PHYSICAL REVIEW A 106, 013508 (2022)

Holography with higher-order Stokes correlation

Tushar Sarkar®,! Vipin Tiwari ,2 Sourav Chandra®,' Nandan S. Bisht,>> and Rakesh Kumar Singh"*
! Laboratory of Information Photonics and Optical Metrology, Department of Physics, Indian Institute of Technology (Banaras Hindu
University), Varanasi 221005, India
2Applied Optics & Spectroscopy Laboratory, Department of Physics, Kumaun University, SSJ Campus Almora, Uttarakhand 263601, India
3Department of Physics, Soban Singh Jeena University, Almora, Uttarakhand 263601, India

® (Received 7 March 2022; accepted 30 June 2022; published 13 July 2022)

We present and experimentally demonstrate a holography technique with a higher-order Stokes correlation
of the random light field. The proposed technique is capable to reconstruct the complex-valued object from the
random light field, and overcome twin image issues in the higher-order correlation holography without angular
shift, phase shifting, and iterations. A basic principle of the proposed technique is presented and its application is
demonstrated by establishing a connection between the higher-order Stokes fluctuations correlations and the far-
field complex coherence function of the random field in a lensless configuration. The viability of our technique is
demonstrated by considering incoherent reconstruction of the hologram and reconstructing the complex-valued
information encoded into the hologram as a distribution of complex coherence function.
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I. INTRODUCTION

Holography relies on the principle of interference between
the coherent waves. A complex field of the wave is pre-
served in an optically recorded interference pattern known
as a hologram [1-4]. A digitally recorded hologram is used
to coherently reconstruct the three-dimensional (3D) informa-
tion using numerical propagation and the technique is referred
to as digital holography (DH) [4,5]. The DH offers a fast
recording and reconstruction process which has opened new
avenues for nondestructive testing, medical diagnosis, 3D dis-
play technologies, and quantitative imaging, to name a few
[4,6-8]. Various DH schemes with different geometries have
been developed in the past and vital among them are in-line,
off-axis, phase-shifting, and Fourier transform holography
(FTH) [1-5]. The holography with an off-axis geometry re-
quires an angular separation between the interfering beams to
eliminate the twin image of the in-line holography. To circum-
vent a twin image issue, different experimental schemes have
been proposed and significant among them are off-axis, and
phase-shifting holography [2,3]. Off-axis holography requires
a carrier frequency while recording the hologram to avoid
the overlapping of the image with the conjugate image alias
[2,9]. However, an off-axis holography geometry affects the
reconstruction quality due to limited pixel size in the image
sensors and sharing of the frequency space [8]. Phase-shifting
holography overcomes this issue by capturing several images
with accurate different phase shifts between the consecutive
images [3,10-12].

Recently, some significant attempts have been made on the
DH with arbitrary coherence and with stochastic light such
as optical scanning holography (OSH), Fresnel incoherent
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correlation holography (FINCH), and others [13-20]. OSH
works on the principle of active optical heterodyne scanning.
In OSH, a heterodyne interference fringe pattern is first gen-
erated without the information of the object, and the object
target is then raster scanned via interference pattern [13]. In
the FINCH, a hologram is composed of the summation of the
Fresnel zone plate and recorded with incoherent light illumi-
nation using a single path and self-reference interferometer.
An optical element [spatial light modulator (SLM), birefrin-
gent crystal, or double-focus lens] is introduced to generate
two waves to record the incoherent hologram in the FINCH
[15,16]. A polarization features of the light has been used in
parallel phase-shifting incoherent holography and the holo-
gram is recorded in a single shot with the polarization camera
[17]. An imaging system with a low coherence illumination
is also developed by combining microscopy with an off-axis
holography geometry [18].

