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Three-dimensional (3D) positioning with the correction of imaging aberrations in the photonic platform remains
challenging. Here, we combine techniques from nanophotonics and machine vision to significantly improve the imag-
ing and positioning performance. We use a titanium dioxide metalens array operating in the visible region to realize
multipole imaging and introduce a cross-correlation-based gradient descent algorithm to analyze the intensity dis-
tribution in the image plane. This corrects the monochromatic aberrations to improve the imaging quality. Analysis
of the two-dimensional aberration-corrected information in the image plane enables the 3D coordinates of the object
to be determined with a measured relative accuracy of 0.60%-1.31%. We also demonstrate the effectiveness of the
metalens array for arbitrary incident polarization states. Our approach is single-shot, compact, aberration-corrected,

polarization-insensitive, and paves the way for future integrated photonic robotic vision systems and intelligent sensing

platforms that are feasible on the submillimeter scale, such as face recognition, autonomous vehicles, microrobots, and

wearable intelligent devices.
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1. INTRODUCTION

Optical imaging and positioning systems play a key role in modern
optics and photonics, which promotes the burgeoning develop-
ment of technologies such as those in cameras, microscopes, optical
radars, and visual sensors [1-3]. Traditionally, the basic elements
in imaging and positioning systems, such as lenses, are bulky con-
structions, and shrinking their size with the view of incorporation
into integrated optics presents a challenge. In recent years, met-
alenses have garnered great interest in the scientific community
owing to their comparable or superior performance compared with
conventional optical components [4—6]. By elaborately tailoring
the shapes of nanostructures, the resonant electromagnetic modes
can be locally controlled on a subwavelength scale [7—11], which
makes the metalenses a versatile platform to control the wavefront
pixel by pixel [12-17]. Taking advantage of the multidimensional
manipulation of optical fields with nanostructures [18-21],
researchers have developed numerous intriguing metalens designs
such as those in high-resolution spectroscopy [22], light-field
cameras [23], quantitative phase gradient microscopy [24], and
optical depth sensors [25]. These inspiring approaches indicate sig-
nificant possibilities enabled by artificial nanostructures to achieve
integrated photonic systems. To date, itis still challenging to realize
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accurate three-dimensional (3D) positioning of an arbitrary object
with devices of a compact size, especially for positioning that is
prone to imaging aberrations.

The disadvantage of single-layer metalenses is their evident
aberrations (except for spherical aberration) because these lenses
are usually fabricated on a flat surface with an artificially designed
local phase abrupt [4,26]. By engineering the phase dispersions
of the nanostructures at different wavelengths [27-30], or by
designing multistructures operating at different wavelengths [31],
researchers have realized achromatic metalenses in the visible
region. Monochromatic imaging aberrations have also been stud-
ied in the metalens scheme using several methods. For example,
coma can be corrected by patterning metalens building blocks on
a curved surface [32,33]. Astigmatism and the focal length can
be simultaneously controlled by tuning the elastomer on which
the metalens is fabricated [34]. By employing a corrector meta-
surface paired with a metalens, monochromatic aberrations can
also be corrected in the near-infrared and visible regions [35,36].
This doublet metalens design has also been employed in other
photonic devices such as retroreflectors [37]. However, current
designs require either challenging or complex fabrication meth-
ods. Another approach to correcting the imaging aberrations is
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to arbitrarily control the angular dispersion of the nanostructures
[17,38], which is also problematic because the intensity and phase
of the scattered light of nanostructures would both have to be
elaborately manipulated in an imaging system for a broad range of
incidentangles.

