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Scattering-induced glares hinder the detection of weak objects in various scenarios. Recent advances in wavefront
shaping show one can not only enhance intensities through constructive interference but also suppress glares
within a targeted region via destructive interference. However, due to the lack of a physical model and math-
ematical guidance, existing approaches have generally adopted a feedback-based scheme, which requires time-
consuming hardware iteration. Moreover, glare suppression with up to tens of speckles was demonstrated by
controlling thousands of independent elements. Here, we reported the development of a method named two-
stage matrix-assisted glare suppression (TAGS), which is capable of suppressing glares at a large scale without
triggering time-consuming hardware iteration. By using the TAGS, we experimentally darkened an area contain-
ing 100 speckles by controlling only 100 independent elements, achieving an average intensity of only 0.11 of the
original value. It is also noticeable that the TAGS is computationally efficient, which only takes 0.35 s to retrieve
the matrix and 0.11 s to synthesize the wavefront. With the same number of independent controls, further dem-
onstrations on suppressing larger scales up to 256 speckles were also reported. We envision that the superior
performance of the TAGS at a large scale can be beneficial to a variety of demanding imaging tasks under a

scattering environment. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.473783

1. INTRODUCTION

The role of optical scattering has been gradually attracting
people’s attention in recent years. In a variety of applications,
ranging from deep-tissue bio-imaging in medical diagnosis to
foggy-night sensing in mundane life, handling optical scattering
with special care is the key to a successful operation. In general,
optical scattering causes two main challenges that hinder the
successful imaging of objects under a scattering environment.
The first challenge is wavefront distortion due to the inhomo-
geneity of scattering media, prohibiting direct imaging through
optical scattering. For relatively thin scattering media, memory
effects were exploited to reconstruct images through computa-
tional approaches [1-5]. For strong scattering, wavefront shap-
ing and adaptive optics have been demonstrated with great
success in addressing this challenge by correcting the scrambled
information [6-13]. The successful operation of these tech-
niques relies on the fact that, although being scrambled, the
useful information is still carried by the distorted wavefront.
The second challenge is the concealing of images due to the
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formation of laser speckles, i.e., glares. In this condition, the
object we are looking at can be obscured by glares generated
by a separate but strong illumination source. In contrast to
the scenario encountered in the first challenge, the glares are
originated from an ambient light source that neither interacts
with the object nor carries any useful information. Therefore,
one would expect to directly eliminate their affections, rather
than correcting them for information retrieval. Since glares
are commonly seen in a variety of practical scenarios, such
as driving on a foggy night, and remain largely unaddressed,
suppressing glares is of great value to many imaging applica-
tions under scattering environments.

Time-of-flight methods could potentially alleviate this issue
by separating unwanted glares through time gating, but these
methods usually inflict high demands on the temporal and spa-
tial resolutions of imaging devices [14—16]. Glare suppression
could also be realized through destructive interference and co-
herence gating, but delicate engineering work on the coherence
function was required [17-19]. Inspired by wavefront shaping
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techniques that can enhance intensities within a certain area
through constructive interference, Daniel ez /. demonstrated
the first active glare suppression using feedback-based wave-
front shaping through destructive interference [20]. By control-
ling N = 1280 independent elements and employing the
genetic algorithm (GA) [21], the authors experimentally dark-
ened M = 36 speckles to 17% of the original intensity values
after 1000 iterations [20]. Further analysis of numerical simu-
lation speculated that M =~ IV /4 speckles could be effectively
suppressed with NV independent controls. Later on, a
Hadamard encoding algorithm (HEA) was proposed to
improve the efficiency of the suppression process [22].
Experimentally, with N = 1024 independent controls, 1,
16, 36, and 64 speckles were effectively darkened to 0.04,
0.07, 0.17, 0.20 of the original intensity value, after 1200 in-
tensity measurements [22]. It should be noted that using the
wavefront shaping technique to actively suppress glares enjoys
decent adaptability to almost all practical conditions, without
the need for special instruments with high-demanding param-
eters. One can even directly visualize the desired object that was
previously overwhelmed by glares without triggering data
processing for reconstructing images. However, despite these
accomplishments, the reported two methods were quite
time-consuming due to the nature of the feedback scheme.
Moreover, to guarantee satisfactory performances, the number
of independent controls used during experiments was always
orders of magnitude larger than the number of suppressed
speckles. Due to the limited number of independent controls
in practice, this inefficient condition also limits the number of
speckles that can be suppressed. As a result, there is an urgent
demand for developing new techniques to efficiently suppress
glares.

