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Imaging through an opaque scattering medium, such as biological tissue, is of broad interest for
many applications from physics to life sciences. Measuring the transmission matrix (TM) of the scat-
tering medium is a versatile tool for this purpose. Previously, researchers are used to improving the
image resolution by measuring a gigantic TM with a long sampling time. However, the low reso-
lution and low SNR of the reconstructed images are still two obstacles to the adoption of such a
technique. The foveal centralis of the human eye produces sharper vision than that from the retina’s
peripheral region. Inspired by this feature, we report the implementation of foveated scattering imag-
ing with a multiresolution TM whose space-variant resolution feature can be flexibly adjusted. The
enhancement of linear resolution and SNR of the foveated scattering imaging system by factors of
4 and 8.3, respectively, is demonstrated experimentally. Our bioinspired imaging method heuristically
introduces foveal vision into scattering imaging, and thus paves the way for both high resolution
and high SNR imaging through scattering medium concurrently monitoring the entire field of view.
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I. INTRODUCTION

High-resolution imaging through an opaque scatter-
ing medium is a fundamental problem for a variety of
applications, ranging from microscopy [1], endoscopy [2],
and astronomy [3]. Light encountering refractive-index
inhomogeneities cause multiple scattering, so the infor-
mation will be scrambled into disordered interference
patterns named laser speckles [4]. Nonetheless, the pro-
cess of multiple scattering in the time scale when the
scattering medium keeps stable is deterministic, infor-
mation conveyed inside such a medium is shuffled but
conserved. Great research efforts [5] have resulted in the
development of imaging through scattering medium in
the last few decades, such as time gating and ballistic
light imaging [6–9], optical wave-front-shaping techniques
[10–14], speckle correlations and memory effects [15,16],
transmission-matrix- (TM) based imaging [17–24], deep
learning approaches [25–27].

The TM contains all the information, which relates the
input to output channels of a scattering medium. The
capability of TM to inverse the effect of scattering and
efficiently focus light has been shown [28,29], further
demonstrating its ability to reconstruct images through the
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scattering medium [17–24]. What is more, the information-
rich and dimension-high nature of the TM enables manipu-
lation of the light field in the scattering medium. Examples
include the optimization of the energy transport inside the
disordered medium [30–32], speckle engineering [33,34],
and the creation of innovative forms from classical [35] to
quantum information processing [36].

However, to fully sample an unknown scene to a par-
ticular resolution, the minimum input dimension of the
TM should be equal to the total number of pixels of the
reconstructed images. Limited by the speed of devices
for wave-front modulation [37] and stable time of the
scattering medium [38,39], the input dimension of TM
is usually set about 103 in experiments [17,19–23]. In
Ref. [18], the authors measured a gigantic TM (the input
dimension about 20 000) to reconstruct a high-resolution
(HR) image. In the TM-based imaging methods, dou-
bling the linear resolution increases the required number
of measurements (input dimension of TM) by a factor
of 4, leading to a longer imaging time. This trade-off
between resolution and imaging time sets the main obsta-
cle for imaging through the scattering medium with the TM
technique.

To address the above challenge, it makes sense to look
for solutions presented in biological systems, on account
of millions of years of evolution [40–43]. For example,
the visual system of many animals characterizes a nonuni-
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form structure, the center part of which represents more
densely and acutely called the foveal [44]. Particularly,
in the case of humans, the retinas present a unique high-
resolution area in the center of the field of view (FOV)
to accomplish complex visual tasks [45,46]. Behavioral
experiments have shown that the distribution of recep-
tive fields within the retina is fixed and the fovea can
be redirected to other targets by ocular movements [46].
Even though foveal vision plays a key role in active
target tracking [47], three-dimensional display [48], per-
ception [49], and single-pixel imaging [50,51], it has not
been explored when strong scattering medium exists in an
imaging system.

