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ABSTRACT

Optical imaging through dynamic and complex scattering media has attracted various applications, e.g., ranging from scene imaging to cell
imaging. Nevertheless, imaging through complex media is full of challenges attributed to the inhomogeneous scattering, leading to nonlinear
effects. Although ghost imaging (GI) has proven effective in solving some scattering problems, dynamic and complex scattering still requires
an efficient solution. In this Letter, we report a model based on adaptive moving average (AMA) to correct the influence of dynamic
scattering media from a statistical perspective for high-resolution GI. The developed AMA correction method selects an appropriate time
window based on the changing trend of measured single-pixel light intensities to accurately correct a series of dynamic scaling factors. Then,
the corrected single-pixel light intensities are used for ghost reconstruction using a second-order correlation algorithm. A series of optical
experiments are conducted to verify superiority of the proposed method. Moreover, the proposed method can be applied with other algo-
rithms to enhance the quality of the reconstructed ghost images. By leveraging a statistical model based on the measured data, the proposed

scheme offers an enhanced solution to solving dynamic and complex scattering problems in GI.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0211930

Optical imaging has attracted numerous applications in scattering
media, e.g, ocean monitoring, " imaging in foggy environments,”* and
biological imaging.” ” Optical imaging usually relies on rectilinear beam
propagation and minimal volumetric attenuation to capture an object or
its location in real-world scenes via radiation beams detected by a sensor,
e.g., charge-coupled device (CCD). However, the presence of a complex
scattering medium in the wave propagation path, e.g.,, severe weather,
turbid water, or thick biological tissue, severely compromises an ideal or
effective imaging. The absorption and scattering properties of light
caused by scattering media significantly diminish contrast-to-noise ratio
(CNR) of a target signal, leading to a great decline in image quality.” "
Nonetheless, an increased need for high-fidelity object reconstruction
necessitates the attention of researchers toward scattering imaging.
Some methods have been developed for CCD-based scattering imaging,
eg, memory effect,”"” wavefront shaping,”*’ and measurement
matrix.”’ >’ However, random distribution of scattering media has a
diverse impact on each detection pixel, still making optical imaging chal-
lenging as each pixel is differently affected.

Recently, optical imaging through scattering media with single-
pixel detection is further developed and applied due to its high sensi-
tivity and high CNR compared to 2D sensor-based imaging.”* *’
Among them, ghost imaging (GI) has become a promising optical
technique that exploits object information acquired by a single-pixel
detector, conferring inherent advantages in imaging through scattering
media. A series of illumination patterns are employed to encode object
information. The collected single-pixel light intensities are a one-
dimensional (1D) signal, and correlation algorithms have been devised
to extract the object from the acquired 1D signal.”* *° Although GI has
proven to be effective in scattering environments, there are still several
inherent limitations. The GI was focused on assessing its viability and
characteristics in static scattering scenarios.”’~* However, dynamic
and complex scattering phenomena (e.g., dynamic and turbid water)
induce nonlinear effects, which bring a great challenge for ghost recon-
struction due to an intricate interplay of scattering effect and dynamic
nature.”” Some studies were reported to enhance the quality of the
recovered ghost images in dynamic scattering environments."” ** Xiao
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et al."” reported a temporal correction (TC) method and introduced a
temporally corrected pattern before each illumination pattern to solve
the scattering problem. Although the TC method is effective for
handling dynamic and complex scattering, it is accompanied by dra-
matically increased data acquisition time. Peng et al’® reported a
learning-based correction with Gaussian constraints. However, deep
learning method depends on the training dataset, and could be limited
in real-world scenarios. It cannot satisfy a broad applicability.
Therefore, an imperative lies in developing a method with general
applicability and low complexity.

In this Letter, we report a correction algorithm based on an
adaptive moving average (AMA) model for high-resolution and high-
quality GI through dynamic and complex scattering media. The devel-
oped AMA model demonstrates aptitude in overcoming the challenges
associated with dynamic scattering while maintaining computational
efficiency and temporal expediency. From a statistical perspective, we
propose to use a moving average model to estimate dynamic scaling
factors caused by dynamic and complex scattering media. The AMA
correction modality discerns an optimal time window predicated upon
the mercurial trajectory of the realizations. The adaptive strategy aug-
ments its precision in counteracting the perturbations induced by
dynamic and complex scattering media. When the influence of
dynamic scattering media is corrected, corrected realizations can be
further used with other algorithms to enhance reconstruction quality.
High robustness is confirmed via theoretical derivations and experi-
mental verifications, thereby realizing high-resolution ghost recon-
struction in dynamic and complex scenes. Central to our proposition
is the deployment of a moving average, which is instrumental in both
the estimation and correction of dynamic scaling factors in an optical
channel. When confronted with environments punctuated by intricate
dynamics and pronounced scattering phenomena, it is experimentally
verified that the proposed method outperforms other GI methods. The
proposed method establishes a framework that transcends conven-
tional understanding of GI from a statistical standpoint, providing a
perspective for GI reconstruction in scattering environments, espe-
cially dynamic and complex scattering media.