On the other hand, an unconventional holography tech-
nique named coherence holography (CH) is introduced to
incoherently reconstruct the hologram and reconstruct the
complex information as a distribution of the spatial coherence
function [21]. The van Cittert—Zernike theorem and Hanbury
Brown-Twiss (HBT) approach are two central results in the
coherence optics and these two ideas are of paramount impor-
tance in the CH [21-23]. The CH employs an analogy between
the optical field and coherence function to reconstruct a
holographically recorded object from the two-point complex
correlation of the random field. Incoherent light is used to
illuminate the coherently recorded hologram and to synthesize
the statistical features of the light for 3D imaging [21,23].
The CH has opened new research avenues on recording and
shaping the spatial coherence for spatial coherence tomogra-
phy, imaging, and coherence current, to name a few [24-27].
Designing an appropriate interferometer to measure spatial
coherence is an extremely arduous task in the CH. Recording
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of incoherent object as a complex spatial coherence using
the Sagnac interferometer with a phase-shifting approach has
been developed [28]. In a recent development, the HBT ap-
proach was combined with off-axis holography to image the
complex field in the correlation holography [29]. The relation
between the second- and fourth-order Gaussian random field
permits to use HBT approach in the CH and offers insight
into statistical optics to develop simple and stable unconven-
tional holography techniques [29—33]. Extension of the CH
to the vectorial regime has also been demonstrated and some
of these correlation holography techniques with polarization
holograms are Stokes holography with second- and fourth-
order interferometers [34,35]. These two vectorial holography
techniques record information in the Stokes fringes and use
incoherent illumination to reconstruct the polarimetric infor-
mation. Recently, polarization fringes have also been used to
develop phase-shifting coherence holography with the HBT
approach [36] and in an enhanced field of view [37]. However,
all these techniques demand an angular separation between
interfering waves to implement phase recovery with the HBT
approach. Such a situation requires resilient control over the
reference field to record the interference fringes which limits
the full utilization of the Fourier space and also affects the
reconstruction quality.

In this paper, we propose a method for the reconstruction
of the hologram with random light and demonstrate com-
plex field recovery with the higher-order correlation. This
technique exploits a fundamental feature of the light and
uses higher-order Stokes parameters (SPs) correlation of the
random light to build a reconstruction technique for the CH.
This technique is free from the requirement of the angu-
lar separation between the interfering coherence waves and
also offers a lensless Fourier transform connection between
a desired two-point complex correlation at the observation
plane with the incoherently illuminated hologram. Recently,
SPs correlation was used to analyze random electromagnetic
beams, ghost polarimetry, and to sense orbital angular mo-
mentum spectrum [38—41]. Inspired by the significance of
the SPs in the characterization of the random fields, here we
evolve a theoretical basis to develop a holographic principle
for the reconstruction of the hologram with random light
where conventional holography reconstruction methods fail.
The SPs of the random light are used to extract SPs fluctua-
tions correlations which imparts a 4 x 4 matrix with a total
of 16 elements. Out of these 16 elements, only two elements
of the matrix are utilized to develop a reconstruction method
for the CH. The proposed theoretical basis with experimental
results validates a reconstruction method for holography with
random light. We attempt to build a holography technique
without a carrier frequency in the fourth-order correlation, and
the technique offers holographic reconstruction without phase

II. BASIC PRINCIPLE

Consider a random orthogonally polarized light propagat-
ing along the z axis. The orthogonal polarization components
of the light are expressed as

Ey(r) = |Ep(r)|explioy(r)], Ev(r) = |Ev(r)| expligy (r)].
ey

The subscripts H and V stand for horizontal and verti-
cal polarization components and the coefficients |Ey(r)| and
|Ey (r)| are the amplitude of the corresponding components
with phases ¢y and ¢y, respectively. The light field can be
represented as a column matrix:

_ (1Eu()] explign ()]
Er)= <|Ev(r)|exp[i¢v(r>]>’ @

where E(r) represents the field at a particular instant of time 7.
The polarimetric information of the field can be estimated as

S,(r) = E"(r)a?E(r), (p=0, 1, 2, 3), 3)

where § denotes the Hermitian conjugate.o® denotes the 2 x 2
identity matrix, and the three Pauli spin matrices are defined as

a':((l) _01>, 02=<(1) é), o3=<? ?;) 4

A fluctuation of the Stokes parameter with respect to its
mean value is evaluated as

ASy(r) = Sp(r) — (Sp(r), (5)

where §,(r) is the Stokes parameters at a particular spatial
point and (S,(r)) denotes the mean value. A correlation be-
tween two SPs fluctuations can be used to characterize the
random light field. The 4 x 4 SPs fluctuation correlation
matrix Cpy (71, 2) is defined as [38—40]