Here, we introduce a metalens array to realize optical position-
ing and adopt a gradient descent algorithm [39,40] to correct the
monochromatic aberrations in the imaging system. Taking advan-
tage of the versatile wavefront-shaping capability of metalenses,
we employ titanium dioxide nanopillars to build a metalens array
operating in the visible region. This metalens array can image
a target object at different locations containing different imag-
ing and aberration information. In contrast to approaches that
employ doublet [35] or curved [33] designs, we utilize the cross-
correlation-based gradient descent (CCGD) algorithm to analyze
and combine the information from different parts of the image,
and form a reconstructed aberration-corrected image with only a
planar single-layer metasurface that does not require complex fab-
rication. The 3D coordinates and the size of the target object can
be simultaneously derived from the single-shot two-dimensional
(2D) information in the image plane with high accuracy, and the
total size of the metalens array is only 379.5 um. In addition, the
proposed design is also polarization-insensitive, which means it can
be readily applied in practical data-driven imaging and positioning
applications.

2. CONCEPT OF POSITIONING BASED ON
METALENS ARRAYS

A metalens array consists of periodic metalenses, which are able to
focus and image the incident light in different areas without over-
lapping, as shown in Fig. 1(a). Note that, although we employed
three close-packed hexagonal metalenses as an implementation
example, the proposed scheme does not limit the metalenses to
a specific number. The metalens array captures three images of
object “A” in the image plane [Fig. 1(b)]. In the laboratory coor-
dinate frame of the metalens array, “A” is located at A’(S1, S,/),
where S| and S, are the vertical (along the +z direction) and
horizontal coordinates of “A”, respectively. Note that S;; can be
decomposed into two orthogonal components, S/ and S/, .

(a)
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For simplicity, we only use S/, to quantify the 2D coordinates in
the object plane. In the local coordinates frame of the metalens
L;, “A” is located at a; (S1, id+S,/), where 4 is the periodicity
of the metalens array (here  is also the size of the metalens). The
coordinates of the image in the local frame can be written as (S,
M(id+S§,/)), and in the laboratory frame, the image is located at
AlS|, M(id+S,/) — id), where M is the magnification of the
metalens, and §', is the image distance. The magnification can be
calculated using M = —(D —d)/d, where D is the periodicity
of the images, and the negative sign indicates a reverse image.
Following the relations between the coordinates of the object and
the images, the object distance and the horizontal displacement
can be calculated as

S.=fD/(D -4, (1)

S;;=AD—d)/d, (2)
where f is the focal length of the metalens. Thus, the 3D coordi-

nates of the object (or an arbitrary single point) could be positioned
simply by analyzing the 2D image in the image plane.

A realistic monochromatic imaging system usually experiences
different imaging aberrations, such as image distortion, spherical
aberration, coma, astigmatism, and field curvature. The aberra-
tions of the proposed spherical-aberration-free metalens array can
be categorized into two types: one is the distortion resulting in the
radial transformations of the image, and the other causes poorly
resolved images in the image plane, with defects such as coma,
astigmatism, and field curvature, especially for components with a
high spatial frequency. The first type of aberration can be corrected
by revising the lower order of radial components [41] in the image,

Ax =x, (klr2 + /ezr4> , 3)

Ay =y, (kir? + k), )

where (Ax, Ay) is the correction of the distorted image, (x,, y,)
are the coordinates of a pixel in the image with the original point
located at the distortion center, 41 and k, are two parameters to
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Fig. 1. Design of the single-shot positioning metalens array and its operation principle. (a) Schematic of the ideal metalens array that can form differ-
ent images in the image plane without considering imaging aberrations; (b) illustration of the positioning system that can locate the 3D coordinates of an
arbitrary object “A”. The horizontal and vertical coordinates S/, and S| can be acquired from captured images containing aberrations. The length 4 is the
periodicity of the metalens array and is the diameter of the incircle of the metalens. The blue dashed circle indicates the working FOV of the system, which
reaches 49.6° obtained from experiments. (c) The imaging aberrations in the image plane can be corrected following the CCGD algorithm, leading to accu-
rate measurement of the characteristic quantities D (periodicity of the images) and A (horizontal distance in the image plane).
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be optimized, and  is the distance between the pixel and the dis-
tortion center. The three images of the object possess different
information, which provides the possibility of reconstructing new
images of which the aberrations have been corrected [Fig. 1(c)].
We employed the CCGD algorithm to simultaneously correct the
above-mentioned two types of aberrations, which is discussed in
detail in the following sections.