A model is constructed based on the introduced obstruction
of dynamic scattering media in GI. A series of illumination patterns
Hj(x, y) are sequentially multiplied by the projection function of a

ARTICLE pubs.aip.org/aip/apl

target object O(x, y). Then, light intensities B; (i=1, 2, 3, ..., M) are
collected by a single-pixel bucket detector, where M denotes the total
number of realizations. The measurement vector in free space without
scattering media can be described by

B = ”H,-(x,y)o(x,y)dxdy &y

A schematic process is shown in Fig. 1(a). The single-pixel inten-
sity measurements can be considered as a time series (a vector). When
scattering media exist in the wave propagation path, the measurement
vector can be described by

B =k | [ Hix )05 )iy @)

where B! denotes a collected light intensity in complex and dynamic
scattering media corresponding to the ith illumination pattern, and k;
(i=1, 2, 3, ..., M) denotes a scaling factor induced by scattering
media. It can be seen in Eq. (2) that the dynamic scattering environ-
ment in GI could induce a different scaling factor in each realization,
as shown in Fig. 1(b). In a static scattering environment, the values k;
can be assumed to be the same, and in a dynamic and complex scatter-
ing environment the values k; could be nonlinearly changed. A rela-
tionship between the realizations in free space without scattering
media and those in dynamic scattering media can be described by

In Eq. (3), single-pixel light intensities are severely distorted in
dynamic scattering media, and object wavefront cannot be recon-
structed. It is desirable to eliminate the effect of dynamic scaling factors
in GI through dynamic and complex scattering media.

Regarding the entire data acquisition process in GI, note that the
single-pixel detection is linked to the illumination patterns. Random
amplitude-only patterns are sequentially loaded onto a spatial light
modulator (SLM), and the single-pixel intensity measurement is a time
series. Due to the influence of dynamic scaling factors, single-pixel
intensity measurements are distorted. To solve this problem, the mov-
ing average model is introduced to predict the trend of dynamic scat-
tering factors in GI through dynamic and complex scattering media.
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FIG. 1. Schematic of computational GI. (a) In free space without scattering media and (b) through dynamic and complex scattering media. DSM: Dynamic scattering media.
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Using the designed moving average model, a correction of single-pixel
intensity measurements can be described by

1 r=L—1 1 r=L—1
Bi=—= > Bi,=- kiBir, )
L r=0 L r=0

where B; denotes the ith estimation of the realizations to characterize
the trend of dynamic scaling factors, B’ denotes single-pixel light inten-
sities (i.e., realizations) collected in dynamic and complex scattering
media, B denotes the collected single-pixel light intensities in free space
without scattering media, i denotes the time index, and L denotes a
time window length in the moving average model. Since the time inter-
val to display adjacent illumination patterns is short in the selected
window, dynamic scattering factors could be assumed not to have a
change. Then, we have

ki~ kg~ =kiipo =~k (5)
Equation (4) can be rewritten as
N 1 r=L—1 1 r=L—1 _
B; = I Z B, ~ kiz Z Bi, = kiBp, (6)
r=0 r=0
where B denotes a mean value of measured data in the time window.

With the estimation, corrected realizations can be described by

B, B kB 1
B kB, kB B,

()

As found in previous work,"” using a series of random patterns to
sequentially illuminate an object in GI, the distribution of collected
light intensities obeys Gaussian. By can be considered to be a constant
(see supplementary material, Note 1 for derivations). A symbol p is
applied to replace B in Eq. (7), and we have

1 1
. 8)
B, p
Therefore, Eq. (7) can be rewritten as
B, 1 1
Zin_— B =-B. 9
3B i =B 9)

In Eq. (9), dynamic scaling factors are effectively corrected using
the moving average model. Then, ghost reconstruction in dynamic
and complex scattering environments can be described by

O(x,y) = < (§ - <§>> (v, ) — <Hi<x,y>>}>
~((58- (580) )t - (15

oc ((B; — (Bi))[Hi(x,y) — (Hi(x,))]), (10)

where O(x, y) denotes a reconstructed ghost image and () denotes an
ensemble average. In Eq. (10), the constant does not affect ghost recon-
struction, and can be well processed by using a normalization
operation.

