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ABSTRACT

Recent advances in single-photon detectors have enabled low-light detection in diverse applications ranging from biological imaging to
astronomy. However, it remains a challenge to realizing high-quality optical imaging through dynamic and complex scattering media under
photon-limited conditions. In this paper, we report high-quality photon-limited imaging through dynamic and complex scattering media
using a single-photon detector. To eliminate a series of dynamic scaling factors induced by complex scattering in dynamic media, an iterative
algorithm is developed to retrieve an estimated object image and a series of corrected measurements, revealing a correlation relationship
between the illumination patterns and corrected measurements. Then, the estimated object image and corrected measurements are fed to
an untrained neural network powered by regularization with denoising for quality enhancement. Experimental results demonstrate that the
proposed method can be applied to implement high-quality photon-limited imaging through complex scattering media at low-light levels.
This work opens up an avenue for exploring photon-limited imaging in challenging environments with a single-photon detector.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/).
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I. INTRODUCTION

Imaging techniques usually require over 1000 photons per pixel
to reconstruct a high-quality object image. ~ However, in many
real-world scenarios, only a limited number of photons can be
detected due to practical constraints, such as short detection time
and low light. A single-photon detector has high sensitivity, which
is capable of detecting individual photons of the light.”” This supe-
rior capability makes it to be a suitable tool for applications under
low-light conditions.” ~ Although recent advances in single-photon
detection and computational imaging enable object reconstruction
with a few photons per pixel, it still remains a challenge to realizing
photon-limited imaging through dynamic and complex scattering
media.

Imaging through scattering media has been a fundamental
problem across diverse fields. The light can be scattered into unpre-
dictable paths, thus breaking the point-to-point mapping for image
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formation. To overcome this challenge, various methods have been
developed. Wavefront shaping uses optical devices, such as spatial
light modulator (SLM) or deformable mirrors, to adjust the incident
light based on the measured deviations from ideal wavefront.
Other approaches to manipulating wave propagation through scat-
tering media based on optical phase conjugation'® and transmission
matrix ~~ were also developed. Moreover, optical memory effect
can be adopted to realize imaging through scattering media in a sim-
ple way. Despite the remarkable progress made in imaging through
scattering media, low-light conditions can introduce a challenge to
this problem, and few approaches have been explored.

Single-pixel imaging (SPI)** has emerged as an effective solu-
tion to imaging through scattering media. In SPI, a series of illu-
mination patterns are displayed by SLM to modulate incident light,
and the corresponding light intensities are recorded by a single-
pixel detector without any spatial resolution. The object image
can be reconstructed by a computational means. Due to its
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indirect approach, SPI has shown great potential in overcoming the
challenges of imaging through scattering media.””*’ To improve
its imaging performance, much effort has been made to realize
high-quality object reconstruction, such as SPI with compressive
sensing’”’" and deep learning.”” " However, the sequential record-
ing nature inherently limits the performance of SPI in dynamic
and complex scattering environments, where the measurements or
realizations could be severely distorted by a series of dynamic scal-
ing factors. Moreover, conventional photodetectors utilized in most
SPI systems would be no longer effective under low-light condi-
tions. It is desirable to advance object reconstruction algorithms and
optical system designs to realize high-quality SPI through complex
scattering media under low-light conditions.

In this paper, we report high-quality photon-limited imaging
through complex scattering media with a single-photon detector.
The SPI setup is established with a single-photon detector to enable
imaging at low-light levels. An iterative algorithm is developed
for object reconstruction, which incorporates scaling factors into
a constraint on a series of intensity measurements. The designed
algorithm is applied to correct wave distortions caused by com-
plex scenarios while simultaneously estimating an effective object
image. To enhance the imaging quality, the estimated object image
and corrected measurements are fed to an untrained neural net-
work powered by regularization with denoising (URED). Optical
experiments are conducted in complex environments with low-light
levels, and it is demonstrated that the proposed method can facilitate
to achieve high-quality photon-limited imaging through complex
scattering media at low-light levels.

Il. METHODS
A. Object reconstruction

The measurement is performed in an SPI framework assisted by
single-photon detection. The collected light intensity B correspond-
ing to an illumination pattern can be described by

Bi= |ffP,-(x,y)O(x,y)dxdy 2, (1)

where i=1,2,3,...,M,M denotes the total number of measure-
ments (i.e., 2048 in this study), Pi(x,y) denotes the ith random
illumination pattern, and O(x, ) denotes an object. Under photon-
limited conditions, the light intensity can be derived from photon
counts measured using a single-photon detector.’”

