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We propose a single-pixel imaging (SPI) method to achieve a higher-resolution image via the Hadamard transform
matrix. Unlike traditional SPI schemes, this new method recovers images by correlating single-pixel signals with syn-
chronized transformed patterns of Hadamard bases that are actually projected onto the digital micromirror device. Each
transform pattern is obtained through the inverse Fourier transform of the pattern acquired by Gaussian filtering of each
Hadamard basis in the frequency domain. The proposed scheme is based on a typical SPI experimental setup and does
not add any hardware complexity, enabling the transformation of Hadamard matrices and image reconstruction through
data processing alone. Therefore, this approach could be considered as an alternative option for achieving fast SPI in a
diffraction-limited imaging system, without the need for additional hardware.

Keywords: single-pixel imaging, Gaussian filtering, resolution enhancement

PACS: 87.57.cf, 87.63.Im

1. Introduction

Single-pixel imaging (SPI) is a newly developed compu-
tational imaging technique,!'=3! which can reconstruct a high-
dimensional image by various reconstruction algorithms in-
cluding correlated imaging (also well known as ghost imag-
ing (GI))!>%! and compressed sensing (CS)!”! by only utiliz-
ing one-dimensional (1D) single-pixel signals with the help
of the default synchronizing modulation patterns. Because
of this special imaging mechanism, it can image a target ob-
ject in harsh environments such as extremely weak light,[*]
atmospheric turbulence!®! and scattering medial®! just as tradi-
tional GI can do.!'%1 Currently, besides performing in the vis-
ible spectrum, SPI has demonstrated its viability in exotic re-
gions of the electromagnetic spectrum, such as infrared,?%->!]
terahertz,[31‘34] X-ray[22’29] and neutron, 3! where conven-
tional imaging techniques face difficulties in both practical-
ity and cost. In 2008, two different imaging schemes of pas-
sive and active (it is also well known as computational GI
(CGI)) SPI systems were proposed by Duarte’s group and
Shapiro,!"?! respectively. Later, although the idea of active
SPI, i.e., CGI comes from traditional GI, an agreement was
gradually reached that they were equivalent in imaging prin-
ciple, modulation strategy and reconstruction method except
that the positions of the light source, the spatial light modu-
lator (SLM), the object and so on are different in the imaging
setup.

Different modulation methods have been proposed and
implemented for SPI schemes using both digital micromirror
devices (DMDs) and SLM technologies.!!!*3! Initially, non-
orthogonal random patterns were used to modulate the op-
tical field in SPL['!-1%1 However, this approach was associ-
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ated with issues such as long data acquisition time and low
reconstruction quality. As SPI continued to develop, it was
found that deterministic model-based techniques could effec-
tively address these issues. The two representative modula-

15-38] nd

tion schemes are those based on the Hadamard bases!
Fourier bases, ?*#3 respectively. They are able to achieve al-
most perfect reconstruction of the target scene by taking ad-
vantage of these basis patterns from a complete orthogonal
set,[*4] which effectively overcomes the problem of low re-
construction quality. In addition, they can also reconstruct
clear images from the under-sampled data by utilizing the fact
that the measurement basis is sparse in different representa-
tions. Over more than a decade, there have been many reports
about the ordering of these basis patterns in SPI,H6-18:33-55]
Besides various CS and CS-based SPI schemes, 2423 SPI via

(26-301 has been also proposed to not only im-

deep learning
prove the quality of reconstructed images but greatly reduce
the sampling number.

In the following study, except for the above basis pat-
terns used in SPI, some schemes have been proposed to
generate various customized speckle fields.[*6-311 In 2014,
Cao’s group proposed a versatile method for generating non-
Rayleigh speckle patterns. The method involves encoding
higher-order correlations into the optical by the phase-only
SLM which results in a redistribution of light intensity among
the speckle grains in the far field.[*9! In recent work, they
found that the non-local correlation introduced by tailoring
the intensity probability spectral density of the speckle pat-

47481 Moreover, an ap-

terns can exceed the resolution limit. !
proach of generating the speckle patterns by different noise

modes was proposed in the perspective of power spectral den-
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sity (PSD),’192) where a computational GI-like experiment
was realized based on a binary-modulated DMD. It is found
that there are special spatial intensity fluctuation correlations
between adjacent pixels of these speckle patterns, which helps
achieve better noise robustness or higher spatial resolution in
CGI systems.[51’52] However, almost all of these schemes of
generating customized speckle fields required a certain com-
plicated transformation to obtain speckle patterns and then
project these on the modulation device. This is greatly limited
by the accuracy of a modulation device such as DMD when the
modulation patterns have to be not binary. Therefore, although
the transformation of some standardized modulation, patterns
may theoretically make the performance of SPI improve, there
is still a limitation of hardware in an actual experiment.