The core principle of wavefront shaping is to synthesize the
desired wavefront based on the knowledge of the transmission
matrix (TM) of the scattering process. Among existing tech-
niques, the feedback-based approach has the simplest imple-
mentation but has long been criticized for its inefficiency.
Thus, to realize efficient glare suppression, it is natural to con-
sider how to efficiently synthesize the desired wavefront once
the knowledge of the TM is known. Intuitively, one would
imagine such a wavefront can be synthesized either by multi-
plying the pseudoinverse of the TM with the desired output
field, i.e., suppressed glares in the target area, or conjugating
a portion of the elements in the TM [20]. However, it is diffi-
cult to implement such an intuitive idea with a phase-only spa-
tial light modulator (SLM) in practice, as glare suppression
requires accurate cancellation among different output modes.
It has been numerically shown that this simple idea leads to
a large residue of about 80% of the original intensity value
[20]. Thus, how to synthesize the desired wavefront to suppress
glares based on the knowledge of the TM is still unknown. In
this work, we fill this blank by developing a method named
two-stage matrix-assisted glare suppression (TAGS), which is
capable of suppressing glares at a large scale. The proposed
TAGS contains two major stages, i.e., TM retrieval and glare
suppression, which exhibit several advantages in realizing effi-
cient glare suppression by utilizing the framework of wavefront
shaping. First, the entire procedure of the TAGS is purely
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non-holographic, which does not require an additional refer-
ence beam even for the stage of TM retrieval. Second, once
the knowledge of TM is known, the wavefront, i.c., the phase
map, that effectively suppresses the glares in the targeted area
can be computationally synthesized in real-time, without the
need for time-consuming hardware iteration. Third, effective
glare suppression can be achieved even when the number of
independent controls N is equal to or less than the number
of suppressed speckles M. This property allows glare suppres-
sion at a large scale by using a limited number of independent
controls. Fourth, active cancellation through destructive inter-
ference allows direct visualization of the object that was previ-
ously obscured by glares, without the need for further image
processing. As a demonstration of the principle, we experimen-
tally demonstrated suppressing glares at a large scale, which was
generated by sending light through a multimode fiber (MME).
In particular, by employing only N = 100 independent con-
trols, we successfully suppressed 100 speckles to 0.12 of the
original value and 256 speckles to 0.32 of the original value.
The entire computational time cost to synthesize one desired
phase map takes only 0.11 s. We anticipate that the develop-
ment of the TAGS can open up a new avenue for suppressing
glares under scattering environments, benefiting plenty of ap-
plications, such as astronomy, biophotonics, oceanography, and
vehicle remote sensing.