When dynamic and complex scattering media exist in the opti-
cal channel, a series of dynamic or nonlinear scaling factors are
induced. The measurements in complex media can be described by

Ei = lX,'Bi, (2)

where B; denotes the ith distorted measurement and «; denotes a
scaling factor. The proposed method employs a scaling factor that
generalizes the total distortion effect imposed on each single-pixel
light intensity measurement. The reconstruction usually relies on the
correlation between each illumination pattern and a corresponding
measurement. However, with the presence of complex and dynamic
scattering media, the scaling factors dynamically vary in the opti-
cal channel, and the inherent correlation property is broken by the
series of time-varying scaling factors.
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To reconstruct an object image from the series of distorted
measurements, an iterative algorithm is designed here to cor-
rect the measurements while reconstructing an object image. The
iterative procedure” adopts a strategy similar to Fienup’s hybrid
input-output algorithm.”® In the designed iterative algorithm, the
goal is to find an object image f (x,y) such that

Bi~ a;

[ [pensayia| o

Equation (3) can be interpreted by using a zero-frequency com-
ponent of the generated Fourier spectrum G(£,7), as described
by

Gi(&n) = FT[Pi(x.y) f (%.)]
- P —j2m(§x+ny) )
- [[ P f sy dxdy,
where FT denotes Fourier transform and j = /~1. Here, Fourier
transform is utilized to describe wave propagation between the
object plane and the detection plane in the far field.

The proposed iterative algorithm starts with a random guess
of fo(x,y), and the dynamic scaling factor «; is initialized by using
all-ones. For the ith illumination pattern P;(x, y), Fourier spectrum
Gi(&,n) is calculated and its zero-frequency component is replaced
by the square root of a corresponding corrected measurement gen-
erated by dividing B; by a;. The updated Fourier spectrum G/ (&, 7)
can be described by

Bi
Glem =1\ o ©&1=000), “
Gi(&,n), Others.

Then, inverse Fourier transform is performed on the updated
Fourier spectrum to be projected back to the spatial domain. The
resultant g(x,y) can represent a product between an illumina-
tion pattern and the object pattern. Therefore, the object image
can be updated by minimizing a distance between g(x,y) and
Pi(x,y) f (x,y) as described by

argmin lg(x.y) = Pi(xy) f (2 2)] ©)

The above minimization problem can be solved using gradient
descent, and an updated object image can be described by

f'(xy) = f(xy) + BPi(x.y)[g(x.y) - Pi(xy) f(x)],  (7)

where f’(x,y) denotes an updated object image and f3 denotes a
coefficient to control the convergence.

In terms of the next measurement (ie., i=i+1), f'(x,y) is
used to replace f (x, y), and the above steps are repeated. One cycle is
considered to be completed when all the measurements (i.e., i = M)
are processed. After each cycle, the updated object image is denoted
as fn(x,y) where n denotes the cycle number. Then, the series of
dynamic scaling factors is updated as described by

B
Pi(xy) f(xy)dxdyl

o

®)
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FIG. 1. A block diagram for the proposed photon-limited imaging through com-
plex media: ®, an element-wise product; B, a series of measurements (i.e.,
corresponding to the measured photon counts); and B, a series of corrected data.

Furthermore, a wavelet denoiser” is applied to process the
sequence of scaling factors. The cycle is repeated to process the mea-
surements. Here, the convergence is satisfied when a mean squared
error between f,_1(x,y) and f.(x,y) is smaller than a pre-defined
threshold, i.e., 0.001. Finally, the pr_oposed iterative algorithm can
output an object image denoted as f(x,y) and a series of corrected
data (measurements) B’ = E/R.

A block diagram for the proposed photon-limited imaging
is shown in Fig. 1. The light modulated by random illumination
pattern interacts with an object and passes through dynamic and
complex scattering media. To eliminate wave distortions caused by
complex scattering media, the proposed iterative algorithm is first
applied to correct the distorted measurements. The proposed itera-
tive algorithm can output an estimated object image and a series of
corrected measurements to be further fed to a designed URED for
quality enhancement.

