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Forward problem

Forward model / radiative transfer model (RTM):
Y = f(X)

(1) Y: remote sensing images captured by the sensor

(2) X: environmental variable that you want to estimate, e.g., crop
chlorophyll content, leaf area index, ice concentration, class identity

(e.q., diseased class) etc.
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Pictures from maps.unomaha.edu, Baret and Buis (2008)

How to characterize f(X)? Examples?

What are the uncertainties and assumptions in f(X)?
Inverse model:
X =g(Y)

What are the approaches to achieve g(.)? Their advantages and
disadvantages?

In g(.), how to use all possible information sources, e.g., data,
knowledge and prior information?

how to get the “best” g(.) to estimate X?

How to evaluate errors and uncertainties?


http://maps.unomaha.edu/Peterson/gis/notes/RS2.htm

Radiative Transfer Model

» Radiation transfer refers to the physical process of electromagnetic radiation
transferring through a medium, which involves absorption, transmission, emission,
and scattering processes.

» Radiative Transfer Models (RTMs) calculate the energy reflected, absorbed,
emitted or transmitted as a function of other influencing factors in a plant canopy or
planetary atmosphere.

* RTMs can be used to predict the spectral transmission of the atmosphere, the
light reflected or emitted from a plant, and



Radiative Transfer Equations - how to describe the variation of the radiance L

to absorption,

per unit distance along @/? e equation of radiative transfer simply says that as a beam of radiation travels, it loses energy

, and redistributes energy by scattering.
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In-scattering - How to describe radiation directional properties? BRDF

The Bi-directional Reflectance Distribution Function
(BRDF) is used to describe the dependence of

\i . \ reflected radiation on the incident (i) and outgoing (v)
. + ¢ directions (Nicodemus, 1977).
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Out-scattering & absorption - How to quantify attenuation? Beer's Law
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« Forany z,y € V, the attenuation between x and y is

T(x < y) :=exp (]( Jm(r) (lr)
T, Y

» Aline integral between x and y

c0<T(x+y) <1 forallxand y

« For homogeneous media with o,(z) = oy,
T'(x < y) = exp(—|z — yllor)



Solving Radiative Transfer Equations - Derive Integral form of RTEs
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Attenuation In-scattering

h(z,w)
L(z,w) = / T(r < x) [as(r)/q fo(r,wi = w)L(r,w;) dw; + Q(r,w)| dr

JO
+T(xpy ¢ x) L(zpy,w) Where r:=x — 1w
Attenuation Boundary cond.

(The second term vanishes when h(z,w) = +o0)

All RTMs follow
this general form.

The differences
however, are
essentially due to
the various forms
for the emission
and absorption
coefficients.



Attenuation of Radiative Transfer through the Atmosphere based on

Blackbody assumption

:
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The radiance leaving the earth-atmosphere system sensed
by a satellite borne radiometer is the sum of radiation
emissions from the earth-surface and each atmospheric
level that are transmitted to the top of the atmosphere.

+ E E }l.( TLiil.':.-'E!r'] E Layer Tl[ Lawer —:hTElI:l)

Layers

Considering the earth's surface to be a blackbody emitter
(emissivity equal to unity), the upwelling radiance intensity,

sl | |, for a cloudless atmosphere is given by the expression
l, =& B,( Ts.) T(sfC - top)
t X leayer Bk( Tlayer) Tk(layer - tOp)
where the first term is the surface contribution and the

Earth's Surface second term is the atmospheric contribution to the radiance
to space.




Radiative Transfer through the Atmosphere based on Blackbody assumption

The radiance leaving the earth-atmosphere system sensed by a
satellite borne radiometer:

Incoming Solar Outgoing Iy, = &7 By( Tere) Ta(STC - top)
radiation longwave
radiation + T glErB,( Tayer) Ta(layer - top)
Q: is the above equation a complete forward model? if not, what
else elements are missing?

No, because it only considers:
(1) earth surface emission;
(2) atmosphere emissions;
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\ radiation

Aerosols
scattenng 49

Anwsyilesle
g WEE 11155101}

N,

Jurfies (TEETTIONSE
radbatiun (201aLI0TTY

A complete radiative transfer model needs also to address the
following factors:
(1) earth surface reflection;
(2) atmosphere reflection;
(3) changing and complex transmittance due to varying

YT S e atmospheric conditions, e.g., the heterogeneous effect by cloud
Temperature, albedo/BROF, emissivity, composition (4) the influence of ground target properties (which are usually the
properties we want to estimate), e.g., biophysical, biochemical,
geophysical, and geochemical parameters, on earth surface
reflection and emission;
(5) the geometry among the radiation source, the sensor and the
target.
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Input Parameters that Governs Canopy RTMs

There are three main parameters that govern the RTM:

(1) Soil Structure (Soil Brightness, Roughness)

Higher the soil roughness leads to more the anisotropic reflectance
(2) Leaf Biophysical/structural Parameters (LAI, Leaf Angle,etc.)

