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Fig. 1. Optical path of off-axis digital hologram.
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Fig. 2. Diagram of spectrum area distribution.
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Fig. 3. Principle of tomography with region multiplexing.
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Fig. 5. Host hologram and digital reconstruction:
(a) Object wave plane; (b) off-axis Fresnel digital holo-
gram; (c) digital spectrum; (d) reconstruction of host

object wave; (e) host object wave after filtering.
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Fig. 6. (color online) Real-valued holographic watermark
and digital reconstruction image: (a) Watermark and
random phase mask; (b) watermark and random phase
mask of layer 1; (c) watermark and random phase mask
of layer 2; (d) watermark and random phase mask of
layer 3; (e) real-valued computer-generated hologram
watermark; (f) auto correlation function; (g) recon-

structed watermark of all layers.
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Fig. 7. Watermark hologram and reconstructed host
object wave and watermark: (a) Watermark hologram;
(b) reconstructed host object wave; (c) reconstructed

watermark.
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Fig. 8. Anti filter performance: (a) Reconstructed im-
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age after Log operator filtering; (b) reconstructed image
after unsharp operator filtering; (c) reconstructed image
after Sobel filtering.
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Table 1. PSNR and normalized correlation coefficient
(Cn) between reconstructed image and original recon-

structed image for host and watermark.

WEHETF fEPSNR fEECN /KEIPSNR /KEI Cn
38.8831 0.9976

Log 32.9317 0.9973

Unsharp 30.9364 0.9956 37.4478 0.9969

Sobel 14.6276 0.8139 20.8150 0.8762

K9 $LIPEG KR (a) Q = 50; (b) Q = 70;
(€) Q=90

Fig. 9. Anti JPEG compression performance: (a) Q =
50; (b) Q = 70; () Q = 90.
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Table 2. PSNR and Cyn between reconstructed image
and original reconstructed image for host and water-

mark after JPEG compression.

JPEG E4iK 7 153 PSNR f5¥ Cn 7KEIPSNR 7KEI Cy

Q=50 16.6265 0.8595 17.1789 0.7158
Q="170 21.1512 0.9653 22.7695 0.9202
Q=90 30.4781 0.9963 31.8018 0.9908

5.2.3 R F MR
Soh 1 4 B 20 1) B N5 A 0.01 F AR S I
7 0, J7 243 5129 0.01 F1.0.005 F e 17 e 7=
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53015 E 5/KENEZG K 10 Frw, SNk S 5
PSNR 5 CON #1353

% om0 e

¥ Do

E10 HiMERETERE  (a) SI0HERME S EEAE; (b) B
580, 7725 0.01 Gauss 75 f5 HEE; (c) SMBIEA O,
J7#5 0.005 Gauss "5 J5 H @5

Fig. 10. Anti noise performance: (a) Reconstructed image

with salt and pepper noise; (b) reconstructed image with
gaussian noise(mean value = 0, variance = 0.01); (c¢) re-
constructed image with gaussian noise(mean value = 0,

variance = 0.005).

F 3 BN G ROKEVE BB R AR TE 3 KK E
@R 2 18 PSNR 55— LAk 25

Table 3. PSNR and Cn between reconstructed image
and original reconstructed image for host and water-

mark with noise.

I 7t 7Y 1 PSNR #i% Cx /KEIPSNR /KEl Cy
N

RS 20.5701 0.9639 16.7115 0.6896
(0.01)

g

" ﬁéﬁa 17.6404 0.9181 13.6957 0.4347

(94 0, J7% 0.01)
R
R 20.2820 0.9603 16.2411 0.6429

(31 0, J7# 0.005)

5.2.4  FUBT 0 Boae Pk AR 9K,

St 4 B A Sl 25% K AFBTT) L 50% T
BY) K R 1 e 3% 30°, 13- 215 32 5 7K BY E 2 A%
Bl 11 B, BIUIAIER 5 ) PSNR 5 Oy #1l T3 4.

i
(c)

BI11 PUBivl R tERe  (a) 25% KFBIVIE EEAR; (b) 50%
WEBVIEERE; () £ 30° J5 H@4

Fig. 11. Anti cropping and rotational performance: (a) Re-

constructed image after 25% horizontal cropping; (b) recon-
structed image after 50% vertical cropping; (c) reconstructed

image after 30 degrees clockwise rotation.

