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Fig. 1. (color online) Schematic of optical watermark via ptychography.
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Fig. 2. Algorithm flow chart.
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3 (a) KEMRIEIEILR; (b) HIBLEIE; (c) 1 LRI
Fig. 3. (a); (b); (c) Respectively denote amplitude

image, phase image and host image.

(c) (d)

(e)
K4 (a)—(d) 5518 probel—4 %t /K BN B R 3% i K
%; (e) NUFHRETEIR
Fig. 4. (a)-(d) Watermark patterns with probel-4
working; (e) the fake probe pattern.

B EW R o = 035 ME 5N

(2) (b)

() (d)

(e)
5 (a)—(d) RRZ&id probel—4 #HATEfE F BT
e (e) ARENLR TR £ B
Fig. 5. (a)-(d) Watermark image were embedded
in the host image through probel—4; (e) host image
recorded by fake probe.

6 SHRIELm G
Fig. 6. Transmitted image.
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Fig. 7. (a) Recovered amplitude pattern; (b) recovered ih 22
phase pattern; (c) different number k of iterations for Fig. 8. PSNR for the transmitted image (circles) and
the coefficient of amplitude pattern and phase pattern. for the recovered image (plusses) for different «.

(a) (b) ()

(d) (e)

K9 (a)—(e) AR A o 0.1, 0.2, 0.3, 0.4, 0.5 &4 EIE
Fig. 9. (a) Transmitted image with o = 0.1; (b) transmitted image with o = 0.2; (c) transmitted image
with o = 0.3; (d) transmitted image with oo = 0.4; (e) transmitted image with o = 0.5.
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0.1 5 RBEHLE P Pk S K B IR

Fig. 10. (a) Recovered image from transmitted im-
age with 0.01 times noise; (b) recovered image from
transmitted image with 0.05 times noise; (c) recovered

image from transmitted image with 0.1 times noise.
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Table 1. Maximum value of C, for different noise in-

tensity.

TR R BB 5 £ 4 0.01 0.05 0.1
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Table 2. The max value of C, for different proportion

occlusion.
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(b) (c)

(d) (e) ()

11 (a), (b), (c) Zr A B G AL 1/16, 1/9, 1/4 BARE; (d), (e), () AxtRiffIME K EN EIE
Fig. 11. Effect of occluding some of the transmitted image pixels from center of transmitted image: (a)
1/16 of the transmitted image pixels are occluded; (d) recovered image with 1/16 occlusion; (b) 1/9 of the
transmitted image pixels occluded; (e) recovered image with 1/9 occlusion; (c) 1/4 of the transmitted image

pixels occluded; (f) recovered image with 1/4 occlusion.

K12 (a)—(d) 735009 1 REEKE, ANF 2 HLBHRE R IR (e)—(h) X BRI BT 15

Fig. 12. Effect of occluding some of the transmitted image pixels from corner of transmitted image: (a) 1/4

of the transmitted image pixels are occluded; (e) recovered image with 1/4 occlusion; (b)—(d) 1/2 of the

transmitted image pixels occluded; (f)—(h) recovered image with 1/2 occlusion.

(a) (b) (c)

E 13 (a)—(c) B3t 4 x 4 MREFH AT 3 MREEIFE
Fig. 13. (a)—(c) Probes pattern.
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(a)

(b)

(c)

Bl14 (a)—(c) mAERMHEH 4 x 4, 7 x 7,9 x 9 MREFIN HE2 1/KE B

Fig. 14. (a) Recovered image with 4 X 4 probes; (b) recovered image with 7 x 7 probes; (c) recovered image

with 9 X 9 probes.

60%, 65%, 70%. HEELI7KED EI% 5 K ED EME
KRB C, IR 3 Fin. AT LE R, JRBUR EFE20
BRI, BEEmE NEBEESER
RN A B AT, BINRET S B s B R o7
A MG BN RRIIN, FIA LN, W& ZER
H 7K ENE ERS A, R I 1 .

*3 HERR DR HKEE BRI R R
Table 3. Maximum value of C, for different probes

overlap rate.

WE B %% 50 55 60 65 70

HIRREC, A 0.7793 0.8139 0.8206 0.8225 0.8256

S Eisll

a2 S

4 & 2 AKENAE GIF ACET 5 4 57

B2 KENRA R R A, BT BL
sAERER, ST T 2 kiR, BLGIF K
BOKEABI, &2 ATAHS RN, 2 2% 3CE B
FEARREREE L. 50— KR IREE R G
AR GIF B 7K ELAT AR AL 27
B R, DhREHE R AR, AT AR I %30S
SR ot AN TR B AL e B R AT AR AL AR .
K15 v, 25— WO & A 8 0SB A — 5k A% i &
B, 5 WO OB REHE A 5 — 7k g 1 BMR. $RI
JKEIER, AR5 A AR 2% e i, SRAS S SCE R,
456 B R EAETL, REUHKETEE, WiE 16 s,

ST

6 8

15 RATPYTK IS M 9o % 30E B GIF B 4 WUEHE, AT 359 iR EHAR RS 3R T R 4 Wil &

Fig. 15. Uplink four GIF image were embedded with information of the cipher texts; downstream, respec-

tively, the fake probe record four images.
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CA

K16 SRIUKIZKEN &S
Fig. 16. Recovered image.
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Abstract

We propose a method for watermarking algorithm using ptychographical imaging. The proposed method uses
four probes and one fake probe for illumination, orderly. And five weighted double phase-encoded hidden images are
added to a host image that is referred to as the transmitted image. Specifically, the amplitude of the transmitted
image contains encoded and attenuated watermark image. And the phase of the transmitted image is the host image
due to the application of the fake probe. We develop an analytical presentation for the experimental principle using
mathematical derivation of the fake probe and ptychographical imaging. We test analytically the distortion of the
transmitted image that is due to noise jamming and the effect of the occlusion of the pixels of the transmitted image.
Moreover, we discuss the impact of the probe number and probe overlap rate on system robustness, respectively. Results
of computer simulations are presented. First, the amplitude and phase of the watermark image are extracted well.
Second, the contradiction between watermark imperceptible and watermark extraction quality can be resolved. Third,
the simulations illustrate the system ability to extract the watermark image under distortions and the robustness of
the transmitted image against removal trials. Furthermore, the robustness of the system is improved, as the number or

overlap rate of the probe increases. In the end, the proposed method is applied to GIF images.

Keywords: ptychographical imaging, double random coding, optical watermark, robust
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