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Abstract: Imaging with single-pixel detectors becomes attractive in many applications where
pixelated detectors are not available or cannot work. Based on a correlation between the probing
patterns and the realizations, optical imaging with single-pixel detector offers an indirect way to
recover a sample. It is well recognized that single-pixel optical imaging through dynamic and
complex scattering media is challenging, and dynamic scaling factors lead to serious mismatches
between the probing patterns and the realizations. In this paper, we report self-corrected
imaging to realize high-resolution object reconstruction through dynamic and complex scattering
media using a parallel detection with dual single-pixel detectors. The proposed method can
supervise and self-correct dynamic scaling factors, and can implement high-resolution object
reconstruction through dynamic and complex scattering media where conventional methods
could not work. Spatial resolution of 44.19 um is achieved which approaches diffraction limit
(40.0 um) in the designed optical setup. The achievable spatial resolution is dependent on pixel
size of spatial light modulator. It is experimentally validated that the proposed method shows
unprecedented robustness against complex scattering. The proposed self-corrected imaging
provides a solution for ghost recovery, enabling high-resolution object reconstruction in complex
scattering environments.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The object recovery is generally dependent on pixelated sensor arrays, e.g., charge-coupled device,
which revolutionized the imaging field. However, pixelated detectors could not be available or
expensive in some applications, when non-visible light sources are used or weak light intensities
need to be recorded. An imaging scheme with single-pixel detector has emerged to overcome
the challenges [1-5]. Optical imaging with single-pixel detection, e.g., ghost imaging (GI)
[6-20], has attracted much attention due to its remarkable characteristics. The theory of GI
originated from quantum [6]. It was subsequently verified that classical light source can also be
exploited to retrieve ghost [8-20]. The GI acquires spatial information via a correlation between
time-varying probing patterns and the realizations [§—10]. When the probing patterns and light
intensities measured by single-pixel detector are correlated, a ghost image could be recovered.
The advance in spatial light modulator (SLM) has opened up a new research perspective for GI,
giving rise to much research on computational GI. Different GI methods have been developed
to enhance quality of the reconstructed samples, e.g., differential [21], normalized [22] and
Gerchberg-Saxton-like [23]. Much effort has also been made to increase the speed of data
recording and computing [24-32] using compressed sensing [24-26], fast switching devices (e.g.,
digital micromirror device [27] and light emitting diode [28]) and deep learning [30-32]. The GI
not only shows enhanced denoising performance, but also enables fast measurements. The GI
has also been demonstrated to have an advantage of imaging through scattering media [11,12].
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Much research interest has been triggered, e.g., terahertz [33-38]. However, single-pixel imaging
through dynamic and complex scattering media remains an open question. The imaging has been
applied in static and micro dynamic scattering media [39—42]. However, the performance of GI
is still limited in dynamic and complex scattering environments. This is attributed to dynamic
scaling factors induced by the evolution of scattering environment. The dynamic scaling factors
give rise to serious mismatches between the probing patterns and the measurements, resulting in a
failure of conventional methods. Therefore, it is well recognized that high-resolution single-pixel
imaging through dynamic and complex scattering media is challenging.

In this paper, we propose self-corrected imaging with dual single-pixel detectors to realize
high-resolution imaging through dynamic and complex scattering media. A reference beam is
introduced to monitor and correct the change of scaling factors. The mismatches, i.e., between
illumination (probing) patterns and the realizations, induced by dynamic and complex scattering
media can be corrected in real time. It is experimentally demonstrated that high-resolution
samples can be recovered by using a rectified correlation algorithm. This is the first attempt
to apply a parallel detection with dual single-pixel detectors to implement self-correction of
optical imaging through dynamic and complex scattering media. The proposed method enables
high-resolution imaging through dynamic and complex scattering media where conventional
methods could not work. The proposed method shows high robustness against dynamic and
complex scattering media.

