AGAFONOV IN,LUO K, et al.. High-
visibility, high-order lensless ghost imaging with
thermal light [J]. Optics Letters, 2010, 35(8):
1166-1168.

[7] KATZ O,BROMBERG Y,SILBERBERG Y. Com-
pressive ghost imaging [J]. Applied Physics Let-
Lters,2009, 95(13): 131110-1-3.

(8] MMMk, WA, ¥4, EFH TR ES
JREOCHE AR B 5E (D], A% % 4. 2011, 31(7):
98-103.

CSGI-DWT Bk ; xF T 40 19 8% £ 1 Bl % , CSGI-
DWT E ik T CSGL-FFT &k, 75 WUE G
Bseg b, FIH CSGI-DWT & % AR 523 7 &
Fy . S gl R WL CS FEIE n] B T 5 40 WU 5%
BERUR R G0 H ARG . (H 52 BR S5 56 25 R A0AR #E
505 LS 1) R 46 5 AR AH B 18 SO A B
BT IZIG , IF 52 56 v AR 45 1 HICEE 7 455 400 R 5
HARY R AT TiZ 4, gl TET
CS I 1 4 155 3 AL G BTt 1 S2 30 i o 0 %2

5 %%

JB 15 35 [ Northwestern University ) 3 fig
Se2E A% L8 % (FOIL) 19 Dr. Hao F. Zhang TE
SEG AR B

LU M H,SHEN X,HAN SH SH. Ghost imaging
via compressive sampling based on digital micromir-
ror device [J]. Acta Optica Sinica, 2011, 31(7):
98-103. (in Chinese)

[9] DU J,GONG W,HAN 8. The influence of sparsity
property of images on ghost imaging with thermal
light[J]. Optics Letters, 2012, 37(6):1067-1069

[10] @&, FoRem, R &k, BT R4 0 2 55 CHR
Wtg Oy WS ()], 2 #2013, 62 (4):
044209-1-8.

BAI X, LI1Y Q,ZHAO SH M. Differential com-
pressive correlated imaging[ J]. Acta Phys. Sin. ,
2013, 62(4): 044209 -1-8. (in Chinese)

[11] CANDES E J, ROMBERG ] K, TAO T. Stable
signal recovery from incomplete and inaccurate
measurements [ J ]. Communications on Pure and
Applied Mathematics,2006, 59(8): 1207 -1223.

[12] CANDES E,ROMBERG J. Sparsity and incoher-
ence in compressive sampling [ J]. Inverse Prob-
lems, 2007, 23(3): 969 -985.

[13] CANDES E,WAKIN M. An introduction to com-
pressive sampling [J]. IEEE Signal Processing
Magazine, 2008, 25(2) . 21-30.

[14] LIANG D, ZHANG H F,YING L. Compressed-
sensing photoacoustic imaging based on random
optical illumination [J]. International Journal of

Functional Informatics and Personalised Medi-



5 6 0]

IR S S U X B X T 45 A O] T S IR SR EE R 1 52 )

1445

[15]

[16]

cine,2009, 2(4); 394 -406.
ZAMBRANO-NUNEZ M, MARENGO E A,FISHER
J M. Coherent single-detector imaging system [C].
IEEE, 2010:111-115.

AP HIE B LR T SRR TR
THEURAL)]. k% % T42,2012,20(10):2283-
2292.

YU W K, YAO X R, LIU X F, et al..

Com-

pressed sensing for ultra-weak light counting ima-

1EE @t

EHF986—) 5, H B FH M A,
2011 AEF MR B IRIGF L2,

.- BN T8 TC L AL SRS P 45 T 4 4% SR O 1

BT 5Y . E-mail: eetube@ gmail. com

[17]

[18]

\

r

|

s

ging[ ] ]. Opt.
2283-2292. (in Chinese)
TROPP ] A,GILBERT A C. Signal recovery from

Precision Eng., 2012, 20 (10):

random measurements via orthogonal matching
pursuit[ J]. IEEE Transactions on Information
Theory, 2007, 53(12):4655-4566.

DUNCAN D D, KIRKPATRICK S J. Algorithms
for simulation of speckle (laser and otherwis)[ C]J.

SPIE,2008,6855:685505 -1 -8.

EBUEF (1977 — ), B[ FE 0 FH A, T
+ . B # 82, 2001 47, 2004 4, 2008 4F

- - T bk o AR L
Sy, AT S RO B T S A

5505 5 R 5 T A 5T . E-mail: gaofl
@jlu. edu. cn

AN

(RIETE REWT FEEH)