Cpg(r1, r2) = (ASp(r1)ASy(r2)), (p. ¢ =0, 1,2,3), (6)

where r; and r, are two-position vectors at the observation
plane and angle brackets (.) represent ensemble average.
A fourth-order correlation can be expressed in terms of
the second-order correlation for the Gaussian random fields.
Therefore, elements of the matrix are expressed as [38,39]

Cpy(r1,12) = Z ZUISU,Z,,Wkn(rl, r)Wpr (1, r2),

k,l m,n
x(k,l, mn=x,y), @)

where Wy, (71, 1) = (E} (r1)E,(r2)) represent elements of the
2 x 2 coherence-polarization (CP) matrix which characterize
the statistical properties of the random field. The off-diagonal
elements of the CP matrix are null for unpolarized light and
represented as [39,42]

shifting, and iteration, and is also free from a twin image is- W _ (Wi(r1, 1) 0 g
sue. A detailed theoretical basis, simulation, and experimental (ri,r2) = 0 Wy (ri, ) )" ®)

results are discussed below. ..

Therefore, the 4 x 4 matrix is transformed to
J

|Wxx|i+ |VV_\'y|j |Wxx|z - IWyyli 0 0

_ |Wxx| - |"Vy\| |Wxx| + |Wyy| 0 0
Cog(r1.12) = 0 Re[W, W* ] 2Im[WiW,,] |- ©)

0 AW W31 2Re[Wer W]
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For brevity, the (r1, r;) dependence of the matrix elements
is suppressed on the left-hand side in Eq. (9). Two matrix
elements Cy(ry, r2), C32(ry, 12) are expressed as

Caa (11, r2) = 2Re[Wi (r1, r)Wy (r1, 12)], (10)

Cso(r1, r2) = 2Im[Woa(ry, )W (1, r2)]- Y

Here, we introduce a quantity called the complex po-
larization correlation function (CPCF) by adding Egs. (10)
and (11) as

C(ri, r) = Co(ry, 1) + iCsa(r1, 12), (12)

C(r1, r2) < Re[Wer(r1, )W (r1, 12)]
+ilm[ Wy (r1, r)W, (71, 72)] (13)

where asterisk * denotes the complex conjugate.

Now, we examine use of Eq. (13) in the reconstruction
of an incoherent object illuminated with random unpolarized
light. Here, the object is an FTH encoding the complex-valued
information as shown in Fig. 1(a) for application in the CH.
This hologram is considered to be illuminated with an in-
coherent light in the reconstruction as shown in Fig. 1(b).
The FTH can also be replaced by other real-valued objects
as discussed in Refs. [28,43]. In order to use Eq. (13) in the
CH and reconstruct the complex-valued object, a polarization
component of the light illuminating the hologram is vertically
polarized with desired coherence W,,(Ar). On the other hand,

J

a horizontal polarization component is reserved for a refer-
ence coherence W, (Ar).

The uniqueness of our strategy is also associated with in-
dependent control of two orthogonal polarization components,
i.e., vertical for hologram illumination and horizontal for ref-
erence. A complex field represented in Eq. (2) is connected
with the illuminating source as

E(r)= /E(f’l)h(r, P)dri, (14)

ik ik

E(r) = Mfexp S = 2nhy + 1) |EGdR,
1254 2z

(15)

where A(r, ;) = %’Zk” exp[%(r — ffj)z] is Fresnel kernel, A
wavelength of the incident beam, and k = 27” represents wave
number. A spatial position vector at the source plane is
denoted by 7; (j =1,2). Equation (14) represents an in-
stantaneous complex field and a member of the ensemble.
Substituting Eq. (14) into Eq. (12) helps to connect the CPCF
with the elements of the CP matrix of the hologram and

reference fields as follows:
C(ri, r2) = W(ri, )W, (r1, 12)
= ([EX rDEFr))[E] (rOE] (r)]"), (16)

where T and R stand for transmittance of a hologram or object
and reference fields, respectively.