2. OPERATIONAL PRINCIPLE OF THE TAGS

We start by describing the principle of the TAGS, which in-
cludes two stages: TM retrieval and glare suppression. A sche-
matic diagram of the operational principle is also shown in
Fig. 1. The first stage is to measure the TM of the scattering
medium, which lays the foundation for the next stage of
glare suppression. To be consistent, we adopt the generalized
Gerchberg—Saxton (GS) algorithm [23] to retrieve the TM of
the scattering medium non-holographically, which produces
glares. It is worth noting that other algorithms that retrieve
the TM [24-30] can be adopted as well. For completeness, the
process of TM retrieval is illustrated as the pink inner loop in
Fig. 1(a). By considering Rayleigh scattering, the TM is epito-
mized as X = {X,,}1. 1/, X,, € CV to connect the input
and output planes. Here, NV is the number of independent con-
trols in the input plane, while M is the number of speckles in
the output modes. In practice, a liquid crystal based SLM is
generally used to probe the scattering medium by sending a
series of randomly distributed phase patterns P = {P}}, <4<k
P, € CV. Having interacted with the scattering medium, the
resulting speckle patterns are captured using a camera, which
is denoted as I = {I;},<x.1; € RY. These captured
speckle patterns contain the information of the TM, which
can be mathematically described using matrix operations:
I = |[E> = |XP|*. It is noteworthy that glare suppression is
essentially energy redistribution, meaning the energy of the tar-
geted speckles in the output plane needs to be transferred to
other non-targeted speckles. In this condition, the retrieved
TM X may contain two parts X, and X, while the prior
one corresponds to the speckles that need to be suppressed. We
will show in the following that the knowledge of X . is not
necessary, and only the knowledge of X, is required for glare
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suppression. Thus, for simplicity without losing generality,
X = X, with a dimension of M x IV is used in this stage.
With the above notations, Fig. 1(b) shows the flow chart of
employing the generalized GS algorithm to retrieve the TM
of the scattering medium. Due to the nonlinearity induced
by the square law inherent in intensity measurement, this pro-
cess operates iteratively but converges quite efficiently. The TM
retrieval starts with the initialization of the first estimation of
TM X,. Then, E, ; =X, P and X, = E, | /P are calcu-
lated, where the subscript # denotes the number of iterations
and the operator “/” represents matrix division. The electric
field E,; is constructed by substituting the electric field
E, | with the measured amplitude, which borrows the concept
of the GS algorithm [31]. To avoid converging to a local opti-
mum, a power exponent of 2 to 1 is introduced to the measured
amplitude [23]. The iteration process terminates if the corre-
lation between X, and X,_; achieves more than 99.9999% or
the number of iterations reaches 1000. This iteration process
converges and produces a good estimation of the TM X. Note
that, due to the lack of a common referencing point, there al-
ways exists undetermined phase values among different rows of
the TM [23-30]. Nonetheless, this issue does not trigger any
problem in projecting intensity patterns through the scattering
medium, as well as suppressing glares.

Having estimated the TM in the first stage, we now proceed
to describe the second stage. The primary task of this stage is to
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search for a proper wavefront that suppresses glares in the target
region. Instead of using the pseudoinverse of the TM to deter-
mine the incident field, we adopted a GS algorithm to find the
optimum incident field that has only phase variation to sup-
press glares in the targeted region. A similar idea has also been
adopted to project the desired intensity patterns through an
MMEF by using a phase-only SLM [32]. In this condition,
by setting the amplitude distribution of the incident plane
to be flat and all amplitudes in the target region of the output
plane to the demanding values, the GS algorithm forces the
phase distribution in the incident plane to converge to the op-
timum value. However, simply zeroing out the target magni-
tude in the suppressed region is not enough, as the energy
of these speckles needs to be redistributed elsewhere, indicating
that TM in the non-suppressed region should be included.
Interestingly, as we do not care about the intensity distribution
outside the targeted region, the part of the TM X, that con-
nects the incident plane and non-targeted region becomes un-
important. In other words, one can arbitrarily generate an
assisting matrix X yising With a dimension of L x V and sub-
stitute X ... The assisting matrix X iseing 15 generated with
each element drawn from a circular Gaussian distribution.
The amplitude of these elements is then normalized to the same
amplitude level of the elements in X gj,... Note that the gener-
ation of X ine is completely random, which does not require
any prior information about the true values of X . Thus, the
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Operational principle of the TAGS. (a) Schematic diagram of the operational principle, containing a pink inner loop of transmission

matrix (TM) retrieval and a blue peripheral loop of glare suppression. (b) Flow chart of employing the generalized GS algorithm to retrieve the TM in
the first stage. (c) Flow chart of employing the GS algorithm and the assisting matrix to synthesize the wavefront that suppresses glares in the second

stage.
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iteration process in the second stage utilizes a TM Xy with a
dimension of (M + L) x NV, which contains “correct” X,
and “randomly generated” X iseing- This iteration process with
the GS algorithm is illustrated as the blue peripheral loop in
Fig. 1(a). With these descriptions, Fig. 1(c) shows the flow
chart of employing the GS algorithm and the assisting matrix
X ssisting 10 Synthesize the optimum wavefront that suppresses
glares in the target region. The iteration process starts with
an initial guess of the wavefront Py. Then, E, | = Xg P,
and P, = E, | /Xy are calculated. The electric field E, | is
formed by substituting the amplitude of E,_; within the tar-
geted region to 0. Similar to the first stage, the iteration process
terminates when the correlation between P, and P,_; achieves
more than 99.9999% or the number of iterations reaches 1000.
This iteration process finally converges and outputs the desired
optimum phase map P,. The combination of the two stages
that both utilize the GS algorithm forms the general procedure
of the TAGS, which effectively realizes large-scale glare

suppression.