B. The URED

An untrained neural network (UNN) with a physical model is
further implemented for quality enhancement. The recovered object
image f(x,y) obtained by using the proposed iterative algorithm
is used as an input of the designed neural network. An objective
function® of the designed UNN-based enhancement scheme can be
described by

min {2 [H(U(F) B + 1@} st 2= (). ©

where H(+) denotes a forward model in SPI, Uy denotes the designed
UNN with parameters 6,1 denotes a coefficient, p(z) denotes a
regularization term, and z denotes the UNN output.

Regularization by denoising is applied in the designed UNN
with an explicit denoiser as a prior. However, a direct application
of the denoiser would induce high complexity to the differentia-
tion operation. Alternating directions of the multipliers (ADMM)**
is a powerful algorithm that establishes a framework for incorpo-
rating different sub-problems. With ADMM, the data-fidelity term
and regularization term in Eq. (9) can be separated to allow a
parallel execution of the neural network and the denoiser. In this

APL Photon. 10, 106119 (2025); doi: 10.1063/5.0293168
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study, a non-local means (NLM)*’ is utilized as an explicit denoiser,
and the NAFNet" is utilized as Up. The designed URED scheme
is implemented on an NVIDIA GeForce RTX 4090 GPU, and the
Adam optimizer with a learning rate of 0.001 is adopted to optimize
parameters of the designed UNN.

lll. RESULTS AND DISCUSSION

To verify the proposed photon-limited imaging in complex sce-
narios, experiments are conducted using an optical setup in Fig. 2. A
green laser (MGL-III-532nm) with a wavelength of 532.0 nm and
a maximum output power of 200.0 mW is used. The laser beam
is expanded by an objective lens with a magnification factor of
40x and is collimated before illuminating SLM (Holoeye, HED
6001). A series of random illumination patterns are sequentially dis-
played by SLM. A 4f system is implemented to focus the reflected
light onto an object, and a water tank is placed behind the object.
The water tank has dimensions of 5.0 cm (length) x 10.0 cm (width)
x 30.0 cm (height) and initially contains 1000 ml clean water.
Skimmed milk diluted with 250.0 ml clean water is continuously
dripped into the water tank in experiments, and a stirrer operat-
ing at 500 rpm is placed inside the water tank to create a dynamic
and complex scattering environment. A fiber coupling mechanism
is constructed to focus the scattered light onto the active area of
a single-photon counting module (SPCM, Thorlabs SPCM50A/M).
To be specific, the scattered light is coupled to a step-index mul-
timode fiber (LBTEK, MMC50L-0.22-PC-1) with a length of 1 m
using a fiber collimator (LBTEK, FC520-6.1-PC). The light at the dis-
tal end of the fiber is collimated by another fiber collimator (LBTEK,
FC520-6.1-PC) and is focused onto the SPCM via an aspheric
lens.

Varied water turbidities are studied in optical experiments. The
photon counts measured when using 5, 10, and 15-ml skimmed milk
are shown in Figs. 3(a), 3(c), and 3(e), respectively. The dynamic and
complex scattering in the water tank causes severe wavefront distor-
tions. As can be seen in Figs. 3(a), 3(c), and 3(e), wave distortions
manifest as time-varying scaling factors in the measured photon
counts. To illustrate the scattering effect on the measured photon
counts, histograms of the measured photon counts are shown in
Figs. 4(a), 4(c), and 4(e). In theory, when there are no scattering
media in the optical setup, the sequence of measured light intensities

Stirrer
SPCM

o
i<

3

L» L
SLM {r {
_ 1
Laser OL Li
i Mirror
ad

FIG. 2. A schematic experimental setup for the proposed photon-limited imaging
through complex scattering media under low-light conditions. OL: objective lens;
L4: a collimation lens; L, and Lj: lenses to construct a 4f system; O: object; WT:
water tank; FC: fiber collimator; and MMF: multimode fiber. For the sake of brevity,
a neutral density filter placed before the object is omitted.
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FIG. 3. (a), (c), and (e) Photon counts measured through dynamic and turbid
water when 5, 10, and 15-ml skimmed milk is individually used in Fig. 2 and (b),
(d), and (f) normalized data after applying the proposed correction method on the
measured photon counts in (a), (c), and (e), respectively.

in SPI should converge to a normal distribution.*’ As can be seen in
Figs. 4(a), 4(c), and 4(e), the histograms exhibit a significant devi-
ation from a normal distribution, and the deviation becomes more
prominent as more skimmed milk is used. There is a scaling fac-
tor to generalize the distortion effect. The probability distribution of
the collected single-pixel light intensities in complex media becomes
non-Gaussian. It is well known that object reconstruction in SPI
relies on a correlation between the illumination patterns and the
measurements. However, the time-varying scaling factors induced
by complex scattering in dynamic media obliterate the correlations
carried in the measured photon counts, making it difficult to recover
a high-quality object image.