Higher LAI leads to increased reflectance in Near Infrared (NIR) region
(3) Leaf Biochemical Parameters. (Chlorophyll, Leaf structure)

Higher Chlorophyll content leads to decreased reflectance in Visible Band (400
nm to 725 nm)
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Figure 1. Influence of leaf biochemical changes on reflectance values (Jacqué
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Different Canopy RTMs

(1) SUIT Model: Developed for a homogeneous canopy;

(1) PROSPECT Model: Describe leaf reflectance and transmittance spectrum as a
function of some parameters, e.g., chlorophyll content and water

content in [[EEVES:

(1) SAIL Model: Describe canopy reflectance spectrum as a function of some

e e &z parameters of [EEIgee. €.9., LAI, solar angle;

(1) PROSAIL Model: PROSAIL = POSPECT + SAIL, a function of both

and [ el parameters of [CENCSIGNGICANODY

(1) GeoSAIL Model: Combination of geometric model with SAIL model that provides
the reflectance and transmittance of the tree crowns and radiative transfer within the
crowns is calculated using SAIL.




PROSPECT - Input & Output?

Prospect is a [[CEIQEVENRINY that describes the : _
(400nm to 2500nm) of leaves as a function of some leaf biochemical parameters.

Chlorophyll a + b concentration

Equivalent Water Thickness (Cw)(cm),

(Cah\(nlecmD)
\VMU/\H&IUI T ILI

Leaf structure parameter N Dry Matter Content (Cm)(g/em?)

PROSPECT
'

Directional-Hemispherical Leaf Reflectance and Transmittance Spectrum




Prospect - Model Assumptions & Limitations? ien
et al. 1969, Jacquemoud and Barret, 1990)

Leaf Prospect represents leaf as one or a stack of
reflectance several absorbing plates with rough surfaces
(equivalent to isotropic scattering).

http://photobiology.info/Jacq Ustin.html

PROSPECT

Assumptions:

Leaf
transmittance

1. Can be decomposed into layers

1. A stack of layers, being parallel to each other
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http://photobiology.info/Jacq_Ustin.html

Differences? Which one for PROSPECT?

Incoming/Reflected Directional Conical Hemispherical
Directional Bidirectional Directional-conical Directional-hemispherical

Case 1 Case 2 Case 3

> L@
Conical Conical-directional Biconical Conical-hemispherical

Case 4 Case 5 Case 6

¥ ¥ -

Hemispherical Hemispherica-directional | Hemispherical-conical | Bihemispherical

Case 7 Case 8 Case 9

From sk.sagepub.com




Prospect Model

Taere L Irradiance for regions shown in Fig. 1.

Fie. 1. Multiple reflections produced by a
transparent plate with rough surfaces,

R+T+A=1

R=Rio+T 12T 017 Ros(1+7"RosRoy -+ +),
Ir'= T121'T23I:1+ T RagRy+- - }

Region

r——

>

Irradiance

WO 00 = Shon ks L B

10

12
13

Reflectance

Rll

12
Tur

llfTﬂ
Turln
Tyartfay
TyrRuly
Tor'Resfin

| 21
TurRalals
TP Raufnfa
TyariRs® Ry
T“.':I"‘R:::Rt\Tﬂ

#T gi ﬂﬁ_T
R=(1-T1o)+ 1 12) ,
=13 (nt~T12)*
I -.ﬁ';.‘zTng
refraction T= -
nt =72 (2= Tya)?
M ..........
transmittance

4
tate Tw=pT1+(1=p)T:
Ti=A 4B+ Cat==D g

Contridetion (%)

8 88838

o

o

08
06
04

Pignents
02 (vinible)
0.01

500 1000 1500 2000 2500
Wavelength (nm)

100

400 000 800
Winelongth fame)

Leaf structos
Oldoroptn

weter, N
(

Equnslent » chosens, C,,
Dry master content, €

1000 1200 1400 1600

Reflectance (%)

1800 2000 2200 2400

(Jacquemoud & Ustin, Citation 2019)

Spectral response and sensitivity to biochemical

and structural constituents. Green shading represents
regions influenced by leaf nitrogen (largely due to chlorophyll a +b),
although carotenoids and flavonoids also influence this region, and
blue shading indicates wavelengths strongly influenced by water
absomtion.