3. SAMPLE FABRICATION AND
CHARACTERIZATION

We used titanium dioxide nanopillars as the building blocks and
built a prototype metalens array [Figs. 2(a)-2(d)]. By controlling
the orientation angle 0 of the nanopillars, the wavefront of the
metalens can be locally manipulated by the Pancharatnam—Berry
phase ¢ =200 [42,43], where o = %1 represents the helicity of
light and is controlled by a polarizer and a quarter-wave plate (P1
and QW1 in Fig. $4 in Supplement 1). The nanopillars, which are
550 nm high, can be readily fabricated using the standard atomic
layer deposition method [44] by using single-step lithography
without challenging the fabrications (note S1 in Supplement
1). The quadrangular nanopillars with a chamfer length of

(f)

Intensity (a.u.)
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40 nm maintained high transmission efficiency (Fig. S1 in
Supplement 1), which is important for realistic applications.
The diameter of the fabricated metalens is d = 189.75 pum, and
the designed focal length is 165 pm at the operating wavelength
of 532 nm. The measured diffraction-limited focusing profiles are
shown in Fig. 2(e) (see Fig. S2 in Supplement 1 for the evolution
of focusing at different cut planes). The light distribution near the
focal point is not angular symmetric because of the close-packed
arrangement of hexagonal metalenses. Such an arrangement guar-
antees a high fill factor in the device area, and the astigmatism
caused by the asymmetry along with other types of aberrations can
be further corrected by a postprocessing algorithm.

Basically, the positioning properties highly rely on the imaging
qualities in any optical positioning system because the positioning
information is extracted from the optical path or light distribu-
tions. The positioning accuracy decreases if the imaging is affected
by aberrations, especially for large incident angles and off-axis
imaging. As shown in Fig. 2(f), for the single-layer dielectric metal-
ens, the aberrations significantly increase when the incident angles
become larger. The full width at half-maximum of the focusing
intensity gradually increases as the incident angle increases, which
exhibits the intensity distribution symmetry broken in the oblique
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Fig. 2.

Fabrication and characterization of the metalens array. (a) The building block of the metalens consists of titanium dioxide nanopillars with a

height of 550 nm fabricated on a fused silica substrate. The chamfer length of the nanopillars is # = 40 nm, and the size of the hexagonal lattice is 330 nm.
(b) Photographic image of the metalens array taken by a CCD camera on a microscope; (c) and (d) scanning electron micrographs of the fabricated metal-
ens: (c) top and (d) tilted views; (¢) measured intensity distribution of the metalens array at the focal plane. The solid red, blue, and green lines indicate the
light distributions at three different focal points. Insets, measured intensity profiles near different focal points. (f) Simulated intensity distributions in the
focal plane showing the evolution of aberrations for different incident angles of 0°, 15°, 30°, and 45° (left to right).
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incident direction, especially for incident angles greater than 30°.
In contrast to directly correcting the focusing aberrations with
doublet metalens design [35,36] or other fabrication-challenging
designs, we analyzed the imaging information in the image plane of
the metalens arrays to simultaneously obtain aberration-corrected
images and highly accurate positioning coordinates of the object.
The object in our experiments is shown in Fig. S3 in Supplement 1.
To obtain the imaging properties of the metalens array, we used a
custom-built scanning system to control the position of the object
and capture the final images (Fig. S4 in Supplement 1).

4. IMPLEMENTATION OF VERTICAL AND
HORIZONTAL POSITIONING WITH THE CCGD
ALGORITHM

The image of S1 (a binary bee), which is also the object to be posi-
tioned by the metalens array, is shown in Fig. 3(a). The raw images
for different object distances in the image plane show apparent
imaging aberrations, which means losing the high spatial Fourier
information, especially near the edge of the field of view (FOV)
{Fig. 3[c(i)]}. Several types of imaging aberrations exist, such as

(a)