In this paper we propose a novel SPI scheme to achieve a
high-resolution image, which is based on the cross-correlation
between the standard binary Hadamard modulation bases and
their transformation patterns. Here, the DMD is modulated
Merely by a compu-
tational processing, each Hadamard transform pattern can

by standard binary Hadamard bases.

be acquired by an inverse Fourier transform on a Gaussian-
filtered Hadamard basis in the frequency domain. Based on
the cross-correlation between the bucket signals acquired by
actual modulated standard Hadamard bases and their corre-
sponding synchronized transform patterns, a higher-resolution
image could be restored just according to a traditional GI al-
gorithm.

2. Theory and method

The principle of a passive SPI is shown in Fig. 1, where an
illuminating optical beam from a light-emitting diode (LED)
passes through an object and enters a lens-imaging system,
then an image of the object is imaged on a DMD. The light
beam is reflected and converged into a single-pixel detector
after it is modulated by the DMD. As we know, the key point
of correlated SPI is the correlation between the modulation
matrices and the single-pixel signals. Thus in this section we
will start from the second-order correlation function of modu-
lation matrices to study the correlation of Hadamard transfor-
mation matrices, the cross-correlation between the Hadamard
bases and the corresponding transformation matrices, and en-
hanced resolution by using the latter. To simplify the calcu-
lation without loss of generality, only the 1D SPI is consid-
ered here, where the intensity correlation function G (Ax) of
modulation bases can be expressed as

G (Ax) = (I(x)I(x+ Ax)). (1)

Here Ax is the relative distance in x. Currently, the DMD is the
most commonly used SLM in SPI systems due to its superior
modulation rate, and broadband wavelength response. Com-
pared with the Fourier basis, the Hadamard basis is more suit-
able for loading on DMD without a quantization error because

of its binary characteristics.[*! Here the correlation function
of Hadamard-based matrices can be simplified as

Gy (Ax) = (I(x)I(x+Ax))
— FY{{I(@))?} o 5((Ax)), )

where I(®) and (I(®))? are the Fourier transform of /(x) and
GH2 (Ax), respectively. The latter represents the average PSD
of all Hadamard basis patterns. Due to the orthogonality of
the Hadamard basis,!'®! their auto-correlation can be approxi-
mately regarded as a delta function depicted in Fig. 2.

v o f L 2f

®

Adjustable Lens
slit

Object LED

Detector &5

Fig. 1. Diagram of experimental setup of SPL

Actually, the transformation of modulated matrix is
a standard process of matrix computation. Firstly, each
Hadamard matrix /(o) in the frequency domain is obtained
by a spatial Fourier transform of I(x). And then the filtered
matrix Ip(®) is acquired by Gaussian high-pass filtering for

each I(w), i.e.,
Ir(0) = I(@)Hyp(0), 3)

where Hyp(®) is a Gaussian function like Hyp(w) = Ag —
exp(—w?/ax). Here Ay and @y are constants set in the func-
tion. Finally, each /(@) would be converted into Ir(x) by
an inverse Fourier transform, which will be used to correlate
with the bucket signals. It is shown in Fig. 2 that the corre-
lation between the individual pixels in the filtered matrix is
changed with the change of the low-frequency components
of the Hadamard matrix. According to the Wiener—Khinchin
theorem, the second-order correlation function Gl<:2) (Ax) after
Gaussian filtering can be written as

G (Ax) = (Ip(x)Ir(x+ Ax))
o« F{(I(0))” Hup()*}
o« F Y8 (w)Hyp(0)}, 4)

where 8(w) is the average PSD of Hadamard-based patterns.
Based on this equation, the auto-correlation of transformation
matrix is simulated, where Ay and @y are set to 3 and 8, re-
spectively, and the simulation result is as shown in Fig. 2(b). It
can be seen that negative correlation dips come out around the
correlation peak, which will lead to resolution improvement in
SPI.
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Fig. 2. Auto-correlation functions of (a) the Hadamard matrix and (b) transformation matrix; (c) cross-correlation function between Hadamard

and their transformed matrix.

In the proposed scheme, the image is reconstructed by
the cross-correlation of the Hadamard transformation matrices
and the bucket signals that are obtained by using the Hadamard
matrices to encode and sample the object. Therefore, the cor-

relation function Gg}l(Ax) is accordingly modified by

Gal(Ax) = (I(x)I(x+Ax))

o« F~{(I(w))* Hyp(®) }
o< }"_1{5((0)Hﬂp(a))}, 5)

which is also used to simulate the correlation in Fig. 2(c). It
is similar to Fig. 2(b) that significant spatial cross-correlation
dips also exist around the correlation peak, which means that
new background noise will be formed near the object when the
object image is reconstructed.