Output:

(1) [IERERTERES (400nm to 2500nm)
of leaves

(2) [3=iEeEhe= (400nm to 2500nm) of
eaves

Inputs:

1)  Number of structural layers N

2) chlorophyll a + b concentration
(Cab) (giom2) -~

(3) equivalent water thickness (Cw)

(cm)
(4)  dry matter content (Cm) (g/lcm?2).

The plate model considers a
compact plant leaf as a semi-
transparent plate with plane
parallel surfaces and initially

assumes that the incident light is
partially isotropic.
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Reflection and transmission spectra of a leaf
From Y.Gao andH. Ye, Int J. Heat Mass Transfer, 2017


https://www.tandfonline.com/doi/full/10.1080/22797254.2020.1816501

Prospect - Model Assumptions & Limitations? ien
et al. 1969, Jacquemoud and Barret, 1990)

Leaf Prospect represents leaf as one or a stack of
reflectance several absorbing plates with rough surfaces
(equivalent to isotropic scattering).

http://photobiology.info/Jacq Ustin.html

PROSPECT

Assumptions:

Leaf
transmittance

1. Can be decomposed into layers

1. A stack of layers, being parallel to each other
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http://photobiology.info/Jacq_Ustin.html

Sail Model - Inputs (W. VERHOEF, 1984, 1985)

(1) Sail is a (eEREIYACYEIMILY that describes the
(400nm to 2500nm) of Canopy as a function of

some biophysical and geometric parameters, i.e.,

Inputs to SAIL:
1. Structural canopy parameters (LAI, mean leaf inclination angle (8,))
2. Geometry configuration (zenith and relative azimuth viewing angles
By, w,), zenith solar angle (65))
3. Fraction of diffuse illumination (skyl),
4. and soil spectral reflectance (ps)

Output of SAIL:
Canopy bidirectional reflectance.

Planc of

UNAR
I AR g illumination
SENSOR ~ a
\ Solar
Plancof | 2 zeaith
detection angle
............
--------
Relative
azimuth angle

Radiative transfer in plant canopies, i.e. transmission,
absorption and scattering (Kattenborn, 2018)




Sail Model - Assumptions & Limitations

(Verhoef and Bunnik, 1981,verhoer2007) -

SAIL considers the canopy as a horizontal,
homogeneous, turbid, and infinitely extended
vegetation layer
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Figure 2 Homogeneous (a) and multi-layer canopies with vertical heterogeneity of leaf optical Hcrropeicas gy G Twodasideiiey: v n Summcr Metulu pemdule stang Dcciduoes forcst

properties and orientations (b), Mumbering the layers (solid arrows) and flux levels (dashed arrows)

for applying the four-stream theory to multi-layer canopies (c). Fig. 2. Typical canopies from RAMIV focest scones (Mitps.//rami-benchmark jreac.eurcpa o/ www/phase_descr.phpPstrPhase=RAMIS). These images are simulated with

LESS model at a resolution of 0.1 m for visuakzation



LAI, leaf inclination angle, Fraction of diffuse area
illumination, Zenith Solar Angle, Zenith view angle,
and Relative Azimuth angle ]_san
area
Leaf area
W= oitarea
7 of ground area of ground area
- (beaf area index = 0.4) (loaf area index = 0.8)
: leaf surface leaf inclination angle
" Phaac of normal zenith

Bumination

i ' SD.158

AN

SKL=0 SKL=1 SKL~(0,1)

Leaf inclination angle (degree)

Figure 9. Distribution of leaf inclination angle within a tree (cherry blossom). Panel (a) shows
reconstructed 3D image obtained from lidar. Panels (b) and (¢) show distribution map of leaf inclination
Fig. 3. The simulation of the BRF with dierent fractions of diffuse radistion. The BEF under arbitrary SKL is ob py P weighibed o of BRFy,, . and BRF ;. . angleand its distribution, res; 'vely




Which one for SAIL?

Incoming/Reflected Directional Conical Hemispherical
Directional Bidirectional Directional-conical Directional-hemispherical

Case 1 Case 2 Case 3

> L@
Conical Conical-directional Biconical Conical-hemispherical

Case 4 Case 5 Case 6

¥ ¥ -

Hemispherical Hemispherica-directional | Hemispherical-conical | Bihemispherical

Case 7 Case 8 Case 9

From sk.sagepub.com




Sall;

Canopy Parameters: LAI Leaf Inclination Angle (6,)

View & lllumination Parameter:

Zenith and Relative Azimuth angles (8,, w,)

Zenith Solar Angle (6.)