2. Principle

A schematic experimental setup is shown in Fig. 1. A green laser beam (CrystaLaser, CL-2000)
with wavelength of 532.0 nm and power of 25.0 mW is expanded and collimated to illuminate
an amplitude-only SLM (Holoeye LC-R720) with pixel size of 20.0 um. A series of designed
illumination patterns with 128 x 128 pixels are sequentially embedded into the SLM. Then, one
beam illuminates a sample, e.g., USAF 1951 resolution target (Thorlabs, R3L3S1N), and then
propagates through dynamic and complex scattering media. Another beam propagates through
dynamic and complex scattering media without an interaction with the sample. 6000 ml pure
water is placed in water tank (10.0 cm (L) X 30.0 cm (W) x 30.0 cm (H)) for each experiment. In
this study, 300 ml pure water is first placed in the funnel, and then different volumes of skimmed
milk are directly added into the funnel for each experiment. A stirrer with the maximum speed of
1200 revolutions per minute (rpm) is used to generate dynamic environments. The object and
reference waves are recorded by single-pixel silicon photodiodes (Thorlabs, PDA100A2). In
Fig. 1, the funnel is placed away from the reference beam by 12.0 cm, and the stirrer is placed
away from the object beam by 12.0 cm. The single-pixel detectors and SLM are synchronized
by data acquisition device (Smacq, USB-5210) and purpose-built Labview program. The time
interval to display each illumination pattern in the SLM is 100 ms in this study, and 40000
illumination patterns are sequentially embedded and displayed.

A series of illumination patterns P;(x,y)(i=1,2,3,...,40000) with 128 x 128 pixels are
generated to satisfy that sum of all pixel values in each illumination pattern, i.e., cons, is the
same as described by

Pi(x, y)dxdy = cons

= FFT{Pi(x, y)}(0,0),
where FFT denotes fast Fourier transform. It is given in Eq. (1) that zero-frequency component
of Fourier spectrum is equal to the sum of all pixel values of pattern P;(x,y). A schematic of the
proposed algorithm is shown in Fig. 2. The input is a random matrix, and is Fourier transformed
to get spectrum g. A constraint is applied in Eq. (1) to obtain an updated Fourier spectrum ¢’.
By applying inverse Fourier transform, a pattern can be generated, satisfying 3. P = cons. Since
the updated pattern P may contain negative values, a non-negative constraint could be applied
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Fig. 1. A schematic experimental setup for the proposed imaging through dynamic and
complex scattering media. SLM: spatial light modulator; BS: beam splitter cube; PD:
single-pixel detector; T: target (sample).

to adjust. Therefore, a series of illumination patterns can be generated, when this modified
algorithm is repeatedly used.
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Fig. 2. A schematic of the generation of illumination patterns. P40 3 random matrix;
FFT: fast Fourier transform; ¢: Fourier spectrum of P; ¢’: an updated Fourier spectrum;

IFFT: inverse fast Fourier transform; P: an updated pattern.

When the generated pattern is embedded into SLM, there might be a slight fluctuation in the
sum of the generated pattern and this influence can be omitted in practice [13]. The parallel
detection with dual single-pixel detectors is developed to synchronously collect light intensities.
The reference wave propagates through dynamic and complex scattering media, and the object
wave illuminates a sample O(x, y) before propagating through dynamic and complex scattering
media. Finally, light intensities at the two wave paths are recorded by single-pixel detectors.
In a static scattering environment, when the ith illumination pattern is used, light intensities /;
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recorded in the reference beam path could be simply described by

I; = / P;(x, y)dxdy. 2

In dynamic and complex scattering media, light intensities recorded in the reference beam
path could be described by

I = ki/Pi(x’y)dXd)’: 3

where k; denotes a dynamic scaling factor. The light intensities I; recorded in the object beam
path could be described by

z=k/Pmemww@, @)

where k; denotes a dynamic scaling factor in the object beam path when the ith illumination
pattern is used.