(b) rozoo-
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coma, astigmatism, distortion, and field curvature. Basically, the
imaging aberration becomes larger and more complex as the image
area progtessively moves away from the center of the image, which
means a lower spatial frequency with distortion. We ignored the
areas affected by dramatic aberrations in each image part, and
used only the low-aberration areas, that is, zones A, B, and C in
Fig. 3(c) to reconstruct the image. This not only alleviates the
negative effects of aberrations on the reconstructed image, but also
reduces the difficulties associated with parameter optimization.
For example, we only need to consider the first and second terms in
the distortion expansion equation to correct the radial distortion,
rather than calculating more terms and tangential distortions in
areas farther away from the center of the image [45,46]. The com-
bination of different areas of the image captured by the metalens
array enables a reconstructed image, of which the aberrations
have been corrected and the spatial frequency has been improved
{Fig. 3[c(ii)]}. Instead of analyzing each type of aberration, here
we employed an algorithm to correct different types of aberra-
tions altogether because these aberrations negatively affect the
image resolution of different parts of the image in different ways.
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Imaging and positioning experiments based on the metalens array. (a) Image S1 used as the object of the positioning metalens; (b) flow chart of

the CCGD algorithm, where step 1 is image preprocessing, step 2 is the CCGD algorithm to obtain the spatial relations between different parts of the image
and to correct the imaging aberrations, and step 3 is to realize spatial positioning and to obtain the reconstructed aberration-corrected image; (c) schematic
illustration of the aberration-corrected algorithm. (i) The raw image contains clearer zones (A, B, and C) with high spatial frequency and little distortion,
and contains indistinct areas (black) with low spatial frequency and substantial distortion. (ii) By combining A, B, C, and correcting the aberrations of

the image, the overall spatial frequency is improved. (d) Amplitude and phase distributions of Rf[? between Part I and Part IIT in Fourier space with an

object distance of 825.0 pm; (e) amplitude distributions of RE;Z between Part I and Part I (left), and between Part I and Part III (right) in the pixel space

with an object distance of 825.0 pm; (f) the original (left) and recovered (right) images of the metalens array. The object distance is set as (i) 495.0 pm, (ii)
660.0 pm, and (iii) 825.0 pm, respectively. The dashed white circles indicate three different parts of the image (see Visualization 1 and Visualization 2).
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This excludes distortion, which can be corrected by optimizing the
parameters in Egs. (3) and (4).

As shown in the flow chart in Fig. 3(b), we first segment the
raw images into three different parts in step 1, which are then
compared and merged in the following steps. The size and shape
of each part are not specifically limited because each part contains
a complete image (i.e., a single complete bee). We also binarize
the raw images into “0” and “1” to eliminate the gray informa-
tion, whereas the shape information in the images is preserved.
In step 2, we consider (k1, #3) and (4, #,) as the key parameters
for distortion in the images and translation factors between dif-
ferent parts of the images, respectively. The CCGD algorithm
was employed to combine different parts of the images. We
calculated the cross-correlation functions to obtain the overall
translation relations between different image parts. For exam-
ple, for two arbitrary image parts P, and P, which are related to
Py = P,(x — ., y — t,), the cross-correlation functions in the
Fourier space and in real space can be written as

R (ke by) = F(P)) F*(Py) expl2mj (ke + by, (5)

RO, ) =Gx— 17— 1), ©)

where G (x, y) is the inverse Fourier transform of F (P,) F*(P,).
The maximum value of |R§;2| is located at (, #,), which char-
acterizes the translation relationship between P, and P, (see
Section 2 in Supplement 1). The calculated cross-correlation func-
tions for an object distance of 825.0 pm are shown in Figs. 3(d) and
3(e). The optimization is conducted iteratively until the conver-

gence condition is reached. In our framework, the fitness function

isdefined as

L, Y
|P'1(G, j) — Ps(i, j)|
i=1j=1
Js1= d ) (7)
m1 X ny
merzo .2
> | P, j) = PG, )
=1 j=1
Js="— : 8)
my X 1)

where P| and P are the images of Parts I and II, respectively, after
translation to overlap with the image of Part IIT (P5) during the
combination process. Step 3 involves the combination of different
parts of the raw images when the convergence condition is met, and
the missing information in each part of the image is also completed
[right column in Fig. 3(f)]. The 3D coordinates and the size of the
object can be calculated according to Eqs. (1) and (2).