Here, the proposed method is applied to eliminate the effects of
time-varying scaling factors on the measured photons to restore the
correlation property. The measurement correction results are shown
in Figs. 3(b), 3(d), and 3(f). To verify the developed correction
method, the histograms of corrected data in Figs. 3(b), 3(d), and 3(f)
are shown in Figs. 4(b), 4(d), and 4(f). The shapes of the histograms
closely match a normal distribution, showing a consistency with the-
ories. The probability distributions of the corrected data are modeled
via fitting a normal distribution, as indicated in Figs. 4(b), 4(d), and
4(f). It is demonstrated that the corrected data can align well with a

APL Photon. 10, 106119 (2025); doi: 10.1063/5.0293168
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FIG. 4. (a), (c), and (e) Histograms of the measured photon counts in
Figs. 3(a), 3(c), and 3(e) and (b), (d) and (f) histograms of the corrected data
in Figs. 3(b), 3(d), and 3(f) with a fitting (indicated by the red curves).

theoretical model, showing high effectiveness of the proposed itera-
tive algorithm for eliminating a series of time-varying scaling factors
induced by complex scattering in dynamic media. Moreover, it is
worth noting that the proposed iterative algorithm enforces algorith-
mic corrections on the distorted measurements without requiring
any prior knowledge about scattering media. Therefore, the pro-
posed method possesses high adaptability and can be applied in a
wide range of scattering environments, such as dynamic smoke and
random disturbance.

In the proposed iterative algorithm, a series of corrected mea-
surements and an estimated object image can be obtained. These two
outputs are fed to the designed URED engine for quality enhance-
ment. Object reconstruction results are shown in Fig. 5, and the
USAF 1951 resolution target (element 2 group 0) is used as an
object. Here, the dimensions of a reconstructed object image are 64
x 64 pixels. For comparison, a conventional method, i.e., differen-
tial ghost imaging (DGI),* is also employed, and the reconstructed
object images are shown in Figs. 5(a)-5(c) when 5, 10, and 15-
ml skimmed milk is used, respectively. Effective information about
the object cannot be observed in the reconstructed object images,
when DGI is used. It is demonstrated that conventional methods
could not work in complex environments under photon-limited
conditions as the correlation property is broken by the time-varying

10, 106119-4
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FIG. 5. Reconstructed object images obtained when 5, 10, and 15-ml skimmed milk
is used in experiments. (a)-(c) Reconstructed object images using DGI, (d)-(f)
reconstructions obtained by using the proposed iterative algorithm, and (g)—(i)
reconstructed object images obtained after applying the URED, respectively, on
those in (d)~(f).

scaling factors induced by complex scattering in dynamic media.
The reconstructed object images obtained by using the proposed
iterative algorithm are shown in Figs. 5(d)-5(f). The final recon-
structions obtained by feeding the images in Figs. 5(d)-5(f) to the
URED are shown in Figs. 5(g)-5(i), respectively. A spatial resolution
of 890.9 um is achieved in the proposed method. The experimen-
tal results exhibit high-quality object features, and high effectiveness
and high robustness of the proposed method are validated.

To quantitatively evaluate the reconstruction quality, contrast-
to-noise ratio (CNR)">*” is calculated, as described by

g )~ (h)

(05 0,)/2 (10)

where (I;) and (I, ), respectively, denote an average intensity of the
signal region and background region (indicated in an inset in Fig. 6)
in a reconstructed object image and o; and o, denote the standard
deviations. The CNRs of the reconstructed object images using DGI
in Figs. 5(a)-5(c) are 1.31, 0.94, and 0.70, showing low-quality object
reconstruction. CNRs of the object images reconstructed by using
the proposed iterative algorithm are 3.57, 3.71, and 3.11, as shown in
Figs. 5(d)-5(f), respectively. CNRs of the object images are 25.91,
23.60, and 23.34 in Figs. 5(g)-5(i), respectively. The experiments
demonstrate that object reconstruction with a high CNR can be
implemented by using the proposed method.