F4 BV R e e S MoK ENE AR 5 IR AT 32 KK ED
B 8 PSNR 50— R %

Table 4. PSNR and normalized correlation coefficient
CnN between reconstructed image and original recon-
structed image for host and watermark after cropping

and rotation.

HIY) R R 163 PSNR fAE Cn 7KEIPSNR 7KHI Oy

25% /KFEI ] 18.5598  0.9163  22.3717  0.9081

50% EHE YY) 16.4058  0.8535  17.6260  0.7549

JBEEF RS 30°  14.9846  0.8629  21.0509  0.9061
5.2.5  EAFE BARL I AL

X e A B B o B ST Ak B = A
AbHE S EITE E S KENE &G K 12 B, PSNR
HOnITES.

K12 HiEf KEFREMEMERE  (a) 4N BMAFEDE
1; (b) 2 L35 Rl 5 ERIR; (c) THBINHE HEK

Fig. 12. Anti quantization and zero image suppression
performance: (a) Reconstructed images with 4 bit uni-
form quantization; (b) reconstructed images with 2 bit
uniform quantization; (c) reconstructed image with zero

order image suppression.

x5 WHIRAMEBRAGIMG IS8 K ERGR S
JgaTE £ RKENE 28 2 7] PSNR 53— LA R 5L

Table 5. PSNR and Cy between reconstructed image
and original reconstructed image for host and water-

mark after quantization and zero image suppression.

Eﬁl’;;ii@ HEPSNR f§¥ Cn /KEFPSNR /KEHI Cn
A5 EM 29.1093 0.9958 26.7613 0.9662
2658 17.4982 0.9112 14.8225 0.4917
g SUEH| 38.1929  0.9989  35.1240  0.9949

526 HREERALAHTRKGETITELR
2K BN 2 S 50k F T R 2 0 BE HLAR 457 A AR
BRI, AKEDEE @G A 13 fis.
I I E UK B PSNR A AH 2 & %02 W N
12.7253, 0.2965, FT 5 2K EE 5 AN Al 0.
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K13 RSN RKETE R
Fig. 13. Reconstructed watermark with wrong param-

eters.

MU EIRREE SR AT DR Y, 16 4 B e %2
JEB JPEG 48 e s BIY) iehe . BALSE %
P RS OLR, ANBXTE B KEME S RA
R A8y EE R, R T E R T Y S 0T
HA RIFHEMRMRE; 26 E2 R RaETRE
R, K EPAE S ATy R AT i B R e S KR 5 B
IKEME S IoiE

5.3 SCIGZERTTS
5.3.1 A¥ip ENHFEEZGZR

KEME S EEFE S EESEEVIML, 4
HESHH W ZE, KEME S B F & iR ERdaE
M, HimZESHHKEME 5 E LR IRR A

FST 4,420, {FST_p1ap{F {Flhy(z,)]
X W (u,v)}, A+ AX}
x exp{—j[Ap(a’,y )]}, A+ Ar}
x exp{—j[Ani(zo, yo)]}
=afes; (70, yo) + (o, yo)- (13)

Bl 14 (a)—(c) Al a7 95— S5 H g
PR K BOBE LA A7 AR AR H IR 22 155 L T B B
HIKEE S 5 o 2= S 5K E 1K ENE 5 2 18]
AR R PTLAEH, B R — S8 Z2 1K,
Bk 2 /K ENME 5 5 Tl 22 W Z K ENME 5 Z 7] 1
R ZBOK TR, i— B ANEHRA L B EES
)y B 22, WK B E RS 5 5 e R 25 S UK
SR EME 5 2 ] A 5% R EUE T B 2R, b 1)
HEAEGHKEE S TLEFHR. R ERDE K ED
I 75 gk i B SO AR R A .