Nonetheless, it is crucial to acknowledge that in real-world com-
plex environments, solely relying on a fixed window moving average

ARTICLE pubs.aip.org/aip/apl

model could not suffice to overcome the challenges. Instances, such as
unexpected environmental disruptions, accelerated water flow, or an
abrupt presence of sludge, necessitate more comprehensive
approaches. The AMA"**’ was designed to consider volatility or noise
of the measurement data, and seeks to identify and adapt to data
change using AMA indicators. The indicators show the relative move-
ment speed of single-pixel measurement data from one illumination
pattern to another in GI. When fluctuations in the measured data are
identified, the indicator adapts to its tracking mechanism and offers a
reliable estimation of variations in the moving average. An efficiency
ratio « is the key indicator utilized in the AMA correction algorithm,
quantifying the variation of the realizations as follows:
/ /
o = |Bi Bi—n' , (11)

n
m=1

where the numerator denotes an #-measurements change, the denomi-
nator denotes a sum of the absolute value of every measurement
change, and i starts from n+ 1. It is recommended”” to set n as 10.
The values « are in a range of [0, 1]. When there are substantial fluctu-
ations in the realizations, o tends to be close to 1. When the measure-
ments show a slight change, « is more likely to approach 0. The
subsequent step in the estimation of AMA is the average itself. A recur-
sive form of the weighted moving average is employed here, and the
AMA can be described by

o iy N '
(Bi)AMA - (Bi*l)AMA ta [B: - (Bi—l)AMA} (i>n),
N o
(Bi)AMA =B (i<n),
/
i

where (B;) s denotes the ith current value of AMA estimation,
(Bi_1)ama denotes the value of AMA in a previous window, and ¢;
denotes a smoothing factor at the ith estimated value. Incorporating

the efficiency ratio, the factor is calculated by

(12)

¢ = [0:(F — S) + S, (13)

where F and S, respectively, denote “fastest” and “slowest” which corre-
spond to two different lengths of moving average, respectively,
described by

2
F=— 14
kf-l—l7 (14)

2

where krand k; denote the number of measurements in the fastest and
slowest applicable moving average, respectively. The recommended
values™” of krand k; are initially set as 2 and 30, respectively. The AMA
correction model integrates efficiency ratio o and the scaled weighting
factor ¢ to enhance the moving average estimation. After the corrected
realizations are obtained, a reconstructed ghost image O(x, y) can be
obtained in Eq. (10). The process is schematically shown in Fig. 2. The
proposed method can provide a basis to be used with other algorithms
to enhance reconstruction quality (see details in supplementary mate-
rial, Note 2).

To verify the proposed AMA correction method, a series of opti-
cal experiments are conducted in GI through dynamic and complex
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FIG. 2. A schematic of AMA correction. B': the realizations in complex and dynamic scattering media; B’/ B': the AMA-corrected realizations; H: illumination patterns; and 0:a

reconstructed ghost image.

scattering media. A schematic experimental setup is shown in
Fig. 3(a). Here, the USAF 1951 resolution target is used as an object.
A dynamic and highly strong scattering medium is established, when
20-ml skimmed milk dissolves in 1000-ml water to be continuously
dropped into a water tank. Then, a stirrer with a speed of 600.0 revo-
lutions per minute (rpm) is used to keep stirring in the data acquisi-
tion process (see details in supplementary material, Note 3). Without
complex and dynamic scattering, a reconstructed ghost image is
shown in Fig. 3(b). It is demonstrated that traditional GI can be
applied to reconstruct clear target images in free space without scat-
tering media.

Patterns

In a dynamic and complex scattering environment, GI fails to
recover any object information, as shown in Fig. 3(c). Although 40 000
realizations are used, object information still cannot be observed. The
dynamic and complex scattering environment leads to wavefront dis-
tortion in the optical channel. Experimental results indicate that with-
out any correction, GI framework is inadequate and unable to recover
effective information about the object. When the proposed method is
applied to correct dynamic scaling factors, a reconstructed ghost image
is shown in Fig. 3(d). A high-resolution ghost image is reconstructed,
and the image quality is close to that obtained in free space without
scattering media. The finest structure resolved is group 2 element 6 of

Computer

FIG. 3. (a) Schematic of an experimental
setup. OL: objective lens; SLM: spatial
light modulator; L1 and L2: 4f lens system;
Obj: object; DSM: dynamic scattering
media; SPD: single-pixel bucket detector.
(b) A recovered ghost image using the tra-
ditional Gl reconstruction method in free

SLM

(b)

space without scattering media, (c) a
recovered ghost image using the tradi-
tional Gl reconstruction method in com-
plex, dynamic, and highly strong
scattering media, and (d) a reconstructed
ghost image using the proposed method
in complex, dynamic, and highly strong
scattering media.
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FIG. 4. The reconstructed ghost images (a) using the traditional GI method and (b) using the proposed AMA correction method with Gl reconstruction when 10, 20, 30, and
40 ml of milk mixed with 1000-ml clean water is dropped into a water tank, respectively. The reconstructed ghost images (c) using the traditional G| method and (d) using the
proposed AMA correction method with Gl reconstruction when the speed of the stirrer is from 400 to 1600 rpm with an interval step of 400 rpm, respectively.

the USAF 1951 resolution target, and a spatial resolution of 140.31 um
is achieved. The comparison in Fig. 3 demonstrates superiority of the
proposed method.