The scaling factors are corrected for each recording, and the following assumption can be used
when separation distance between the reference beam and object beam is short.

k,’ =~ ]}i. (5)
By applying this assumption, we have
A / Pi(x,y)O(x, y)dxd (6)
T X Py ) TR

Therefore, the sample can be reconstructed by using a rectified correlation algorithm [43].

mwh«§2amw{§2amﬂymW%wmww, ™

where (- - - ) denotes an ensemble average over the total number of realizations. As can be seen
in Eq. (7), the rectified correlation algorithm is applicable with random patterns. In order to
directly monitor dynamic change of scaling factors, designed patterns with the same sum are
applied. Y Pi(x,y) is designed to be a constant, and it can be omitted in image recovery. It is
worth mentioning that the rectified correlation algorithm in Eq. (7) is also applicable in optical
imaging through static or micro dynamic scattering media, e.g., ground diffusers, diaphragms,
smoke, fog and biological tissues. In addition, the number of realizations is not needed to be
increased in the proposed method owing to the setup design with dual single-pixel detectors,
when optical imaging through dynamic and complex scattering media is conducted.

3. Experimental results and discussion
3.1.  Proof-of-principle experiment

USAF 1951 resolution target and eight 3D-printed transparent samples are tested. Fig-
ures 3(al)-3(a3) and 3(b1)-3(b3) show the reconstructed targets using the proposed optical
imaging and conventional GI through dynamic and complex scattering media, respectively. The
dynamic and complex scattering media are formed by using 10 ml, 4 ml and 5 ml milk respectively
corresponding to Group 1, Group 2 and Group 3 of the USAF target, and the stirrer kept operating
at 500 rpm over 4000 seconds. As can be seen in Figs. 3(al)-3(a3), the change of scaling factors
induced by dynamic and complex scattering media is corrected, and the recovered samples are of
high quality. However, it is impossible for conventional GI to retrieve any information about
the target, as shown in Figs. 3(b1)-3(b3). This is attributed to dynamic scaling factors aroused
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Fig. 3. Reconstruction results of a resolution target: (al)-(a3) Group 1, Group 2 and Group
3 of the resolution target recovered by the proposed method respectively using 10 ml, 4 ml
and 5 ml milk to be continuously dropped into water tank and a stirrer at 500 rpm. (b1)-(b3)
Group 1, Group 2 and Group 3 of the resolution target recovered by using GI. (c) Intensity
distributions of one-dimensional profiles in the recovered resolution target (i.e., element 4 of
Group 3) using the proposed method. The inset on the top left corner of (c) is original image
only for better visualization and marking. Scale bar: 1 mm.

by dynamic and complex scattering media. As can be seen in Fig. 3(a3), the finest structure
identified in the recovered resolution target is element 4 of Group 3 (44.19 um), approaching
diffraction limit (see Fig. S1 in Supplement 1 for details).

To better visualize the achievable spatial resolution, one-dimensional profiles denoted by red,
green and blue lines in the resolution target (i.e., element 4 of Group 3) are shown in Fig. 3(c).
Three peaks can be clearly observed corresponding to three vertical bars in element 4 of Group
3. The detailed intensity distributions are given in Figs. 4(a) and 4(b). As can be seen in
Figs. 4(a) and 4(b), the vertical bars and horizontal bars in element 4 of Group 3 have been clearly
distinguished. The proposed method also can reveal some details about element 5 of Group 3
as shown in Figs. 4(c) and 4(d). The proposed method is able to identify the vertical bars in
element 5 of Group 3, shown in Fig. 4(c). However, it is difficult to resolve it in element 5 of
Group 3 as shown in Fig. 4(d). The proposed method can resolve element 4 of Group 3 with a
width of 44.19 um (close to theoretical limit of 40.0 um), and is experimentally demonstrated
to enable high-resolution imaging through dynamic and complex scattering media. Section
2 in Supplement 1 describes the reconstruction of Group 1, Group 2 and Group 3 using the
proposed method and conventional GI, when increased volumes of milk were dropped into water
tank and the stirrer operated at 500 rpm. Conventional GI is not applicable, and the proposed
method performs well for imaging through dynamic and complex scattering media owing to
self-correction.