Figure 6 shows the variations of CNRs of the reconstructed
object images using DGI and the proposed method when the vol-
umes of skimmed milk ranging from 0 to 18 ml are individually used
in experiments. The speed of the stirrer is fixed at 500 rpm. High

APL Photon. 10, 106119 (2025); doi: 10.1063/5.0293168
© Author(s) 2025

-4-CNR (Proposed) CNR (DGI) -5

30 0.5
25 A F 0.4
20
F 0.3
Y
Z 15 A )
&
F 0.2
10
5 | F 0.1
0 0
0 3 6 9 12 15 18

Volume of milk (ml)

FIG. 6. Variation of CNRs of the reconstructed object images and the variance of S
when different volumes of skimmed milk are individually used in experiments. For
the CNR calculations, the signal region is indicated by the red boxes in the inset,
and the background region is indicated by a green box. Parameter S denotes the
photons of a 2D pattern per pixel.

CNRs can always be achieved in the proposed method. As the vol-
ume of skimmed milk increases, the CNRs show a slight decrease,
verifying the high robustness of the proposed method. In contrast,
the CNRs are low and could decrease to be zero at high milk volumes
using DGI, showing vulnerability to the variations of water turbidity.
It is worth noting that although the rotational speed of the stirrer is
also a variable in experiments, which contributes to scattering media,
it does not have much effect on the imaging quality.***’

The proposed method is applied to further test other objects
(i.e, “4 “T,” “rectangle” and “517). Figures 7(a)-7(d) show the
reconstructed object images obtained by using DGI. The perfor-
mance of DGI is significantly degraded by the presence of dynamic
and complex scattering media, and object information cannot be
clearly rendered. As the proposed method is applied, clear fea-
tures about the objects can be retrieved and observed, as shown in
Figs. 7(e)-7(h). It is demonstrated again that the proposed method
can be applied to overcome the challenge induced by complex scat-
tering in dynamic media under photon-limited conditions, and
high-quality object images can always be recovered.

All experimental results aforementioned are obtained through
complex scattering media at low-light levels. Here, the low-light con-
dition is constructed using two ways. A neutral density filter is placed
before the object with a high attenuation factor to control optical
power. In addition, particles within scattering media also absorb the
energy of the laser beam. An evaluation parameter S,"*"’ called the
photons of a 2D pattern per pixel, is used to quantitatively describe
low-light levels as defined by

1

S= —
M;

, (1m

X
~ | %)

1

where Y denotes the dimension of a reconstructed object image,
i.e, 64 x 64 pixels in this study. The calculated values S are 0.44,
0.35, 0.33, 0.30, 0.25, 0.24, 0.16, 0.12, and 0.096 when 0, 3, 5, 6, 9,
10, 12, 15, and 18 ml skimmed milk is, respectively, used, as shown
in Fig. 2. The calculated values S are 0.21, 0.34, 0.29, and 0.26 for the
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12:50:80 920z Atenuer ¢z


https://pubs.aip.org/aip/app

four objects shown in Fig. 7, respectively. It is verified that our exper-
iments are conducted under low-light conditions. At these low-light
levels, the proposed method can still be applied to recover high-
quality object images, as shown in Figs. 5-7. The variation of S, when
the volumes of skimmed milk ranging from 0 to 18 ml are individ-
ually used, is shown in Fig. 6. As a higher volume of skimmed milk
is used, the value S decreases rapidly and the CNRs of the recon-
structed object images show a slight decrease. It is illustrated that
the proposed method is robust at different limited-photon levels.

IV. CONCLUSION

We have reported high-quality photon-limited imaging with a
single-photon detector in dynamic and complex scattering environ-
ments. The proposed method adopts a designed iterative operation
to implement effective corrections on the series of distorted mea-
surements to generate corrected data and estimate an object image,
which are further fed to the URED for quality enhancement. A series
of optical experiments have been conducted to verify feasibility and
effectiveness of the proposed method in complex scenarios. Experi-
mental results demonstrate that the proposed method can always be
applied to effectively eliminate the series of dynamic scaling factors
and reconstruct high-quality object images in complex scattering
environments at low-light levels. The proposed method opens up an
avenue for the applications of single-photon detection techniques in
real-world scenarios, e.g., complex scattering in dynamic media.
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