Substituting Eq. (15) into Eq. (16) transforms the complex
coherence function as

T 1 . . ik .0, —ik . A
W””(rl’rZ)ZAZ_zZ<A E,(71)Ep(F2) exp 2—Z[|"2| — [71]7] ) exp T["zfz—rlfl] didr, >, 17)

where p represents the orthogonal polarization component and 7 stands for transparency such as hologram or reference source.
A phase term outside the integration is represented as A = exp(% 71 1%) exp(—% [r2|%). A similar relation exists for a reference
source illuminated by a horizontally polarized light. Substitution of the complex coherence functions for two orthogonal
polarization components from Eq. (17) into Eq. (16) leads to the cancellation of a common phase curvature outside the integral
and thus helps to achieve the spatial stationarity at an arbitrary z plane. Spatial stationarity at the observation plane permits
replacing the ensemble averaging with a spatial averaging [42]. Ignoring phase terms outside the integration and considering
ry = r 4+ Ar and r, = r, the use of spatial averaging at the observation plane transforms the complex coherence function as [42]

- 1 ik 5., —ik . . . R A
pr(r—i—Ar, r):// AZ—ZZ/exp 2—Z[|r2| — 71171 ) exp T[(r—l—Ar).rz—r.rl] [Ep(rl)Ep(rz)]dr dridi,

1 n . . . —ik(ArF)N .
//[E,,(rl)Ep(”z)](S(”z—"l)eXP (f)dhdrz, (18)

- A2z2

(

where [ exp(—%(?z—?l ).r)dr==58(#—#). Therefore, Eq. (18) as desired in Eq. (16). Therefore, Eq. (16) is represented as

transforms to

WRAnW] (ar) o f Iyy(f")exp<ik(Ar'?) )d?, (20)
- ! Z

k(Ar.F
Wpr(Ar)oc/IZp(f")exp <——’ ( rr))d?, (19)
z
Iy(7) is a real function and represents the hologram.

where transmittance function for the hologram and reference Equation (20) is a vectorial van Cittert—Zernike theorem based

are, respectively,/,,(7) = |Ey(f’)|2 and [ (7) = cir(g), a rep-
resents aperture size at the scattering plane. The aperture size
a is considered to be small in order to generate a uniform
reference coherence Mﬁ(Ar) to cover the support of Wy{ (Ar)

on spatial averaging and this relation connects an incoherently
illuminated hologram with the complex coherence function at
the z plane. Therefore, our strategy to independently deal with
the orthogonal polarization components and to use random
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FIG. 1. Schematic representation of recoding and reconstruction of the FTH hologram. (a) Recording of the FTH hologram. L represents
lens of focal length f. (b) Incoherent reconstruction of the FTH by random light at a distance z = f.

polarization in the higher-order Stokes parameters correlation
helps to achieve a lensless Fourier transform with the coher-
ence waves and hence reconstruct the FTH hologram by a
single Fourier transform.

III. SIMULATION RESULTS

To illustrate validation of our approach, we simulate an ex-
perimental situation wherein a hologram is illuminated by the
random field as represented in Fig. 1(b). An object located at
an off-axis position as represented in Fig. 1(a) is encoded into
the FTH. Conventional reconstruction of the FTH is not pos-
sible with random field illumination. We have simulated the
Fourier hologram for two different objects, namely a vortex
and a number 2 with f = 250 mm. A vortex is a phase object
with a topological charge [ = 1, where the topological charge
represents a phase variation of 2w around the singularity
[44]. Simulation is realized for orthogonally polarized random
light fields with wavelength A = 532 nm. The random fields
for two orthogonal polarization components are modeled by
considering two different and independent phase screens with
phase variation with equal probability distribution in the range
of [—m, m]. A random field coming out of the hologram is
considered to be vertically polarized and propagation from
the source to the observation plane at z = 250 mm is modeled
using a Fresnel propagation kernel. Similarly, a horizontally
polarized light emerging out of the reference phase screen
propagates to the observation plane located at z = 250 mm
using the Fresnel propagation kernel. A reference random
field is generated by a circular aperture source of size a =
0.8 mm whereas the hologram size is 5 mm. Therefore, a
random field at the observation plane comprises contributions
from two independent and orthogonally polarized random
sources, i.e., one from the hologram and the second from the
reference. The Stokes parameters of the random field at the
observation plane z = 250 mm are obtained from the digitally
propagated coherent random fields. These simulated Stokes
parameters are used to extract the higher-order Stokes fluc-
tuations correlations as explained in Eq. (16) and utilized to
reconstruct the hologram. The higher-order Stokes fluctuation
correlations Cyy(Ar), Cs(Ar) are obtained by using spatial
averaging as follows.