The 3D-printed transparent samples are also tested as shown in Fig. 5. The same scattering
environment is used to test four samples in Figs. 5(al)-5(a4) and 5(b1)-5(b4). For the four
samples in Figs. 5(c1)-5(c4) and 5(d1)-5(d4), dynamic and complex scattering media are formed
by dropping different volumes of milk into water tank. As shown in Figs. 5(al)-5(a4) and
5(c1)-5(c4), it is demonstrated that self-correction of dynamic scaling factors is feasible for high-
resolution imaging through dynamic and complex scattering media, and a denoising operation
(e.g., BM3D algorithm [44]) has been further applied. However, conventional methods are not
feasible for imaging through dynamic and complex scattering media as shown in Figs. 5(b1)-5(b4)
and 5(d1)-5(d4).
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Fig. 4. Intensity distributions of one-dimensional profiles (marked with red and blue lines)
in the resolution target recovered by the proposed method (i.e., element 4 of Group 3 and
element 5 of Group 3): (a) Intensity distribution of one-dimensional profile marked with a
red line within the recovered resolution target (i.e., vertical bars in element 4 of Group 3).
(b) Intensity distribution of one-dimensional profile marked with a blue line in the recovered
resolution target (i.e., horizontal bars in element 4 of Group 3). (c) Intensity distribution
of one-dimensional profile marked with a red line in the recovered resolution target (i.e.,
vertical bars in element 5 of Group 3). (d) Intensity distribution of one-dimensional profile
marked with a blue line in the recovered resolution target (i.e., horizontal bars in element 5
of Group 3). The inset on the top corner is original image only for better visualization and
marking.

3.2. Analysis and discussion

Figure 6(a) shows a typical example of nonlinear variations of scaling factors induced by using
10 ml milk continuously dropped into water tank and the stirrer at 300 rpm over 4000 seconds.
The sample is Group 1 of USAF 1951 resolution target. Although each designed illumination
pattern conforms to a rule with the same sum of all pixel values, scaling factors still change due
to dynamic and complex scattering media. As can be seen in Fig. 6(a), scaling factors change
dynamically. The curve of scaling factors shows a downward trend with nonlinear variations.
Different parameters are also studied as shown in Figs. 6(b)-6(d), i.e., different volumes of
milk dropped into water tank, rotation speed of the stirrer and separation distance between object
and reference beams. Figure 6(b) shows quality of the reconstructed samples quantified by
visibility [45] with different volumes of milk, when the stirrer operates at 500 rpm. The visibility
is calculated by
<[> — <Ip>
<I;> + <>’

visibility = 8)

where I; and I, denote intensity distributions in signal part and background part, respectively. The
signal part corresponds to effective information about sample, and background part corresponds
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(d1) (d2) (d3) (d4)
Fig. 5. Reconstruction of 3D-printed transparent samples: (al)-(a4) and (b1)-(b4) Four
samples recovered by the proposed method and conventional GI with 5 ml milk continuously
dropped into water tank and the stirrer at 500 rpm, respectively. (c1)-(c4) and (d1)-(d4) Four
transparent samples respectively recovered by the proposed method and conventional GI
when 5 ml, 5 ml, 6 ml and 4 ml milk are respectively dropped into water tank. Dimensions
of feature parts of 3D-printed transparent samples are 6.0 mm X 9.0 mm, 8.0 mm X 8.0 mm,
6.0mm X 6.0 mm, 6.0 mm X 6.0 mm, 5.0 mm x 5.0 mm, 7.0mm X 7.0 mm, 4.0 mm x 8.0

mm and 9.0 mm X 8.0 mm, respectively. Scale bar: 1 mm.