Inspired by the specialized structure of the vertebrate
eye, here, we come up with a mathematical model for
foveated sampling and demonstrate a retinalike foveated
scattering imaging with enhanced resolution and SNR.
Instead of measuring TM with a uniform resolution, a
reformatted TM with the spatially variant resolution is
measured, as a result, we can obtain an image with double
linear resolution in the foveal region first. Combined with
the digital microscanning technique, the enhancement of
linear resolution and SNR of the foveal scattering imaging
system by factors of 4 and 8.3, respectively, is demon-
strated experimentally. A dual foveated scattering imaging
system is also implemented, which shows that the num-
ber and position of the region of interest (ROI) viewed in
high resolution can be adjusted flexibly. Our proposal pro-
vides more degrees of freedom for customizing retinalike
patterns and enables imaging through an opaque scatter-
ing medium with high resolution and high SNR in the
ROI.

II. PRINCIPLE AND EXPERIMENTAL RESULTS

A. The principle of retinalike foveated sampling

Retinalike imaging theory and the system [52,53], of
which the most remarkable property lies in the space-
variant distribution of photoreceptor cells in the retina, has
been studied for several decades. The schematic diagram
of the retinalike structure is shown in Fig. 1. A unique
HR area, called the foveal, locates in the center of the
visual field (green part of Fig. 1), while coarse resolution
areas are located in the peripheral region. This property
may permit local resolution enhanced imaging through an
opaque scattering medium representations and processing
methodologies.

Figure 1(a) illustrates a rigorous log-polar sampling for
retinalike imaging [53]. However, the sectors (N ) for each
ring are fixed and one cannot control the image resolution
in different rings. We come up with a flexible sampling
strategy by adjusting the number of sectors in the periph-
eral region as shown in Fig. 1(b). Our sampling scheme is
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FIG. 1. Schematic of retinalike structure. (a) Log-polar sam-
pling for retinalike imaging. (b) Flexible sampling for retinalike
imaging.

modeled as

ri = ri−1 + Ri−1

1 − sin(π/Ni)

Ri = ri sin(π/Ni)

R0 = 0

, i ∈ {1, 2, 3, . . .}; (1)

where Ni is an adjustable number corresponding to the sec-
tor number of ith ring. The center ri and radius Ri of each
ring are determined by the sector number Ni and the radius
of the foveal region r0 (green part of Fig. 1). This optimiza-
tion results over the previous retinalike strategy [54,55],
which scans the peripheral area with the fixed growing
coefficient and sector [Fig. 1(a)]. On the other hand, the
flexible sampling strategy proposed here permits a qua-
sisquare sampling by a weak constrain in the second line of
Eq. (1) and provides more degrees of freedom to customize
patterns as well.

In previous work [17–22], the TMs were measured by
a set of bases with uniform resolution. This measuring
strategy results in reconstructed images with uniform reso-
lution and SNR. Inspired by the above retinalike foveated
sampling method, one may measure the TM with a set of
multiresolution bases, and implement imaging through an
opaque scattering medium with higher resolution and SNR
in the ROI.

B. Retinalike foveated scattering imaging

The schematic of scattering imaging used in this work is
depicted in Fig. 2. As shown in Figs. 2(a)–2(c), a SLM is
placed on one side of a scattering medium (Scat) to encode
the input light, and a CCD to record the speckle intensity
pattern is placed on the other side of the medium. For the
calibration of TM (see Appendix for details), a set of 32 ×
32 Hadamard bases [Fig. 2(e)] are chosen, each of which
is uniformly distributed on a mask with 32 × 32-cell grid
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FIG. 2. Schematic of scattering imaging with spatially uniform and variant resolution. (a) The original image. (b) A spatial light
modulator (SLM) is placed on one side of the scattering medium (Scat) to encode the wave front of the incident light field, then the
speckle intensity patterns are recorded by a CCD in (c). (d) 32 × 32-cell mask with uniform resolution. (e) Examples of 1024 Hadamard
patterns formatted onto the two-dimensional (2D) uniform mask in (d). (f) Image of a panda reconstructed by Hadamard-basis TM
with uniform resolution via 1©. (g) The nonuniform resolution mask contains 1024 cells of spatially varying areas. (h) Examples of
1024 spatially variant Hadamard patterns reformatted onto the 2D nonuniform mask in (g). (i) Experimental result by the rearranged
Hadamard-basis TM (via 2©) and the linear resolution in the foveal region is twice that in (f). Both images of (f),(i) have the same
FOV. Scale bar, 0.8 mm.