3. NUMERICAL RESULTS ON EXAMINING THE
PERFORMANCE OF THE TAGS

The performance of the TAGS is first investigated through
numerical approaches. For the TAGS, certain parameters
can affect its performance. In the first stage of TM retrieval,
the number of phase maps K determines the accuracy of
the retrieved TM. Following the convention used in previous
studies, a sampling ratio is defined as y:=K /N [7,23,33]. In the
stage of glare suppression, the number of independent controls
in the input plane over the number of suppressed speckles in
the output plane also determines the effectiveness of glare sup-
pression. We define another parameter named &=N /M as an
input-to-output (I/O) ratio. Previous studies generally adopted
a large & to suppress glares, i.c., at least 4 [20], causing diffi-
culties in suppressing glares at a large scale. This choice may be
partly inherited from the conventional recognition that wave-
front shaping requires a large & to form a bright optical focus. In
the following, we will show that the TAGS can suppress glares
at £ = 1 or even below, enabling controlling glares at a large
scale. Another important parameter is the number of rows used
for the assisting matrix. To account for this issue, we define an
assisting ratio {:=L/M as the ratio between the number of rows
in X ising and the number of rows in X gy

We first examine how the choices of the sampling ratio y
and the assisting ratio ¢ affect the performance of the
TAGS. As a proof of concept, the number of suppressed speck-
les M is fixed to 100, which is quite large in comparison to
previous studies [20,22]. The I/O ratio is set to 1. All the el-
ements of the TM, regardless of X g1, and X yigeing, are drawn
from the same circular Gaussian distribution. Moreover, bor-
rowing the concept of the peak-to-background ratio in wave-
front shaping [9,34-38], a figure-of-merit parameter, which is
defined as the glare-suppression factor, is employed to quantify
the reduced intensities [19,22]. The glare-suppression factor is
mathematically computed as the ratio between the averaged in-
tensity within the targeted region and the averaged intensity
before suppression. All of the following numerical results are
executed through MATLAB (2020b) installed on a computer
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equipped with an 19-10900X 3.7 GHz computing processing
unit and 16 GB random access memory. Figure 2(a) plots the
numerically obtained glare-suppression factor as a function of
the sampling ratio y at seven representative points {2, 3,4, 5, 6,
7, 8}. Six different assisting ratios at { = {0,0.5, 1,2, 4, 10} are
also investigated, exhibiting different lines in the figure. A sig-
nal-to-noise ratio (SNR) of 10 is set for intensity measurements
during the stage of TM retrieval, which mimics the experimen-
tal condition. The introduction of the considerable noise level
is important, as glare suppression is quite sensitive to noises. As
we can see from the figure, { = 0 hardly has any suppression
effect, meaning that the existence of X iqing is essentially im-
portant to the performance of the TAGS. For other choices of
, the suppression effects are similar but a bit different. By
zooming in these lines, an inset reveals that { = 4 leads to
the best performance. Moreover, we also found that y needs
to be at least 4 to have substantial suppression effects. This ob-
servation is consistent with the previous study that, even with-
out noise, we need y =4 to guarantee the accuracy of the
retriecved TM [23]. Considering the practical conditions,
y = 5 and { = 4 are chosen in the following of this work un-
less otherwise specified, in the consideration of being robust to
the existence of noises. When & = 1, a glare-suppression factor
down to approximately 0.06 can be achieved through TAGS.
This result is remarkable, meaning that the TAGS can effec-
tively suppress speckles on a large scale (100 speckles in this
demo) with an averaged intensity down to 0.06 of the original
value by controlling the same number of input modes through
phase-only modulation. Figure 2(b) shows a typical result after
performing the TAGS. The dashed yellow box indicates the
two-dimensional targeted region, which contains 100 speckles.