532 ETHEBKBAAPLEFALTHRTIEE R
Ja a3

Bl 7 (c) v B AR T 3R AR I K BVAE S BR T TR

EHKEUE 54, A7 E AL E K EE S 18

RS2 TS R AR T AR AT I, SO R K
BIE 5 Ao 9 B AR i 10 R X, B JGVE R
S A T 10 2 0 X 3ok L 9 4 I T RO B K B A
. AT RENE 78 A R EE AR T ) e X K
EE 5, AT AR SCA R E T iR, (HAE KUK
B FE T AR E BB E N B R R, AR
K, R AE S 73 R A 45 e I AR TS T AN S, i
TR EME 5 0 B o W T 0 B B AR
T AT TSR AR, PR T R T SRR EAT S A R

1.0

0.9

0.8

0.7

Correlation coefficient

0.6

0.5 S S S S
—~100 —-80 —60 —40 —20 0 20 40 60 80 100
HIpREB 2/ mm

1.00
0.95 (b) |
0.90
0.85
0.80
0.75
0.70
0.65

Correlation coefficient

—200 —150 —100 —50 O 50 100 150 200
WKAZE/nm

1.0

0.9
0.8
0.7
0.6
0.5

Correlation coefficient

0.4

10 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 100
FERURALAS AR S R / %%

K14 RS mEXKEESERIEE  (a) AT
B2 S MR REG (b) Bk ZE 5K RE (c) AL
PSR 22 5 1 5% R A

Fig. 14. Influence of parameter deviation on water-
mark reconstruction: (a) Behavior of correlation co-
efficient versus diffraction distance deviation; (b) be-
havior of correlation coefficient versus wavelength de-
viation; (c) behavior of correlation coefficient versus

random phase error.
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T A THT R AT SN SR AT R AU DGR BRI UK
FR SRS B2 T ) 77 565 B0 7K B R A i A B S R T 4 R
JK NPT B AR B R rT % g ) T
K EME 5 BUKEME 5 15 &, SiE =ML,
HE/ANFRAREPEWE. DUZm 1 RIKE )
MG EE NN, BN 1) EEEG I E
PR KICE H 7 B KBNS = 2) B BT E H 7K Ep
GeBREBGE L, RGN ERXEAE,
3) M E 1 AT5SER B dy BEAT SRR AT W is 5
75 30 76 HoAth )2 1T 7K B H0 B R 40 TR G R AT S 6
4) ML IR AT S 6 3R LLER THI e J5 B v h B
N (14 a)*dy [ IE [ SRV BAT A B0 TR AR
HEBKEGES, B o RRBORE.

Bl 159 (a) N JZ TH 1R 45 5 2 K BD {5 5
Kl 15 (b) AR ISR T2 2 B @R b O ik
IKEME 55 B 15 () Jfimit s 505 i jE 40U DG YR
TG B 15 (d) NIBCR 2 5 I JE 4 {8 5 2
KEME S, EGEEES RO RASEHA K,
WIS BORFR R E, WA BRI X E A
[F) JHOR 2 ) 7K BN B AR, 0 T AU 5 AR OK EE 5,
A LUWLEE 3 R K S S A A S i, 9 T4 1E
TR SRR BOR I RCR T, 2T 1 7K EE
SECNE 16 (a) s B BA B MBI, If
PR R T 1 S @A 1) — B X33 0 (R 1) 5 4
(51%) WAL 5 AR BOR &, B 17 (b) Al
17 (c) Zrales th 7 M U I E A5 R, 54
ETBORAR b, ARS (R BOK B R (R 2R 2 TSI M. 4z
e 7 0 ik B bR T S AR W B VP R B B R
HE K U W G T I, B 17 (b)) AT 17 (e) T
45 B 53 53 0N 56476596 A1 57169005, F canny 5
A AT I, F55 5 4 L AR 220 G ) 258 2R 4l 2