as shown in Fig. 2(d). The scattering medium can act as an
imaging lens once the TM is obtained. The TM, denoted as
T, relates the input field X to the output field Y by

Y = TX, (2)

consequently, the knowledge of the transmitted intensity
and the TM enables one to reconstruct the original image.
In the experiments, we apply an alternating-iterative
phase-retrieval algorithm to reconstruct the original image
(see Appendix for details). Figure 2(f) shows one example
of the experimentally retrieved image with a uniform res-
olution based on the Hadamard-basis transmission matrix
(HTM) via 1©. It provides barely any information about the
panda’s eyes and nose because of the limited number of
measurements based on the feature of uniform resolution
over the entire FOV.

Inspired by the multiresolution characteristic of foveal
vision, higher resolution in the center, and lower resolu-
tion in the peripheral region (Fig. 1), a set of reformatted
Hadamard-basis shown in Fig. 2(h) are used to measure
the TM of the scattering medium. Then one can retrieve an
image depicted in Fig. 2(i) with the nonuniform resolution
based on the reformatted Hadamard-basis transmission
matrix (RHTM) via 2©. In this case, each modified basis
is created by reformatting the corresponding Hadamard
basis into a 2D mask with spatially variant cell size. Figure
2(g), generated by Eq. (1), shows an example mask used
in experiments. The size of the cells is uniform in the cen-
tral region and gradually increases in the peripheral region.
Note that the mask in Fig. 2(g) contains 1024 independent
cells, which is the same number of independent cells as
the uniform resolution Hadamard basis in Fig. 2(d). How-
ever, the cell size in the central region of Fig. 2(g) is half
of that in Fig. 2(d). Therefore, we expect a local resolution
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FIG. 3. Experimental results of resolution-enhanced foveated scattering imaging with digital microscanning. (a) Reconstructed
images of two times digital microscanning based on HTM, and RHTM. (a12)–(a15) and (a22)–(a25) are subframes of LR images.
(a16),(a26) are fusion images, (a11),(a21) are partial enlarged view of (a12),(a22), (a17),(a27) are partial enlarged view of (a16),(a26).
(b) Four times digital microscanning imaging results based on RHTM. (b2)–(b6) are subframes of LR images. (b7) is the fusion result,
(b1),(b8) are partially enlarged views of (b2),(b7). Scale bar, 0.8 mm.

enhanced image by a factor of 2 with these reformatted
Hadamard basis.

C. Resolution-enhanced foveated scattering imaging

HR image reconstruction is highly desirable for obtain-
ing more structure details when seeing beneath the scatter-
ing medium (e.g., deep-tissue imaging). The main efforts
to increase the spatial resolution of an image for a fixed
FOV involve reducing the pixel size (increasing the num-
ber of pixels per cell area) in the process of manufacture
and fully sampling the scene with a mass of patterns in
experiments (e.g., measuring a larger TM [24]). However,
measuring a larger TM gives rise to a longer imaging
time, which demands a longer stable time of the scatter-
ing medium [56]. If N times the original linear resolution
is expected, N 2 times the original imaging time is needed.
This time-consuming process is not acceptable for deep-
tissue imaging with TM, especially for biological tissues
with a short decoherence time. Meanwhile, the decrease in
pixel size may severely degrade the image SNR [57], and
undo the former effort for spatial resolution enhancement.
One promising approach for overcoming the above obsta-
cles is to use the digital microscanning technique to obtain
a HR image from multiple low-resolution (LR) images
[58]. The underlying principle of digital microscanning is
that each subframe samples complementary information of

the raw image, then one can combine these measurements
to reconstruct a resolution-enhanced image.