to a region without effective information about sample. The average intensity is denoted
as <Iy>and < I,>, respectively. The experimental results demonstrate that visibility of the
recovered samples stabilizes at 0.8, revealing that the proposed method possesses high robustness
against the increased volumes of milk. Conventional GI cannot work with a sharp decline of
visibility (from 0.8 to nearly 0), when the volume of milk increases from 0 ml to 20 ml.
Different rotation speeds of the stirrer are also investigated, as shown in Fig. 6(c). With an
increase of rotation speed of the stirrer from 100 rpm to 1100 rpm, visibility of sample images
recovered by using the proposed method maintains steady (~0.9), when 3 ml and 7 ml milk is
respectively dropped into water tank. When the total volume of milk is 11 ml, 15 ml or 20 ml,
quality of reconstructed samples still increases as the higher rotation speed is used. However,
visibility of sample images recovered by using conventional GI is always close to 0. The distance
between the reference and object beams is also studied, and experimental results are shown in
Fig. 6(d). 20 ml milk is continuously dropped into water tank, and the stirrer operates at 500 rpm
over 4000 seconds. When the reference beam and object beam are close, transfer functions
can be assumed to be the same (see Section 3 in Supplement 1 for details). The varied scaling
factors induced by dynamic and complex scattering media can be effectively eliminated. The
shortest distance allowed in the optical setup is 6.0 cm, which is limited by bulk volumes of
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Fig. 6. Properties characterization of the proposed method and conventional GI when Group
1 of USAF 1951 resolution target is used as a target: (a) A typical example of nonlinear
variation of scaling factors induced by 10 ml milk continuously dropped into water tank and
the stirrer at 300 rpm over 4000 seconds. (b) The influence of volume of milk on visibility
of sample images recovered by using the proposed method and conventional GI when the
stirrer operates at 500 rpm. (c) The influence of rotation speed of the stirrer on visibility of
sample images recovered by using the proposed method (5 upper lines) and conventional
GI (5 lower lines). (d) The influence of the distance between two beams on visibility of
sample images recovered by using the proposed method and conventional GI with 20 ml
milk continuously dropped into water tank and the stirrer at 500 rpm over 4000 seconds.

laboratory equipments and sample size. With the distance of 6.0 cm used in the designed optical
setup, spatial resolution achieved is 44.19 um, which approaches diffraction limit. The proposed
method could be influenced by increasing the distance, leading to a decrease of quality as
shown in Fig. 6(d). The higher spatial resolution could be achieved by shortening the separation
distance between the reference beam and object beam. However, it is impossible for conventional
GI to recover any effective information about the test sample through dynamic and complex
scattering media. Figure 7 further shows the reconstructed samples using the proposed method
and conventional GI with increased distances between object and reference beams, when the total
volume of milk is 20 ml. Based on the above analyses, the proposed method is experimentally
verified to be robust against dynamic and complex scattering media, and quality of recovered
samples is also quantitatively evaluated by contrast-to-noise ratio (CNR) [46] (see Fig. S5 in
Supplement 1).

The analyses using Group 3 of USAF 1951 resolution target are further given in Fig. §, and
the results using Group 2 of USAF 1951 resolution target are given in Fig. S6 in Supplement
1. Figure 8(a) shows a nonlinear variation of scaling factors, when 5 ml milk is continuously
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Fig. 7. The reconstructed samples (i.e., USAF 1951 Group 1) obtained by the proposed
method and conventional GI with increased distances between object and reference beams
when the total volume of milk is 20 ml: (al)-(a5) The reconstructions using the proposed
method with different separation distances (i.e., 6.0 cm, 8.0 cm, 10.0 cm, 12.0 cm and 14.0 cm)
and a fixed rotation speed (500 rpm). (b1)-(bS)The reconstructions using conventional GI.
Scale bar: 1 mm.

dropped into water tank and the stirrer operates at 500 rpm over 4000 seconds. It can be seen in
Fig. 8(a) that scaling factors measured in the reference beam path vary considerably, showing
a steeply downward trend in the first 1000 seconds and fluctuating over the last 3000 seconds.
The influence of the volume of milk and the rotation speed is shown in Fig. 8(b). Quality of
reconstructed samples using conventional GI decreases dramatically with increased volumes of
milk regardless of the rotation speeds. The proposed method is able to recover high-resolution
samples with visibility of around 0.7, when different volumes of milk (ranging from 0 ml to 7
ml) are respectively dropped into water tank and the stirrer operates at different rotation speeds.
Although quality of reconstructed samples using the proposed method would decrease with
further increased volumes of milk (e.g., 8 ml and 9 ml), the recovered target can still be well
resolved as explained in Section 6 in Supplement 1.