To illustrate the robustness, different volumes of milk are tested.
The typically reconstructed ghost images are shown in Figs. 4(a) and
4(b), when 10, 20, 30, and 40 ml of milk mixed with 1000-ml water is,
respectively, dropped into a water tank (see details in supplementary
material, Note 4). Figure 4(a) shows the reconstructed ghost images
using traditional GI. It is demonstrated that traditional GI has an
inherent drawback regarding ghost reconstruction in dynamic and

complex scattering media, and fails to recover any effective informa-
tion about the object. When the proposed AMA correction algorithm
is applied to rectify dynamic scaling factors, high-resolution ghost
images are reconstructed as shown in Fig. 4(b).

Then, different speeds of the stirrer are tested when 20-ml milk is
also used. The typically recovered ghost images are shown in Figs. 4(c)
and 4(d) (see details in supplementary material, Note 4). Figure 4(c)
shows the reconstructed ghost images using traditional GI. The experi-
mental results demonstrate that the traditional GI method fails to
recover the transmitted information in a dynamic and complex
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scattering environment. Figure 4(d) shows experimental results
obtained by using the proposed AMA correction method. The impact
caused by dynamic and complex scattering environments is elimi-
nated, and high-resolution ghost reconstruction is realized by using
the proposed method.

Quantitative evaluation of the reconstructed ghost images is also
conducted by calculating CNR (see definitions in supplementary mate-
rial, Note 5). Figure 5(a) shows CNR values of the reconstructed ghost
images using traditional GI and the proposed method, when different
volumes of skimmed milk are used. When no milk is added into the
water tank, the traditional GI algorithm can be used to recover object
information and achieves a CNR value of 3.8. However, an increasing
volume of milk added into the water tank exacerbates the presence of a
scattering medium, and distorts the optical waves propagating in the
optical channel. Consequently, traditional GI leads to a substantial
decrease in CNR values. By using the proposed AMA correction
method, CNR values of the reconstructed ghost images can reach a
high level, when the volume of milk ranges from 0 to 35 ml. When the
volume of milk reaches 40 ml, effective object information can still be
recovered, as shown in Fig. 4(b).

Figure 5(b) shows CNR values of the reconstructed ghost images
using traditional GI and the proposed method, when different speeds
of the stirrer are used. For different speeds of the stirrer, CNR values of
the reconstructed ghost images using the proposed AMA correction
method are stable at a high level. In contrast, CNR values obtained by
using the traditional GI method are always close to 0. The experimen-
tal results corroborate ineffectiveness of the traditional GI methods in
complex and dynamic scattering environments, and feasibility and
effectiveness of the proposed method are illustrated in recovering
high-resolution ghost images in complex and dynamic scattering
media.

In addition, another six samples are further tested to verify the
proposed method in complex and dynamic scattering media (see
supplementary material, Note 6 for details). The results show the fea-
sibility of the proposed method. The proposed method can provide a
basis to be used with other algorithms to enhance reconstruction
quality (see supplementary material, Note 7 for details). It is demon-
strated that the proposed AMA correction method provides a strong
basis to be flexibly used in GI through dynamic and complex scatter-
ing media.

In conclusion, we have reported an AMA correction algorithm to
reconstruct high-resolution ghost images by correcting a series of scal-
ing factors physically induced by dynamic and complex scattering
media in GI. The AMA correction algorithm can effectively eliminate

0
0 2 4 6 8 10 12 14 16 18 20

The speed of stirrer (x 100 rpm)

ground part is inside the green box.

the influence of dynamic scattering effect, and scaling factors can be
estimated accurately using a moving average model. The AMA correc-
tion algorithm is realized by incorporating an efficacious ratio,
enabling the heightened adaptability to dynamically environmental
transitions. The UNN-enhanced algorithm is employed to further
improve ghost reconstruction. The attributes of the proposed method
encompass broad adaptability, system simplicity, and high robustness,
and the proposed method offers a perspective to realize high-
resolution and high-quality imaging through dynamic and complex
scattering media.

See the supplementary material for the methods in detail and
more experimental results.
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