The quality of the reconstructed images is greatly improved
both in terms of sharpness and completeness, which guarantees
that the geometric parameters could be more accurately acquired
from the images. More raw and reconstructed images can be found
in Fig. S6 in Supplement 1. As shown in Fig. 4, the recovered verti-
cal and horizontal coordinates of the object are in good agreement
with those of the experimental setups. The measured relative posi-
tioning accuracy (RPA) is in the range of 0.60%-1.31%, which
reaches the state-of-the-art level owing to the aberration-correcting
process based on the metalens arrays. Compared with the posi-
tioning results without correcting the aberrations, the positioning
accuracy increases several times (gray areas in Fig. 4), especially
for S; at long object distances and S, at short object distances.
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adopting the CCGD algorithm.

The positioning accuracy usually increases as the object distance
decreases when the image aberrations are ignored. The metalens
array can operate within an FOV of 49.6° with an RPA below
1.50% for off-axis imaging, even though the original image is
poorly resolved and incomplete for large incident angles (Fig. S11).
This high-accuracy positioning can be attributed to the cross-
correlation method, which combines the overall information in
each image part, leading to accurate positioning on condition
that certain information is valuable for positioning. These results
demonstrate the effectiveness of simultaneously improving the
imaging and positioning performance based on the proposed
aberration-correcting method. To quantify the correction of aber-
rations, we also calculated the overall sharpness of each image using
the Tenengrad function method (Fig. S12 in Supplement 1). As a
result, the sharpness of the reconstructed images increased signifi-
cantly, especially for short object distances (setup #1), in which case
the image is affected by obvious aberrations owing to the off-axis
incidence.

5. ANALYSIS OF THE POLARIZATION SENSITIVITY
AND THE POSITIONING ACCURACY

In actual applications, the polarization states of the incident light
could easily limit the applicability of the device. To examine the
incident polarization tolerance of the metalens array, we removed
the QW1 and the P1, considering that the polarization of the
lamp beam is similar to that of natural light. The proposed strategy
was ultimately found to be effective for both situations, and the
accuracy of positioning remains almost the same as that of the
original setup [Figs. 5(a)—5(c)]. This tolerance of polarization can
be attributed to the analyzer pair (QW2 and P2), which filters the
left-handed circularly polarized components in the background.
On the other hand, the background noise could also be easily
removed by the postprocessing algorithm. These interesting results
demonstrate that the proposed prototype of the metalens array
functions well for arbitrary incident polarizations. The detailed
raw and reconstructed images are shown in Figs. S7 and S8 in
Supplement 1. The RPA of the metalens array could be further
quantified given the location of the object and design parameters of
the metalens array (note S3 in Supplement 1),
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Positioning for different incident polarization states and positioning accuracy for different setups. (a) and (b) The original (left) and recovered

(right) images of the metalens array (a) without QW1 and (b) without P1 and QW1 for an object distance of 495.0 um. The results indicate that the
proposed positioning system does not have limitations with respect to incident polarization. (c) Comparison of recovered vertical and horizontal distances
between different incident polarization states. (d) and (e) Calculated RPA in the (d) vertical and (e) horizontal directions as a function of the relative
object length and the size of the metalens. The semitransparent green planes indicate the areas for RPA of 1.0% as a reference in the vertical and horizontal

directions, respectively.