(a) (b) (c) (d)

15 E@EGHKEESIFHETEEEZLE ()2
T 1R KBTS 55 (b) B JEEE 1 #6873 K B E 55
(c) BAEDEIEATIOLE; (d) IRFEBOCERKEES

Fig. 15. Non-interpolation reconstruction of the water-
mark signal in the rebuilt image plane: (a) Partial wa-
termark signal of layer 1; (b) partial watermark after
filtering; (c) diffracted wave of virtual plane; (d) recon-
structed watermark by non-interpolation adjustable

magnification.

K17 (d) AE 17 (e) Frow, FTUATE Y, ARSEE 7500
ke R se PINER b i 2R

K16 ARZHAKENERE  (a) F1H 1KE; (b) ZEH 2
JKEY; (c) AT 3 7KE
Fig. 16. Image reconstruction for different layers:

(a) Watermark of layer 1; (b) watermark of layer 2;

(c) watermark of layer 3.

17 AFEHFEE DT TBORBOR R (a) T2 KEME =5
(b) LML BRIKENME ;5 (o) IR EE 5,
(d) MENEFAEBOOKENE TIA%; (o) IRFHEBOIKENMF
L%

Fig. 17. Comparison of different interpolation meth-
ods: (a) Partial watermark signal; (b) amplified
watermark by bilinear interpolation method; (c)
amplified watermark by non interpolation method;
(d) edges of bilinear interpolation amplification wa-
termark; (e) edges of non interpolation magnification

watermark.

5.3.3 B L#kgrikegstit

BERAAKEN I 18 Fioi, K/NN 128 x 128 54,
SCHR [13] R BE 88 & F 73k, 4% 2 TH K ED ) B 1E
2SN B TS T, &5 B 3V HE 30U BE LA A7
9 b I BT T A1 520 7 T 2ROK BRGSO/
128 x 128 1, HPEH @4 1H K/ A 128 x 128 £, 7K
P 5 75 3 AR 1 A3 2= () F A, i = A fr /K Y

FEaXEH, MEKEESEN EARS, 725
¥ RIZ W KA, &R 5 E 18 FFER/ANHKEE
5, WZKERE 5 )21 22 /0 75 256 x 256 s, HIE (K
T 25 18] K /NN 256 x 256 55, {EIR 8K BN 5K
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INHA 128 x 128 5, BIA b 4 AL 5 5, A5
HiEFK X EHSEREHMESE, RAFEEm
KEME S X EH, KEME S EH KNSR
256 x 256 A, BRI /INN 256 x 256 A ; O HER
IKEE 5 R/NA 128 x 128 A, {HIE T 5 A 2 7] 52
IR R /K BE 5 7 HE AR T Y A 8 8 A G T
CIEGE RS

NTAEF R T, BTk s
AL TV A T 3K KBRS 5 K /MU [R] 12
&, BE A NGB E N 128 x 128 £, FFLIMH
EEEER N G R A LN S SN ek = R N S SN
Bl 5 (b)), Raa/KEaniE 18 fs, A o = 0.05.

FASCHR [13] 7524 DU AN 2 TR 7K EAE 5 i
BEAUAR AL gm b 5 B = A8 R e s T UK ENME 5, 1
SEAH SR I RN B 4 B ) MK BRI B K
EE 5k 19 Fiow, SEE/KEME 5 K/ 128 x 128

"""

18 JEUfKEN
Fig. 18. Original watermark.

K19 PEESEMINEKEE S HEER
Fig. 19. The reconstructed watermark by distance

multiplexing method.