We further compare the performance of the TAGS to
existing methods based on feedback mechanisms, including
the GA [20] and the HEA [22]. To compare the robustness
of these methods at different noise levels, Fig. 2(c) plots the
glare-suppression factor that can be obtained using these meth-
ods, when operating with various SNRs at {1, 2, 5, 10, 20, 100,
1000}. The I/O ratio is set to 1 for all three methods. As we
can see from the figure, the TAGS significantly outperforms the
other two feedback-based approaches in almost all cases.
Moreover, we note that the TAGS still functions well with a
glare-suppression factor of less than 0.1, when the SNR
is down to 5. Recalling that the retrieved TM starts to lose ac-
curacy when the SNR is within 10 [23], as reported in previous
studies, we conclude the TAGS shows strong robustness in
fighting against external disturbance. By setting the SNR =
10, we also investigate the performance of the TAGS with dif-
ferent choices of I/O ratio. Ideally, one would expect that the
larger the 1/O ratio is, the smaller the glare-suppression factor
is. Figure 2(d) shows the achieved glare-suppression factor us-
ing three different methods under different &. For the TAGS
and the GA, the I/O ratio & is set to {0.25,0.5,0.75,1,
1.25,1.5,2,2.5}. Since the HEA relies on Hadamard bases that
scale with 27, the 1/O ratio ¢ is set to {0.32,0.64, 1.28,2.56}.
Here, we vary the number of independent controls while fixing
the number of speckles to be suppressed at 100. Again, the
TAGS outperforms the other two methods considerably.
Even at £ =1, the TAGS can still achieve a quite small
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Fig.2. Numerical results on examining the performance of the TAGS. (a) Glare-suppression factor as a function of the sampling ratio y, under the
various choices of the assisting ratio . (b) When y = 5, { =4, and £ = 1, a typical example after performing the TAGS. The suppressed 100
speckles are enclosed in the yellow dashed box. (c) Comparison of the robustness of different methods. The glare-suppression factors obtained by the
TAGS, the Hadamard-encoding algorithm (HEA), and the genetic algorithm (GA) are plotted as a function of the signal-to-noise ratio.
(d) Comparison of the efficiency of different methods. The glare-suppression factors obtained by the TAGS, the HEA, and the GA are plotted
as a function of the input-output (I/O) ratio. Error bar, standard deviations of 100 independent trials.

glare-suppression factor. In contrast, the GA and the HEA re-
quire much larger I/O ratios to obtain satisfactory suppression
effects, as presented in previous works [20,22]. These results
indicate that the TAGS has the potential to suppress large-scale
glares with a limited number of independent controls, even at a
low SNR level down to 5.

4. EXPERIMENTAL RESULTS OF THE TAGS

Having introduced the concept of the TAGS and numerically
evaluated its performance, we now proceed to carry out experi-
ments to validate its performance with practical implementa-
tions. A non-holographic system for glare suppression
through the scattering medium is designed and demonstrated
in Fig. 3. A 642 nm continuous-wave laser (MDL-C-642-
30 mW, CNI) serves as the light source. The direction of
the light was controlled by a pair of mirrors, while the intensity
being dumped into the system was adjusted by a half-wave plate
and a polarization beam splitter. The incident light was then
expanded by a pair of lenses so that it can cover the active area

of an SLM (PLUTO-2-NIR-011, Holoeye). The SLM gener-
ates a series of phase maps to probe the TM of the scattering
medium. It is also responsible to produce the wavefront that
suppresses glares. Subsequently, the modulated light was redi-
rected into an objective lens through a beam splitter, which
then interacted with the scattering medium to generate speck-
les. Any complex system or medium that produces glares can be
used, including a pile of ground glass diffusers, MMFs, and
even biological tissue. It should be noted that only a portion
of the modulating area of the SLM can be coupled into the
MME through the objective lens. Having interacted with
the complex system, the output speckles were captured using
a camera (GS3-U3-3284C, FLIR, 1024 x 768 pixels,
3.45 pm x 3.45 pm). Both the SLM and the camera were con-
trolled by the same computer used in the above numerical
analysis. Before proceeding to glare suppression, we loaded a
series of phase maps to the SLM and measured the output in-
tensity values. The average value and the standard deviation of
these measurements were estimated as 27.1 and 2.6, leading to
an SNR of 10.
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BB2

Iris

Fig. 3. Experimental setup to perform the TAGS. HWP, half-wave plate; PBS, polarizing beam splitter; BB, beam block; L, lens; BS, beam
splitter; SLM, spatial light modulator; M, mirror; P, polarizer; MMF, multimode fiber.