:(d+5//)|5L—f| \AD]. (10)

fdS,,

where AD is the measurement accuracy in the image plane and can
be estimated from the measured |AS, /S, | as AD 2~ 0.3 um. This
accuracy closely approximates the diffraction limit at the operating
wavelength of 532 nm, demonstrating the effectiveness of the
proposed aberration-correcting scheme. As shown in Figs. 5(d) and
5(e), the RPA is a function of the size of the metalens d, and the nor-
malized object distance S| / f. For simplicity, we set S/, as 500 um
in the calculation (see Fig. S9 for the RPA with different S,,). We
selected a constant RPA of 1.0% as a reference and threshold in
the vertical and horizontal directions for comparison with the pro-
posed metalens array design. We discovered that the RPA threshold
can be easily achieved with a suitable metalens design operating
in a long object distance range. Even for realistic applications such
as robotic vision with object distances as long as several meters,
the RPA threshold can be easily achieved with suitable metalens
design, such as enlarging the diameters and extending the focal
lengths of the metalenses. However, the increase in the focal length
could lead to a lower numerical aperture if the size of the metalens
is set in advance. Fortunately, recent developments in dynamic and
tunable metasurfaces have provided possibilities for fast tuning
of the focal lengths of metalenses [47,48], which may balance the
trade-off between positioning and imaging. This result shows that
the proposed design can be applied across a wide operating range
with high positioning accuracy. The postprocessing time of the

‘ ASy, '
Sy

CCGD algorithm depends on the size of the image because the
algorithm needs to perform matrix operations during its iteration.
The typical postprocessing time of an image of 300 x 300 pixels is
approximately several seconds using an Intel i5-9400F CPU in a
commercial laptop. More details about the postprocessing time for
different image sizes and the related RPA can be found in Fig. S10
in Supplement 1. Postprocessing can be further accelerated by
employing a graphics processing unit or by optimizing the code.

6. SUMMARY AND CONCLUSION

Note that high-accuracy positioning results are achieved by the
proposed metalens scheme, but not by the measurement setup.
The accuracy of the imaging translation stage is approximately
10 pum, which can be easily realized in realistic applications. The
size of the metalens in our prototype is only d =189.75 wm,
which means that the vertical positioning accuracy could be fur-
ther improved by enlarging the size of the metalens [Fig. 5(d)].
Current fabrication techniques enable metalenses to be fabricated
on the millimeter scale. Compared with other optical positioning
methods based on lens designs, our strategy provides convenient
aberration-corrected performance, which guarantees significantly
improved accuracy in both imaging and positioning. Compared
with positioning via mechanical platforms, this method relies on
the optical intensity of the images, which is only fundamentally
limited by the Abbe diffraction limit. Our strategy does not impose
specific limitations in terms of the working distances, and the
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depth-sensing accuracy can be improved 4 to 8 times compared
with previous results [25] (calculated with similar setups such as
the device size and the focal length). The proposed method uses
larger and higher numerical-aperture metalenses and employs an
aberration-correcting algorithm, which can significantly improve
the quality of the reconstructed images, enlarge the FOV, and cor-
rect the imaging aberrations [23]. The proposed scheme can also
be extended to real 3D objects by employing the spectral tomo-
graphic imaging method [26]. Taking advantage of the chromatic
aberration of a metalens, which provides different focal lengths
for different operating wavelengths, this spectral tomographic
imaging method can be readily applied in our system to realize fast
spectral refocusing and further obtain different information on the
different cutting planes of the 3D object.

In conclusion, we proposed and experimentally demonstrated
the design and working principle for single-shot optical posi-
tioning with a metalens array. Instead of correcting the imaging
aberrations with complex fabrication techniques, we employed
the CCGD algorithm to analyze and combine different parts in
the image plane of the metalenses and to complete the missing
information in each image part. The proposed algorithm facilitates
the correction of different imaging aberrations of the metalens
array, such as distortion, coma, astigmatism, and field curvature.
By analyzing the 2D information and marking featured points in
the aberration-corrected image plane, the 3D coordinates of the
object can be further derived with the measured relative accuracy
ranging from 0.60% to 1.31% to reach the state-of-the-art level.
The location of the object is not limited in any specific way, and the
positioning accuracy can be further improved by enlarging the size
of the metalens. The abilities of the metalens array working under
arbitrary polarization states were also demonstrated to realize
the positioning of the object. The proposed scheme is compact,
single-shot, passive, and demonstrates the potential use of the
dielectric metalens platform in miniaturized positioning systems
and compact visual sensors with high accuracy.
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