Spatial averaging is implemented by taking a portion of
the desired Stokes parameters of the speckle pattern at the
observation plane as a matrix, S)'(x, y) where n =2, 3, and

m represents a particular realization of the random field. Here,
x and y are pixel spatial coordinates and take values up to 300
x 300 pixels. The Stokes fluctuation correlation is obtained by
correlating AS)' (x, y)AS (0, 0) for the deferent realization of
the window of the speckle pattern and this process is repre-
sented as an/]:l [AST(x, y)AS(0,0)]/M. Here, M represents
the number of different realizations of the matrix S (x, y) and
which is produced by pixel by pixel movement of the matrix
S™(x,y) over the speckle pattern. We have considered the
window of size (x,y) = 300 x 300 pixels and 2D scanning of
S™(x, y) over the speckle pattern provides 700 x 700 different
realizations in the spatial averaging. Out of the simulated
SPs, only S, and S3 are used to reconstruct the hologram
as discussed in Eq. (12). The simulated reconstruction for
two different holograms, namely with vortex and number 2,
is shown in Fig. 2 using the Stokes fluctuation correlations.
Figures 2(a) and 2(b) represent the amplitude distribution of
the vortex and number 2 and Figs. 2(c) and 2(d) show corre-
sponding phase distribution.

FIG. 2. Simulation results: (a), (b) Amplitude distribution of the
vortex with / = 1 and number 2. (c), (d) Corresponding phase distri-
bution. The magnified images of the amplitude and phase distribution
of the vortex are shown in the inset of (a) and (c), respectively.
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FIG. 3. Experimental implementation of the proposed technique.
Laser: Solid random polarized diode laser, MO: Microscope objec-
tives, P: Pinhole, L: lens, PBS: Polarizing beam splitter, M: Mirror,
SLM: Spatial light modulator, GG1, GG2: Ground glasses, BS1,
BS2: Beam splitters, QWP: Quarter-wave plate, LP1, LP2: Linear
polarizers, CCD: Charge-coupled device.

IV. EXPERIMENT

Validation of the proposed technique is also confirmed
by an experimental system designed in a collinear geometry
as shown in Fig. 3. A spatially filtered collimated unpolar-
ized diode laser light with a wavelength of 53-nm beam
propagates through a polarization beam splitter (PBS) and
subsequently, the beam divides into two orthogonal polariza-
tion components, i.e., horizontal and vertical. The PBS is used
in the beginning to generate two independently orthogonally
polarized random fields as follows. A vertical polarization
component reflected by the PBS illuminates the spatial light
modulator through a beam splitter (BS1). A beam reflected
by the BS1, in the beginning, is dumped and not used in the
experiment as represented by the beam dumper. A computer-
generated hologram is displayed on the SLM (Holoeye
LC-R 720) and loaded into reflected light from the SLM. This
reflected beam is further guided by the BS1 towards a ground
glass GGland propagates towards the charge-coupled device
(CCD). A linear polarizer (LP1) is placed after the BS1 to
filter the vertical polarization component of the beam coming
from the SLM. The distance between the hologram and the
ground glass is considered to be negligible. The information
encoded into the hologram is spatially scrambled by the dif-
fuser GG1 and the speckle pattern of the vertically polarized
light is produced at the observation plane without any direct
resemblance to the object encoded into the FTH.

