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Fig. 1. Schematic diagram of the experimental setup. Lena is the object to be recovered; the main lens imaging Lena onto the DMD,
which is modulated by matrices, then the light is reflected and collected by the relay lens into the photo-detector. As DMD modula-
tion matrices refreshing continuously, the analog-to-digital converter (A/D) connected with the photo-detector receives a series of

digital signals, which are finally sent to recover the image by the computer.
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Fig. 2. Image SNR versus mth measurements under differ-
ent ordering methods: Haar wavelet order, Db2 wavelet or-
der and Dct order, Walsh order and random order.
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Fig. 3. Original and recovered images under 25% full
sampling: (a) The Lena, with 64 x 64 pixels; (b)-(f) im-

ages recovered corresponding to the ordering method of Db2

wavelet order, Dct order, Walsh order, random permuta-

tion order and Haar wavelet order, respectively.

SNR WM ik i 5 | AT —E B LA RPN A
bk, IR R e F E 3(a), XF HBEFT 50% F#R
R, MR R/NE S 32 x 3248 2, W0 2 & 5
1024 S Eds S, I EE OB m = 128 8 m = 1024,
[ F 128 44 4. 2, Hadamard M5 31
HERF MW & 1) # 3P RL BB Y, H5N
Haar /NEAS e (8% Db1), Db2 /N AR Al Det, I
S SE A B R S (6) O/ NEIRHEIY 5 2) #2 2 P A
) Hadamard I & SEHEF, B Walsh i HE ¥ 1
BEALHEFY, Horh BEALHE R L™ A= i BE AL
FEAE N HE R PG . ik s Rl HERF ik T, BRI
PSNR 5 SSIM {5 & R E m (R AN 4(a)
FE 4(b) Bz, Bl 4 BOEE DT B SLgm g SRR, X
TIREEEG, ANFHET Iridis i A8 R R 40 R b
B A% Y A RS 5 R R, PSNR AR fB i # 5
SSIM ARkt 4 HA —E0PE; 24 I B n 2 4
Wi, AR 5 v ) B 2 B PSNR Al SSIM

—o— Haar
—— Walsh
—— Db2

—o- Dct

—— Random

PSNR/dB
~
o

128 256 384 512 640 768 896 1024

MBUEL m

wn
k=
g
3
el
-
&
5 —o—Haar -
= K —>—Walsh
n 0.994/ —+—Db2
-0—Dct
—+—Random
0.992

128 256 384 512 640 768 896 1024
WU m

B4 M 3(a) TEAHE T 7 A4 R (a) PSNR fH
S m 55 2 (b) SSIM {E 5 & k£ m 196 &
Fig. 4. Simulation results of the Fig. 3(a): (a) The PSNR

versus mth measurement; (b) the SSIM versus mth meas-

urement.
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Fig. 5. Experimental data of different ordering methods:
Haar wavelet, Db2 wavelet and Dct, Walsh order and ran-

dom order.
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HEFF AN Haar /NJEHEF T EEHR R #4553

Fig. 6. Outdoor experiment and recovered images under 25% full sampling with different ordering methods: (a) The target region,

with the distance 800 meters; (b) target image captured by camera; (c) image recovered by single-pixel camera, with 64 x 64 pixels,

with 100 recovered images averaged; (d)—(h) images recovered corresponding to the ordering method of Db2 wavelet order, Dct or-

der, Walsh order, random permutation order and Haar wavelet order, respectively.
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Abstract

Single-pixel imaging is a computational imaging scheme that offers novel solutions for multi-spectral
imaging, feature-based imaging, polarimetric imaging, three-dimensional imaging, holographic imaging, and
optical encryption. The single-pixel imaging scheme can be used for imaging in wave band such as infrared and
micro wave imaging, or will be useful in the case where the array detector technique is difficult to meet the
requirement such as the sensitivity or the volume. The main limitation for its application comes from a trade-off
between spatial resolution and acquisition time, in other words, from relatively high measurement and
reconstruction time. Although compressive sensing technique can be used to improve the acquisition time by
reducing the number of samplings, the computational time to reconstruct an image is not fast enough to satisfy
the real-time video. In this paper, we propose to reduce the required signal acquisition time by using a novel
sampling scheme based on optimized ordering of the Hadamard basis, and improve the image reconstruction
efficiency by using fast Walsh-Hadamard transform. In our method, the Hadamard basis is rearranged in the
ascendant order of the values of its “sparsity” coefficients which are obtained through “Daubechies wavelets 1
(Haar wavelets)”, “Daubechies wavelets 2”7 wavelet transform and discrete cosine transform, and then compute
each total sum of the transformed coefficients’ absolute value, respectively. The measurement order of the
Hadamard basis is then rearranged directly according to Walsh order and random permutation order. The peak
signal-to-noise ratio (PSNR) and structural similarity index (SSIM) of the retrieved images are computed and
compared to test all the five reordering schemes above both in our numerical simulation and outdoor
experiments. We find that the reordering method based on Haar wavelet transform is the best PSNR and SSIM
and it can reconstruct image under a sampling ratio of 25% which corresponds to the recovering time in which
300 frame per second @64 x 64 pixels single-pixel imaging can be achieved. The optimized measurement order
of Hadamard basis greatly simplifies post processing, resulting in significantly faster image reconstruction, which
steps further toward high frame rate single-pixel imaging’s applications. Moreover, we propose a novel method
to optimize measurement basis in single-pixel imaging, which may be useful in other basis optimizing, such as

optimized random speckles, etc.
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