P SCHR [14] 773%, ek B 18 A i 46 7K B 4 /)
64 x 64 51, AR —E IS X EH, WK 20 (a)
B, WO JZ T KN N 128 x 128 A5, 248 7 DU
64 x 64 s K/NJRIG/KED; 122 HAE 54 G FEEH
XA ATUAR 7 G B 7= A5 57 R 7R 7K B, SE G i S
N, BTk 7K EE 5 40 B 20 (b) BT, A% 1 3
Je /K EN R 5 S 1 20 (c) fiaw, K/ 64 x 64 545

W B 18 AR /K BN /N A 64 x 64, FFEIIANZ
I B XS, 2R B I800 B HUAE AL i J S

Gnh LB, TG TR K, FrEEK AR
T 7K B 5 0 18 21 (a) Bos, BRI B BOK EIE 5
KAMIE 964 x 64, B2 AR HTUE P S /K BN Jim b
B, KBNS 5 R] A 5 AR Y 4 AR A R S TP

(a) (b)

20 AXEHINEKNERES () R—REHSXE
H; (b) EEKEMES; () BEIEMFEKEES

Fig. 20. The reconstructed watermark by region mul-
tiplexing method: (a) Region multiplexing in a single
layer; (b) reconstructed watermark; (c) watermark af-

ter image filtering.

()

(b)

K21 ATTEKEERE  (a) WUANZ i ER/KETE 2
F5; (b) ZJa A B HKENE 15

Fig. 21. Reconstructed watermark by our method:

(a) Reconstructed watermark in four layers; (b) re-

constructed watermark by post-processing.

THEAR R TE KN E G S 55K EE
5 (K 18) Z MK PSNR F Cy, Wiz 6 fr5.

R 6 ANETTET R ENE R & A

Table 6. Comparison of watermark reconstruction quality under different methods.

SCHR [13] 79 SCHR [14] J79% RILTTIE
PSNR Cx PSNR Cx PSNR Cx
11.8831 0.6535 19.2025 0.9257 18.4950 0.9166

234202-10


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 66, No. 23 (2017) 234202

MAN TR J7 9 T K BN E A5 5 J2 3% 6 Hh AT LA
A, PR R SR HEOOUSE LR 0 & TR R A
RAETKENME 5 1 JR T RN 5 SRR K ENE 5 K/
— 2, AR 2 8 AT T E, JF
K ENME 5 5 R B 2 T A 1 e DR T B
— R By X 2R SRV H SO0 AL AL N 5 ik
A SR T T K B S e T, EEKEE
T UEEGE, HN T R KENE SR AL E B
&, A FEREEANEIT, Prag sk
ENE S > TR E U, JF HIERHATSH A
7 J2 10 PR B 2 S HOR REIN LAAI Y, 22 e PEREAIR, 5
A K ENAE 5 R BE A H S AT 14 3 78 X S E g A
WK ENE SRR 2 XEH, T
EHITE, &2 MBS 5 2 [0 ATH TP
75 DLBUORIE FE A, A EL T 80— R 2 X E 7
%, WE SRS 5INE, Zaethiin, mKeES
Ja AR B SR T o3 X R 5 i v T A TR
R FE A . R @), LIt JPEG
FE AR e A, K22 45 BT AN R J7VE T K ED B
5T 5 A KEE T Z MR R R EL, ATUAE
AR S XE M I vEse i, s 2

Jiik.

1.0 T T T T T T
. --@-- Method in Ref.[13]
£ 0.9l —®Merhod in Ref.[14] B
L --9--- Our method T
% _;=:=‘&===—
g 08 o
s | L
2 iad
5 079
o
b
g
S o6t 1
0 o
E o

0.5 -7
: -
5 -
R e

0.4 T

g

40 45 50 55 60 65 70 75 80 85 90
Quality factor
K22 (MTIRE) 51 JPEG E4itkRe b
Fig. 22. (color online) Comparison of anti-JPEG com-

pression performance.