As a proof of concept, we chose to use an MMF (FC/PC-
FC/PC-50/125-900 pm 1 m, Shenzhen Optics-Forest Inc.) in
this work, which generates speckles at the distal end.
Theoretically, this MMF supports N 4. = V?/2 propagating
modes, where V' = 7dNA/A. Here, 4 = 50 pm is the core
diameter, NA = 0.2 is the numerical aperture (NA), and
A =642 nm is the wavelength of light. Thus, about
1.17 x 10° modes can be supported by this MMF along one
polarization direction. However, since the objective lens we
used has an NA of 0.15, the actual number of modes that can
be coupled into this MMF is IV ypling = n(dNA/A)? ~ 418.
As a result, we set the maximum number of independent con-
trols to be 400 throughout this work. Moreover, to avoid con-
sidering vector modes, a pair of polarizers was used to ensure a
single-polarization condition. Following the diagram in Fig. 1,
the experimental procedure of the TAGS also consists of two
stages. Guided by the numerical results, we chose y =5,
{ =4, and £ = 1. The first stage is for TM retrieval. In this
stage, a series of phase maps was randomly generated through
the SLM, and each of them has NV = 100 independent phase
values. Thus, we divided the effective area of SLM into 10 x 10
partitions, and each partition holds an equal size of
36 x 36 pixels. The corresponding output was measured with
the camera. In contrast to numerical investigations in which
every element in the output plane corresponds to one speckle,
the camera-measured intensity distribution encounters the
sampling issue. By calculating the autocorrelation correlation
function, it can be estimated that the coherence area, which
is roughly the average size of one speckle, occupies about
23 x 23 pixels on the camera sensor. In other words, to sup-
press M = 100 speckles in the output plane, one needs to con-
sider and suppress 230 x 230 pixels on the camera sensor. Since
the measured intensity pattern is the convolution between the
output speckle field and the point spread function of the mea-
surement system, the intensity of each pixel within the coher-
ence area varies slightly. In other words, different compositions
of neighboring speckles contribute to them. Thus, directly

averaging all pixels within the coherence area causes inaccuracy
when evaluating the intensity of one speckle grain. It is worth
noting that this problem can be potentially mitigated by
employing coherent detection. Nonetheless, in such a refer-
enceless system, instead of using the averaged value of these
23 x 23 pixels, we pick only the value of the central pixel to
represent the intensity of the speckle. Although such a choice
may be more susceptible to measurement noises, it does gen-
erate a more accurate TM. In the second stage of glare suppres-
sion, we constructed Xy, with the retrieved TM. Before
proceeding, we attempted to see what will happen by directly
inverting the TM, i.e., sending in a wavefront of P =
angle(E /X g,) to the SLM. Here, E denotes the desired optical
field with the targeted region to be suppressed and the angle(-)
computes the phase value. As shown in Fig. 4(a), no observable
suppression can be observed in the dashed yellow box, which
encloses the targeted region. After executing the second stage of
the TAGS, Fig. 4(b) shows a suppressed region in the dashed
yellow box, exhibiting a glare-suppression factor of about 0.11.
It is worth noting that, essentially, the prior image is simply the
outcome of the first iteration of the latter one. Nonetheless, the
comparison of these two images confirms the validity of
the TAGS.

By fixing N = 100, we further investigated the capability
of employing the TAGS to suppress glares at larger scales.
Figure 4(c) shows the experimental results for various M
at {8x8,10x10,12x 12,14 x 14,16 x 16}. The achieved
glare-suppression factor through the TAGS is illustrated in
blue, exhibiting a slightly increasing trend as M increases.
The phenomenon is expected as suppressing more speckles gen-
erally requires controlling more independent controls.
Nonetheless, these results indicate that effective glare suppres-
sion can still be realized even when the number of independent
controls is fewer than that of the suppressed speckles. As a com-
parison, the glare-suppression factors obtained by directly
inverting the TM, as noted above, are also provided in red, ex-
hibiting a small but observable effect in suppressing glares
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Fig. 4. Experimental results of the TAGS. (a) Camera-captured image when performing glare suppression by directly inverting the transmission
matrix (TM). (b) Camera-captured image when performing the TAGS. A glare-suppression factor of about 0.11 was achieved for 100 speckles,
which is enclosed in the yellow dashed box. (c) Examinations of employing the TAGS to suppress glares at larger scales. When fixing NV = 100, the
achieved glare-suppression factor as a function of the number of suppressed speckles through the TAGS (blue) and direct matrix inversion (red).
(d) Examinations on different partition strategies of the camera pixels. By fixing NV = 100 and M = 100, the achieved glare-suppression factor
under different partition strategies through the TAGS (blue) and direct matrix inversion (red). Error bar, standard deviations of five independent

realizations.