Figure 3 illustrates how the digital microscanning
method can be applied to foveated scattering imaging to
improve the spatial resolution further. To achieve a double
digital superresolution (DSR) image, the original image
(insect’s wing) is translated by half a cell’s width in the
x (or/and y) direction with respect to the other subframes
(see Appendix for details). Figure 3(a) shows the DSR
images by HTM (the first row) and RHTM (the second
row). Figure 3(a12) is the reconstructed LR image without
translation, and half a cell’s width in the x (or/and y) direc-
tion exists among another three reconstructed LR images
in Figs. 3(a13)–3(a15) (black area), respectively. After
acquiring these four LR images, a simple fusion strategy,
weighted averaging (see Appendix for more details), is
applied to retrieve the HR image shown in Fig. 3(a16).
The resolution of the fused image is twice that of the
original LR images. Figures 3(a11) and 3(a17) are par-
tially enlarged views of Figs. 3(a12) and 3(a16). Since
the feature size of the textures in the wing approaches the
size of sampling cells, the retrieved images with uniform
resolution over the entire FOV based on HTM provides
rarely useful information. Figures 3(a21)–3(a27) are coun-
terparts of Figs. 3(a11)–3(a17), which are retrieved by
RHTM. In the foveal region, the four subframes shown in
Figs. 3(a22)–3(a25) are equal weighted, promoting a twice
local resolution composite image in Fig. 3(a26). Due to the
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FIG. 4. Experimental results of SNR-enhanced foveated scattering imaging with digital microscanning. (a1) A nonuniform resolu-
tion grid contains 4096 independent cells with the varying area. (a2) A set of spatially variant Hadamard patterns. (a3) Retrieved image
by the large RHTM. (b1) A nonuniform resolution grid contains 1024 independent cells with the varying area. (b2) Four subframes of
LR images. (b3) Fusion image by digital microscanning. Scale bar, 0.8 mm.

multiresolution feature of foveal vision, the detailed tex-
tures in the foveal region of the wing can be distinguished
visually as shown in Fig. 3(a27).

Furthermore, a fourfold DSR is achieved by the scheme
mentioned above. One needs to retrieve 16 subframes in
this case, and there is a quarter-cell relative displacement
in the x (or/and y) direction between subframes shown in
Figs. 3(b2)–3(b6). Thus the linear resolution is increased
fourfold in the foveal region of Fig. 3(b7) by combining
the 16 LR subframes. The enlarged view in Fig. 3(b8)
shows clear three lines, which cannot be distinguished in
the enlarged view in Fig. 3(b1).

In the above foveated imaging process, a lower-
dimensional TM with N columns is measured first. Then,
a double DSR image can be obtained by the digital
microscanning technique. The imaging time of this pro-
cess scale with N + 4 where we omit the process of
four-step phase shift for TM calibration. However, if one
wants to get a double DSR image without the help of
digital microscanning, a higher-dimensional TM with 4N
columns is demanded and the imaging time for scattering
imaging scale with 4N + 1. So, the digital microscan-
ning method is a good candidate for resolution-enhanced
foveated scattering imaging without significantly increas-
ing the imaging time.

D. SNR-enhanced foveated scattering imaging

Usually, the SNR of the reconstructed image decreases
as its spatial resolution increases due to inevitable noise in

experiment. There are two main sources of noise, illumina-
tion noise derived from fluctuations in light intensity dur-
ing the measurement of TM and detector noise associated
with the photodetector itself. The compromise between the
image resolution and the SNR is one of the main draw-
backs of scattering imaging. In this subsection, we show
that it is possible to enhance both the resolution and SNR
of the foveated scattering imaging at the same time.