5.3.4  FKEFIR 69 Ak F A
1) FKENJEELN X 7K EME 5 AR
KX E MR E M, UL EEBARI)E
PR R, 2 HAERKEE S KNS Z %
N JERk, BVZ AN R I A BN B/, 7K ED

JZ T RN 2% )= 1 4 X R o BT e 4
A TG IR & K ETR A,

2) ZA R HEE B HOW BE WU 7 485, 7K BN
SRIE I AR, B AR R BRI R
PR A

3) Xt R AL # K BV 5 A 3R P PR i 4 2
JIEgnts, BWRE IR BTG 14 8 B K EIEE T
R, TR BT PLEE AR S e X v K ER
55 I EECR.

4) B TR IE AT R AR, AR e AR (e
(75 0] LWL BK B 5 R AR an 4 #; 1M T
JK IS 5 AR 8 i K T A 2902 AR R AR R P
i B B EH T EE.

5) AR {5 8 3 P K BB 4y ) RO AR 4
r, AT S K EIAE 5 2 D B S 4 4 AT 4
HEE

6 & W

FE 53 BT -1 47 06 JE I 0 i 5 5 4 B B A A A
ISR 1, 52 HUR KBS SR8 R = 4EM A )=
T, P ARV B 3OO BB AUAR A 2 85 7 1545 31 e 7 7 3
IR ENE 5, AKEME SRS A LR PR IR A AE
1 T B 2 RONT X 48, JFSEILE IR JB5E
DU S5 RAR W, i th K B RIFE
WY, I HLAEX e 32 80y 42 2 B AT % R B R 1
OUT, AN i 874 B R 0 ELE 2 XK ER
55 A IR I R AR @, X E gk
I EAT RGP R 8RO, &R KR 2
TS KBS 5 RN, KENE BB 5 1 )E
AL B R T R E T E A RR K EME 5 2
(] FRY £ B0 1), T SEEBI K END JR) #68 DX 4g F EA J
KRR EE. ARBOKEME S B8RSR —
By RENCFA =M E RN T2 B H, ¥R
T K BTN VG R R 2 T B 1 g
FHE TKEUE SIBAT TE IR RTT T g etk
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Multiple Fresnel computer-generated hologram
watermark of three-dimensional object and its
adjustable reconstruction without interference”

Chen Jia-Zhen Zheng Zi-Hua Ye Feng' Lian Gui-Ren Xu Li

(School of Mathematics and Informatics, Fujian Normal University, Fuzhou 350007, China)
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Abstract

This paper presents a novel method of generating multiple Fresnel hologram watermarks of three-dimensional ob-
jects. Firstly, the original watermark signal is used as the layers of the virtual three-dimensional object, and the encrypted
watermark signal is generated in the form of complex noise by using both the region multiplexing tomography and the
Fresnel double random phase coding method. Then, the spectrum of the watermark signal is conjugate symmetrically ar-
ranged and inverse Fourier transform is performed to obtain the real-valued watermark. The spectrum of the watermark
signal is set to be in a non-interested region of the host spectrum to reduce their influence on the digital reconstruction
of the host hologram. Finally, the encoded watermark signal is superimposed on the host hologram with a certain
intensity. The original host hologram is not required during watermark reconstruction, and blind extraction is achieved.
The reconstructed quick response (QR) code from the host hologram can be scanned and identified. The simulation
results show that the proposed scheme has good invisibility and robustness to various types of image attacking operations
such as filtering, joint photographic experts group (JPEG) compression, Gaussian noise, cropping, and rotation. The
proposed method has good digital reconstruction quality for both host hologram and watermark when suffering attacks,
and the QR code in the reconstruction plane has good scan recognition. Diffraction interference problem among different
watermark layers is solved by the controllable post-processing of the watermarks with adjustable reconstruction and no
interference, and the watermark restruction quality is improved. Furthermore, the application of virtual optics enriches

the watermarking signal design method and enhances the security of the algorithm.

Keywords: digital hologram, Fresnel diffraction, multiple computer-generated hologram watermark,

digital reconstruction
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