(~0.8), which agrees with the observations in Ref. [20]. In pre-
vious demonstrations, 23 x 23 pixels physically correspond to
one speckle, and this fact was employed to make partitions for
the camera sensor. Interestingly, we found that it is not neces-
sary to rigorously specify the partition of the camera sensor ac-
cording to the physical size of speckles in practice. After fixing
N =100 and M = 100 (230 x 230 pixels), we can take the
liberty to subdivide the camera sensor with various choices
on the partitions. For example, we stipulated 15 x 15 pixels,
18 x 18 pixels, and 29 x 29 pixels as new partition strategies,
and only the intensity value of the central pixel is picked. It
is worth noting that the number of suppressed speckles is still
100, and only the dimension of X, changes. Figure 4(d)
shows the achieved glare-suppression factor for these different
partition strategies. Notably, all partition strategies exhibit sim-
ilar performance, albeit partitions with smaller pixel numbers
tend to perform slightly better. Since partitions with smaller
pixel numbers correspond to using more partitions to sample
the speckle field, this observation can be intuitively understood
as the reconstructed speckle field being more accurate with a
higher sampling rate. This result indicates that the TAGS is

not sensitive to the partition strategies, and one can freely
choose a partition that is slightly smaller than the actual size
of one speckle to guarantee near optimum operations. As a
comparison, the glare-suppression factors obtained by directly
inverting the TM are also provided in red for different partition
strategies, showing unsatisfactory performance in glare suppres-
sion. For better visualization, suppressing results in Figs. 4(a)
and 4(b) are marked with asterisks in Figs. 4(c) and 4(d).
We further attempted to achieve 400-speckle glare reduc-
tion utilizing an equal number of independent controls.
When the speckle grain occupied 33 x 33 pixels on the camera
sensor, we achieved nearly a full-screen glare suppression with
660 x 660 pixels. This experiment was repeated 5 times, and
the output results were integrated as Visualization 1. We note
that this number, i.e., 400 speckles, in the current study is lim-
ited by the number of effective modes that can be coupled into

the MMF.

5. DISCUSSION AND CONCLUSION

The successful demonstration of the TAGS relies on the
introduction of the assisting matrix X Although the

assisting *
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dimension of this matrix seems not important in our numerical
investigations, we found that a larger dimension of X ing is
beneficial to the convergence of the computation process in the
TAGS. Since X yiging is randomly generated without any prior
knowledge related to the actual situation, increasing the dimen-
sion of X ising 15 only at the cost of computational resources.
This property tremendously benefits the efficiency of the
TAGS by avoiding measuring for a large TM that contains in-
formation outside the targeted region. Nonetheless, it should
be noted that the computational processes in both stages are
quite efficient. For example, to produce the image in Fig. 4(b)
(suppress 100 speckles with 100 independent controls), the
first stage took 0.35 s to computationally retrieve the TM,
while the second stage took 0.11 s to computationally synthe-
size the optimum wavefront. Currently, the bottleneck on the
operational time of the TAGS is the relatively slow refresh rate
of the SLM and the framerate of the camera, which projects
phase maps and measures the corresponding speckle patterns.
In practice, it took 0.16 s to project one phase map and mea-
sure the output speckles. Thus, suppressing 100 speckles gen-
erally requires 500 x 0.16 = 80 s for the data acquisition
process. We anticipate that, by employing fast devices with
kilohertz response, the entire procedures of the TAGS can
be reduced to within 1 s.

In conclusion, within the framework of wavefront shaping,
we developed the TAGS to realize glare suppression at a large
scale in a non-holographic system. In particular, we experimen-
tally demonstrated an efficient large-scale glare suppression on
hundreds of speckles by adopting an equal or smaller number of
independent controls. These results make the TAGS a prom-
ising tool for the active cancellation of unwanted glares at a
large scale, which benefits plenty of imaging applications.
Because of its superior performances, we anticipate that the de-
veloped TAGS offers great prospects in suppressing glares in
coherent optical imaging, as well as being heuristic to eliminate
speckle background in ultrasound imaging.
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