In Fig. 8(c), the horizontal distance is measured between the separatory funnel and reference
beam in a range of 12.0 cm to -6.0 cm by moving the separatory funnel closer to reference beam.
The horizontal distance of O represents that the separatory funnel is right above the reference
beam, and negative values denote that the funnel is moved to the left side of the reference beam
as shown in Fig. S9 in Supplement 1. The stirrer is not moved in this case. The dynamic and
complex scattering media used in Fig. 8(c) is formed by using 9 ml milk and the stirrer at 500 rpm
over 4000 seconds. It is demonstrated that visibility of reconstructed samples using the proposed
method slightly fluctuate (~0.6), and conventional GI cannot work. The influence of positions of
the stirrer is shown in Fig. 8(d), and the distance is denoted between the stirrer and the object
beam. More details about the stirrer position are described in Fig. S10 in Supplement 1. The
separatory funnel is not moved in this case. The dynamic and complex scattering environment is
formed by using 9 ml milk and the stirrer at 500 rpm over 4000 seconds. When position of the
stirrer is changed, the proposed self-correction approach is still effective and conventional GI is
unable to retrieve the target.

To illustrate the turbidity, mean free path (MFP) [47] is calculated and shown in Fig. 9. The
MFP is used and described by

1
MFP = —, )
o)
where u denotes an extinction coefficient given by

I, = Ipe ™, (10)
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Fig. 8. Properties characterization of the proposed method and conventional GI when Group
3 of USAF 1951 resolution target is tested: (a) A typical example of nonlinear variations
of scaling factors induced by 5 ml milk and a stirrer at 500 rpm over 4000 seconds. (b)
Influence of the volume of milk and the rotation speed on the proposed method (6 upper
lines) and conventional GI (6 lower lines). (c) The influence of horizontal distance between
the separatory funnel and reference beam on the proposed method and conventional GI with
9 ml milk and the stirrer at 500 rpm over 4000 seconds. (d) The influence of horizontal
distance between the stirrer and the object beam on the proposed method and conventional
GI with 9 ml milk and the stirrer at 500 rpm over 4000 seconds.
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where z denotes thickness of scattering media, /o denotes initial light intensity at the reference
beam path when scattering environment is static without milk, and I, denotes light intensity at
the reference beam path when a certain volume of milk is continuously dropped into water tank
and a stirrer rotates at a certain speed.
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Fig. 9. The MFP changes over time.

As can be seen in Fig. 9, turbidity of scattering environments is changed, which is similar
to the trend of scaling factors in Figs. 6(a) and 8(a). With milk continuously dropped into the
water tank, turbidity of scattering environment changes. For Group 1, Group 2 and Group 3
of USAF 1951 resolution target, scattering environments are respectively formed by using 20
ml, 8 ml and 9 ml milk continuously dropped into water tank and the stirrer at 1100 rpm over
4000 seconds. With the decreased light intensities recorded in the reference beam path, the MFP
keeps decreasing as shown in Fig. 9, and turbidity of dynamic and complex scattering media
increases correspondingly. It is illustrated that the decrease of MFP corresponds to an increase
of turbidity of scattering media. The details about CNR values of recovered samples (i.e., Group
2 and Group 3 of USAF 1951 resolution target) are given in Section 8 in Supplement 1. It is
demonstrated that the proposed method provides a general solution for high-resolution imaging
in complex scattering environments.

Based on the above analyses, effectiveness and robustness of the proposed self-corrected
optical imaging are demonstrated by using optical experiments through dynamic and complex
scattering media. With a parallel detection using dual single-pixel detectors, the proposed method
can supervise and self-correct dynamic scaling factors, and can implement high-resolution object
reconstruction through dynamic and complex scattering media where conventional methods
could not work. The spatial resolution achieved by the proposed method is 44.19 um, approaching
diffraction limit in the designed optical setup. Furthermore, it is experimentally validated that
the proposed method shows unprecedented robustness against dynamic and complex scattering
media.

4. Conclusion

We have reported a new method, i.e., self-corrected imaging, which allows high-resolution
object reconstruction through dynamic and complex scattering media by applying a parallel
detection with dual single-pixel detectors. It is experimentally demonstrated that the proposed
method enables high-resolution imaging through dynamic and complex scattering media where
conventional imaging could not work. The spatial resolution achieved is 44.19 um, approaching
diffraction limit (i.e., 40.0 um). The achievable spatial resolution is dependent on pixel size of
spatial light modulator. Furthermore, the proposed method shows high robustness against dynamic
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and complex scattering media. The proposed self-corrected optical imaging provides a solution
for high-resolution object reconstruction in dynamic and complex scattering environments.
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