The SNR of the reconstructed images with and without
DSR under the same image resolution is studied in Fig. 4.
The first row illustrates the process of image reconstruc-
tion by RHTM, and the input dimension of RHTM is 4096
in this case. To compare the SNR at the same image res-
olution, the second row shows the image reconstructed by
RHTM as well, but with the digital microscanning tech-
nique. The input dimension of this RHTM is 1024. Both
of these two RHTMs are encoded within the same size
of FOV. Figures 4(a1) and 4(b1) show two spatially vari-
ant resolution cell grids, and they contain 4096 and 1024
independent cells with varying areas, respectively. A set
of modified Hadamard patterns are shown in Fig. 4(a2).
Figure 4(a3) shows the reconstructed image. Fusing four
LR images in Fig. 4(b2), an HR image is obtained once
again as shown in Fig. 4(b3). Therefore, the linear reso-
lution of the foveal region in Fig. 4(b3) is equal to that
in Fig. 4(a3), which is reconstructed by RHTM with 4096
input bases. For each reconstructed image, the SNR is cal-
culated by SNR = 2(〈Is〉 − 〈Ib〉)/(σs + σb), where 〈Is〉 and
〈Ib〉 are the average intensity of the signal and background
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FIG. 5. Experimental results of dual foveated scattering imaging. (a) A nonuniform resolution grid contains 2048 independent cells
with varying areas and a set of spatially variant Hadamard patterns (b). (c) The image is reconstructed by the dual foveal RHTM. (d)
The retrieved image by rotating the image 90◦ clockwise. (e) The image after (d) is rotated 90◦ counterclockwise and fused with (c).
Scale bar, 0.8 mm.

area, respectively, σs and σb are the standard deviation of
the signal and background area, respectively, [green and
orange square in Figs. 4(a3) and 4(b3)].

The SNRs are 3.60 and 29.02 for Figs. 4(a3) and 4(b3),
respectively, yielding an increase of 8.3 times for the
digital microscanning method. The experimental results
show that the SNR of the image reconstructed by digi-
tal microscanning is remarkably higher than that of the
image reconstructed by the larger TM. The improvement
of SNR is attributed to the stochastic nature of noise.
Meanwhile, the linear resolution in the foveal region of
Fig. 4(b3) is 4 times that of Fig. 2(f). Therefore, incor-
porated with the digital microscanning technique, the reti-
nalike foveated scattering imaging system does offer an
enhancement of both spatial resolution and SNR of the
reconstructed images.

E. Dual foveated scattering imaging

In addition to single foveal vision, a dual foveated scat-
tering imaging system is implemented where we keep
the same size of FOV as the above experiments. Figure
5(a) shows a nonuniform resolution grid containing 2048
independent cells, and two foveal regions occupy the reg-
ular square grids. Figure 5(b) shows a set of reformatted
Hadamard bases, and each of these patterns contains two

foveal regions along the diagonal direction. Once these
reformatted Hadamard bases are loaded sequentially on the
SLM, the full RHTM can be obtained. Then, the recon-
structed image as depicted in Fig. 5(c) can be obtained
by the RHTM and alternating-iterative phase retrieval
algorithm. Since only two foveal areas provide HR image
information about the original target, the image infor-
mation in the antidiagonal direction can not be retrieved
precisely. By rotating the original image 90◦ clockwise,
one can obtain a complementary diagonal image as shown
in Fig. 5(d). Then, Fig. 5(d) is rotated 90◦ counterclock-
wise and fuses it with Fig. 5(c), one can obtain all the
information about the target as shown in Fig. 5(e).

III. CONCLUSION

In conclusion, we demonstrate that the local resolution
and SNR of scattering imaging with the same size of FOV
can be enhanced simultaneously by mimicking the foveal
vision of the vertebrate eye. To get a more flexible reti-
nalike sampling, we come up with a mathematical model
and elaborately design a flexible multiresolution sampling
strategy for the foveated scattering imaging system. As a
result, the resolution of the retrieved image is doubled in
the foveal region compared with the traditional method.
Furthermore, we simultaneously enhance linear resolution
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and SNR of the foveated scattering imaging system by
factors of 4 and 8.3 in experiments with digital microscan-
ning. The flexible retinalike sampling strategy proposed
here provides more degrees of freedom to customizing reti-
nalike patterns. The bioinspired imaging method deployed
here is universal to any form of computing imaging that
relies on sequential correlation measurements. As such, it
would be appealing to introduce retinalike foveated imag-
ing to biomedical applications, microendoscopy, photoa-
coustic imaging, or fluorescence imaging, where the distur-
bances of opaque scattering medium cannot be neglected.
A combination of biomimetic and scattering media, as well
as efficient computation, might lead to alternative forms
of imaging prototypes, and this is an area that remains
explored.
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APPENDIX