In an actual SPI system, the i-th modulated pattern [;(x,y)
(1<x<M,1<y<N)with M x N pixels is generally a two-
dimensional discrete matrix. Therefore, the i-th bucket signal
B; acquired by the single-pixel detector can be expressed as

M N
Bi=Y Y L(xy)T(xy), (6)
x=1y=1

where T (x,y) is the intensity transmission function of the ob-
ject. Through this formula, the normalized correlation func-
tion for the correlated SPI by Hadamard matrix can be ex-
pressed as

(1/K) YK Bili(x,y)
(1/K) L L, y)(1/K) XK B
where K is the sampling number. Substituting Ig;(x,y) for

Ii(x,y) in the above formula, the image géz) (x,y) can be re-
covered by

(2) (

x,y) = (7

(1/K) XK | Bilri(x,y) .
(1/K) XK Iri(x,y) (1/K) XX, B;

g (x,y) =

®)

3. Simulations and experiments
3.1. Simulation results

In order to demonstrate the effectiveness of the proposed
method, an SPI simulation experiment is first performed based

on the scheme in Fig. 1. In the present simulation, a binary
three-slit picture with a size of 64 x 64 pixels is selected as
the imaged object shown in Fig. 3(a). The image in Fig. 3(b)
is obtained by Gaussian low-pass filtering for Fig. 3(a), which
obviously became blurred because of the loss of spatial high-
frequency components of light carrying the information of the
object.
should be regarded to mimic a diffraction-limited SPI system
and the image of Fig. 3(b) is equivalent to the one that is pro-

It is noted that the low-pass filtering for Fig. 3(a)

jected on the DMD in a passive diffraction-limited SPI exper-
iment. In the simulation process of SPI, the bucket signals are
simulated as follows. The fuzzy image of Fig. 3(b) is con-
volved with each computer-generated Hadamard matrix, and
then each convolution pattern is summed pixel by pixel to get
a series of 1D bucket signals that are actually captured by a
single-pixel detector in an experiment. The corresponding re-
constructed images are shown in Figs. 3(c) and 3(d) according
to Egs. (7) and (8), respectively. It can be seen that the im-
age of Fig. 3(c) recovered by Hadamard matrices is almost
as blurred as Fig. 3(b) while the image of Fig. 3(d) is more
resolved and distinguished, which is retrieved by the corre-
lation between the Hadamard and their transformed matrices.
It should be noted that the Hadamard matrix that we use is
the optimized ordering of the Hadamard basis by using fast
Walsh Hadamard transform.['®! To further verify the proposed
scheme, an object with two Chinese characters in Fig. 3(f) that
is a shortened form of Liaoning University is substituted for
Fig. 3(a) to perform the same simulation experiment. The ex-
perimental results of simulations are shown in the second row
of Fig. 3, which are quite similar to the results of the first sim-
ulation as predicted. It is not a surprise that the blurred im-
ages can be resolved and distinguished more clearly by the
proposed method. When the transfer function in the diffrac-
tion system is invertible and known, the higher-resolution im-
age can be reconstructed by the deconvolution just shown in
Fig. 2. However, it is obvious in Figs. 3(d) and 3(i) that ad-
ditional background noise is also brought in the reconstructed
images due to the negative correlation, which would form so-
called “virtual” images near the real images that may lead to
the image degradation and the decreasing of SNR. Therefore,
a simple spatial high-pass filtering method is adopted to re-
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move the background noise, where a properly chosen thresh-
old that is determined by the direct current background of the
recovered images is set to subtract the negative background.
The background-subtracted images are shown in Figs. 3(e) and
3(j), where they have been remapped to a grayscale range of
0-255.

CLR LR U
1|
(a) (b) (c) (d) (e)
nmEm
(8) (h) (i) 6))

Fig. 3. First column: digital-imaged objects of binary pictures with (a)
three slits and (f) two Chinese characters. Second column: (b) and (g)
are low-pass filtering of (a) and (f), respectively. Third column: recon-
structed images of (c) and (h) for the images in the second column based
on Eq. (7). Fourth column: reconstructed images of (d) and (i) based on
Eq. (8). Fifth column: background-free images of (e) and (j).

—+Fig. 3(b)
——TFig. 3(c)
0.81 ——Fig. 3(d)
Fig. 3(e)
—~ 0.6
&8
a
S0 0.4+
0.2
0-

z (pixels)

Fig. 4. Cross-sectional images of Figs. 3(a)-3(e).