On the other hand, a transmitted horizontal polarization
component from the PBS is folded by a mirror M and then
focused by a microscope objective (MO-10x) at the ground-
glass diffuser GG2 to generate a reference random field. The
random field coming out of the GG2 is independent of the
speckle of GG1 and this justifies consideration of no cor-
relation of the orthogonal random fields at the observation

plane, ie., < EJ(#)E;(#) >=0. In order to measure the
spatially varying SPs and characterize the random field at the
observation plane, we inserted a quarter-wave plate (QWP)
and linear polarizer (LP2) before the CCD. The SPs of the
random light are measured by rotating the QWP at an angle
0, to the x direction and filtering by an LP. The transmission
axis of the LP is set in the x direction to the QWP and the
resultant field is recorded by the CCD, which has a resolution
of 2200 x 2750 pixels, a dynamic range of 8 bits, and a pixel
pitch of 4.54 pum [Procilica, GT 2750]. The CCD is placed at
a distance of z = 250 mm from the diffusers and this distance
is the same as the focal length of digital lens f in the FTH
as in Fig. 1(a). The two SPs are evaluated from the captured
speckle pattern using the following equation [41]:

Sy(r) = 1(45°,45%) — 1(135°, 135°), 21

Ss(r) = 1(0°, 45°) — 1(0°, 135°), (22)

where 1(6,,0,) represent the intensity at the observa-
tion plane. 6,, 0, denote the orientation of the optic axis of
QWP and LP with respect to the horizontal direction. The
correlation between SP fluctuations is evaluated from the ex-
perimentally measured SPs as in Eq. (6) and using spatial
averaging as a replacement for the ensemble averaging. This
process provides the CPCF from the experimentally measured
SPs as explained in Eq. (13). Finally, the recovered CPCF is
used to reconstruct the complex amplitude encoded into the
hologram.

V. EXPERIMENTAL RESULTS AND DISCUSSION

To experimentally test the proposed technique, we have
taken two different holograms with a vortex and number 2 as
explained in the simulation.

Experimentally measured desired SPs from the intensity
speckle pattern for vortex and number 2 are shown in Fig. 4.
The reconstructed amplitude and phase of the vortex with
[ = 1 from the random light are shown in Figs. 5(a) and 5(b).
Likewise, the reconstructed amplitude and phase of the num-
ber 2 are shown in Figs. 5(c) and 5(d). The cross covariance
of the experimentally recorded SPs (S,, S3) is evaluated by
considering spatial averaging under the condition of spatial
ergodicity at the observation plane (rather than in time). The
mileages of the spatial averaging have been utilized recently
in several correlation imaging approaches with due impor-
tance in spatial statistical optics [45]. The spatial averaging
is implemented by using the following procedures. The ex-
perimentally recorded speckle pattern used in the evaluation
process is of size 1000 x 1000 pixels. We have considered
a window of size (x,y) = 300 x 300 pixels for the display
of spatial correlation and the remaining 700 x 700 for 2D
scanning of S)'(x,y) over the speckle pattern for different
realizations and spatial averaging. In order to highlight the
reconstruction of an off-axis hologram and highlight the re-
constructed object, a central DC term is digitally suppressed
as shown in Fig. 5.

The imaging quality of the proposed technique depends on
the realization of the spatial stationarity of the random field
at the CCD plane, the size of the polarization optics, and
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FIG. 4. Representation of experimentally measured SPs from the
captured intensity patterns. (a), (b) SPs of the vortex with / = 1 (c),
(d) SPs of number 2.

the incident source. The reconstruction quality is affected by
the strength of the unpolarized source [46] and any leakage
in the orthogonal polarization components due to optical el-
ements will affect reconstruction quality. The reconstruction
quality of the hologram is also affected owing to the short co-
herence length of the used random polarized diode laser in the
experiment which brings coherent noise in the reconstructed
phase [47].

VI. CONCLUSIONS

We have proposed and experimentally demonstrated a
holography technique to reconstruct the complex amplitude
of the object from stochastic light. The theoretical basis of
the proposed technique is established and verified by sim-
ulation and experimental tests. The proposed experimental
technique offers a reconstruction technique for holography

FIG. 5. Experimental results: (a), (b) Amplitude distribution of
the vortex with / = 1 and number 2. (c), (d) Corresponding phase
distribution. The magnified images of the amplitude and phase distri-
bution of the vortex are shown in the inset of (a) and (c), respectively.

with random light and its advantage lies in the ability to
reconstruct complex fields without twin images and off-axis
geometry. This work is expected to find applications in imag-
ing through a random scattering medium, coherence analysis,
and polarization-based imaging.
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