1. Experimental setup and TM calibration

The experimental setup is depicted in Fig. 6(a). A colli-
mated He-Ne laser (633 nm, LASOS 7470 A4) illuminates
the phase-only SLM (Holoeye PLUTO-VIS-016) with a
resolution of 1920 × 1080 pixels. For the calibration of
TM, a total of 628 × 628 pixels on the SLM are used to
modulate the input light field, of which 512 × 512 pix-
els [purple segment in Fig. 6(b)] in the central region
are the signal part. The Hadamard patterns and original
images are encoded in this signal region. The other is a
reference part [cyan segment in Fig. 6(b)] loaded with
a static pattern surrounding the central area. After being
modulated, the light passes through a 4f telescope sys-
tem, and an aperture filter is placed at the Fourier plane
of L1 to select the +1-order diffracted light only. Then,
the light is focused onto the front surface of the scat-
tering medium, ground glass (120 Grit, Edmund), by an
objective lens (Olympus, RMS 10 × /0.25). Transmitted
light is collected by another objective lens (Olympus, RMS
10 × /0.25) placed behind the scattering medium. The
intensity pattern depicted in Fig. 6(c) is recorded by a
CCD (Lumenera INFINITY3S-1UR). Because the infor-
mation of the original image is highly redundant in the
speckle pattern [26], only the target part of the speckle
image is cropped as illustrated in Fig. 6(c) (blue box). To
suppress correlation among neighboring pixels further, we
downsample every speckle pattern into 256 × 256 pixels,
which is in terms of the average size of the speckle grains.

SLM Plane

CCD Plane

SLM

L1

L2

A

OB2

OB1

Scat

CCD
Junkyard Part

Target Part

Reference Part

Signal Part

(a) (b)

(c)
1

0

FIG. 6. (a) Experimental setup. A He-Ne laser (632.8 nm)
used as light source, SLM, spatial light modulator; L1, L2, lens;
A, aperture; OB1, OB2, object lens; Scat, ground glass; CCD,
charge-coupled device. (b) SLM plane for TM calibration and
imaging, the center purple part of SLM is the signal part. In the
peripheral part denoted with a cyan color, the beam is projected
as a static reference field. (c) Experimentally measured speckle
pattern and only the center area is cropped for data processing.

As a result, each remaining pixel corresponds to one out-
put mode [59]. Each of these measurements returns one
column of the TM. In the experiments, the four-step phase-
shift method is used to measure the complex optical field
of the speckles. Once the input patterns cover the whole
bases for the input light field, the full TM can be obtained
[28].

2. Phase-retrieval algorithm

The underlying principle of the linear scattering system
can be taken as a deterministic process in mathematics
Y = TX, where Y = [y1, y2, . . ., yM ]T ∈ CM×1, and X =
[x1, x2, . . ., xN ]T ∈ CN×1 are the output and input complex
fields, respectively. M and N are the numbers of pixels on
the CCD plane and SLM plane. T ∈ CM×N is a forward
propagation operator, i.e., TM in this paper, connecting
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Algorithm 1 Alternating-iterative phase retrieval algorithm.
Input:

The amplitude of speckle pattern, |Y|;
The TM of scattering system, T;
The maximum number of iterations, maxiter;

Output:
The object to be reconstructed, X;

1: X0 ← T−1 |Y| · exp(φ) {Initialize X with a random matrix φ}
2: for i = 1 to maxiter do
3: Yi ← |Y|2 · exp(i · arg(TXi−1)) {Impose constraints |Y|2}
4: Xi ← TYi