In addition, how much the proposed scheme can im-
prove the image resolution is necessary to be much concerned.
Therefore, the cross sections of the first row of Fig. 3 are plot-
ted in Fig. 4 to further explain this problem, where they are
represented by the black, red (covered by the blue line), blue,
green and purple lines, respectively. Here, it can be more
clearly seen that the proposed scheme can achieve a high-
resolution image with a better SNR, where the two slits on
the left are just distinguished while the two slits on the right
are completely discernible (see the green and purple lines).
Honestly, the spacing distances W; and W, of the three slits
in Fig. 3(a) are specially designed to talk about the diffraction
limit and super-resolution. It is clear in Fig. 4 that the two slits
on the right of the blue line are just resolved when W; = 12
pixels, which can be considered as the diffraction limit accord-
ing to the definition of Rayleigh diffraction bound for the case
of Hadamard patterns. The left two slits with a spacing width
of W, = 6 pixels are used to test the resolution limit in our

scheme, where they are just resolved, too. Thus, it is estimated
that the proposed method can exceed the resolution limit by a
factor of about 2.

3.2. Experimental results

For the purpose of further verifying the feasibility and
performance of our method, a typical diffraction-limited SPI
experiment is demonstrated with respect to the configuration
in Fig. 1, where an object of a double-slit with a slit spac-
ing of W = 2 mm illuminated by a white light LED is im-
aged on the DMD (V-7000/ViALUX) by an imaging lens with
a focal length of f = 100 mm. One of the reflected light
beams by DMD is totally captured by a single-pixel detector
(DET36A2/Thorlabs) with the help of a collecting lens. In ad-
dition, a slit with an adjustable width [/ is co-axially inserted
at the rear focal plane, which is used to form a diffraction-
limited imaging system by blocking the spatial high-frequency
components of light carrying the object information. The sig-
nal from the single-pixel detector is fed into an amplification
circuit including a signal-amplifier and an analog—digital con-
verter, and then the signal from the amplifier circuit is finally
saved to a computer to be processed via a data acquisition
card. Generally, Hadamard bases with a sampling number
of the Nyquist limit are in advance stored in the memory of
DMD, and the SPI experiment is also realized at a sampling
rate of 100%. The results for different sampling rates (includ-
ing under sample and 100% sample) of different methods are
compared and discussed in data post-processing. Here, the
sampling number of 32 x 32 = 1024 is chosen in the present
experiment, which means the size of the modulation matrix

is also 32 x 32 pixels. Notice that the ordering of Hadamard
[16]

basis is the same with the above simulations.

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

Fig. 5. The reconstructed images by Eq. (7) with different slit widths
[ = (a) 30 mm, (b) 0.3 mm; (c) the reconstructed image by Eq. (8), and
(d) the background-free version of panel (c).

Two different settings of [ are studied here, i.e., [ =
30 mm and / = 0.3 mm, corresponding to the non-diffraction-
limited and diffraction-limited systems, respectively. The re-
constructed images by Eq. (7) are shown in Figs. 5(a) and 5(b).
Apparently, two slits in Fig. 5(a) are quite clearly resolvable
while those in Fig. 5(b) are almost overlapped and become
blurred. Figure 5(c) is the reconstructed image achieved by
the proposed method based on Eq. (8). Though the image
seems to have more noise caused by the decrease of optical
intensity when smaller [ is preferred, two slits can be perfectly
distinguishable. Of course, negative background noise also
exists inevitably due to the cross-correlation. However, the
clearer background-free image is achieved by removing the
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background noise and shown in Fig. 5(d). The experimental
results are in good agreement with the simulations.

4. Conclusion

In conclusion, we have successfully performed a compu-
tational GI experiment by correlating a series of bucket sig-
nals obtained from a single-pixel detector with the synchro-
nized transformed matrices of modulating DMD Hadamard
bases. Our experiment revealed the observation of anticor-
relation phenomena between the Hadamard bases and their
transformed counterparts, as well as the bunching effect be-
tween them. Furthermore, we were able to improve the reso-
lution of the reconstructed image. The proposed approach for
achieving high-resolution imaging is solely based on a passive
SPI setup and does not rely on the accuracy of the modulated
device or complex imaging systems. The transformation of
the matrix and image reconstruction are carried out by post-
processing of the computation, which makes this scheme ap-
plicable to various mature SPI systems that have been exten-
sively studied. Despite the presence of additional background
noise due to negative correlations, a clearer reconstructed im-
age can be obtained through spatial filtering to remove most of
the noise. This approach offers an SPI method for achieving
high-resolution imaging without increasing the complexity of
the SPI system, and may be suitable for use in combination
with different imaging systems.
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