5: Yi ← |Y| · exp(i · arg(TXi)) {Impose constraints |Y|}
6: Xi ← TYi

7: end for
8: return X;

FIG. 7. Flow chart of the alternating-iterative phase-retrieval
algorithm.

the input field loaded upon the SLM plane to the recorded
intensity pattern |Y|2 at the CCD plane. There are vari-
ous algorithms to estimate X from |Y|2 and T, such as
the Gerchberg-Saxton algorithm [60], Fienup algorithm
[61], and Wirtinger Flow algorithm [62]. Here, we imple-
ment an alternating-iterative phase-retrieval algorithm to
reconstruct the scattering images. The flow chart of the
algorithm is summarized in Fig. 7, where “·” stands for ele-
mentwise multiplication, and “arg()” computes the prin-
cipal value of the argument of a complex number. In the
beginning, the object to be recovered is randomly initial-
ized as X0. In each iteration, two steps of constraints are
imposed to speed up the convergence. The first step uses
|Y|2 to impose constraints on the detector plane. In the sec-
ond step, the power of |Y| decreases to 1 by taking the
square root of the speckle captured by the CCD.

3. Digital microscanning

The schematic of digital microscanning is shown in
Fig. 8. 2 × 2 pixels are combined as a superpixel in each
subframe, so each pixel in one superpixel has the same
intensity value, providing no information about how the
intensity values may be distributed between the adja-
cent pixels within the superpixel. Fortunately, subsuper-
pixel’s width shift can be implemented in the x (or/and y)
direction for each subframe. The final HR image can be
obtained by registering the LR images over a HR grid and
then averaging them.

In this paper, a weighted average strategy is adopted
to stitch multiple subframes. Therefore, the value of the
center pixel in the right part of Fig. 8 on the HR grid is
computed as Icen = (Ia + Ib + Ic + Id)/4, where I is the
intensity value at different regions and the denominator 4
denotes the number of pixels in the overlapping region.
The fact that combining 2 × 2 pixels as a superpixel is
used for pattern shift is for convenience. Beyond the
weighted averaging fusion strategy described here, more

Subframe 1 Subframe 2

Subframe 3 Subframe 4

LR Grid
a a

aa

b b

bb
HR Grid

Fusion Image

Cen

d d

dd

c c

cc

y

x

FIG. 8. Schematic of the digital microscanning method. The
left part shows four LR subframes, and there is a relative dis-
placement of the half cell (2 × 2 pixels are combined as a
superpixel) in the x (or/and y) direction between each of these
LR images, the right part shows the fusion HR image, and the
length of the HR grid is half that of the LR grid.

sophisticated fusion algorithms are also compatible for this
purpose [63].

In the experiments, 512 × 512 pixels on the SLM are
selected as the signal region to encode the input bases
and original images (see Appendix for details). The area
of this 512 × 512-pixel region is 4.096 × 4.096 mm2, and
all the original images in the following experiments keep
the same size as this signal region. For the HTM cali-
bration, 16 × 16 pixels on the SLM plane are combined
as a cell, which results in a 32 × 32-cell grid. While for
the calibration of RHTM, the 512 × 512-pixel region is
divided into 1024 spatially variant cells based on the mask
of Fig. 2(g). In the central region with a uniform resolution,
each cell is constructed by combining 8 × 8 pixels on the
SLM, and any spatial frequency components that exceed
the spatial frequency of the 2D grid are lost in this pro-
cess. Figures 2(f) and 2(i) show the reconstructed images
with uniform and nonuniform resolution based on HTM
and RHTM, respectively. Although the same measurement
resources, that is the same total number of independent
cells (1024) and the dimension of the TM, are used for
both of the retrieved images with the same FOV, the linear
resolution in the foveal region, where the cells occupy a
regular square grid, of Fig. 2(i) is twice that of Fig. 2(f).
The detail of the panda’s eyes and nose of Fig. 2(i) in
the foveal region are therefore more distinct than that in
Fig. 2(f) at the expense of lower peripheral resolution.
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