Eraction of Diffuse Illumination (skyl)

\A4

SAIL

Y

A

Soil Spectral Reflectance (p,))

Canopy Bidirectional Reflectance




Prosail = Prospect + Sall wermoetetal. 2007

\ | 7 Sun(zenith, azimuth)
~ ”

. . T (1) Prosail integrates
:::L?}::l)mm" e Prospect into_Sail _to link
= Canopy-level RT with
i;j Canopy reflectance leaf-level RTVE
§8 :M\ 8 o i

1 . o N -
o | ‘. O . .
A L. Canopy = - : & g (2) Prosail has 14 input
g -y Leaf PY = 1D turbid medium 3 o arameters, including both
SPectra (PROSPECT) e v - . -
Soil optical properties Leaf inclination distribution % g b!OCp]emICBI.l t _and
551 = Leaf Area Indey Sg iophysical parameters;
¢ 1 Sun-Observer- S T T T T 7T
§§ : f\ , €rGeometry tts, tto, psi 500 1500 250 (3) Prosail outputs the
e o _ wavelengih [nm] bidirectional reflectance of
B Soil Properties canopy, from 400 to 2500

nm in 1 nm increments.

Prosail = Prospect + Sail (Kattenborn, 2018)



Prosail = Prospect + Sall

View & lllumination Parameter: L_Z€enith and Relative Azimuth angles (68,, w,) Zenith Solar Angle (8.)

Eraction of Diffuse Illlumination (skyl)

\ A A

A

SAIL Soil Spectral Reflectance (p.))
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| Equivalent Water Thickness (Cw) |

Chlorophyll a + b concentration
(Cah)

Ty

\MM
Dry Matter Content (Crm | PROSPECT | Reflectance
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Bidirectional Canopy

PROSAIL Model




Inputs of Prosail

There are 14 input parameters to PROSAIL model:

1. Chlorophyll a + b concentration (Cab) (pug/cm2): Measured using DMSO (Dimethyl Sulphoxide).

2. Equivalent Water Thickness (Cw) (cm):
Cw = (Fresh weight of leaf (gm) — dry weight of leaf (gm))/Area of leaf (cm?)
3. Dry Matter Content (Cm) :
Cm = Dry weight of leaf / Area
4. hSpot:
hspot = Leaf length / Leaf height.
5. Car (pg.cm-2): carotenoid content.

6. Cbrown: brown pigment content.

7. N: Structural Coefficient (unit less)



Inputs of PROSAIL

8. Leaf Area Index (LAI): Leaf area per unit ground surface area. Structural Coefficient (unit less).

9. Average leaf angle (angl): description of the angular orientation of the leaves.

10. Soil coefficient (psoil):

11. Diffuse/direct radiation (skyl)

12. Solar zenith angle (tts): Angle between sun position and with respect to zenith

13. Observer zenith angle (tto): Angle between observer (sensor) position and with respect to zenith.

14. Azimuth (°) (psi): Angle between observer (sensor) position with respect to north.



Other variables
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Applications
Forward Modes:

Why forward model (e.g., Prosail) is

Exemplary References

Simulation of canopy reflectance for diverse vegetation types
Influence of the illumination/ observation geometry on spectral reflectance (and vegetation indices)
Influence of biophysical and biochemical varnables on spectral reflectance (or vegetation indices)
Sensitivity of canopy reflectance to leaf optical properties /Global sensitivity analysis (GSA)
Design, test and adaptation of vegetation indices

[110,111]
[41,112,113)
[37,114=116]

[40,42,67,117,118)
[69,119-124)

Assimilation of simulated reflectance / vegetation indices into crop growth /vegetation dynamic models [125-130)
Emulation of canopy reflectance [118,131,132]
Model comparisons [79.83]
Inverse Modes:

Biophysical and biochemical variable retrieval
Influence of the observation geometry on variable retrieval
Determination of phenology
Assimilation of retrieved products into water balance models
Simulation and variable retrieval tests for future missions

[5,28,39,45,133-138]
[38,139,140]
[44,75]
[76,107)

[38,45,87 9n0]



Prosail Simulation - how to simulate data?

TABLE I: Ranges of the input variables for the PROSAIL model for the generation of the LUT.

Variable Abbr. Lnit Min Max
Leaf structure parameter N Unitless | 2
Leaf chlorophyll concentration Clab perm 20 70
Dy matter content Clin gem ™ 0,004 0,007
Equivalent water thickness [ gem ™ 0,005 .03
Leal area index LAl miem* (.00 6
Average leaf angle ALA Deg 30 0
Hot-spot size parameter hot mm~! 0.05 1
Soil brightness parameter scale Unitless 0.5 1.5
!;1 ' I-ol.l':nlsuln o ID:DE ) ;:IT1 0.1 -0.05 4] 005 = 01

Hormal Distribution

Uniform Distribution

Prosail is a forward model:
Y =1f(X)
What is Y?

1. Bidirectional reflectance from canopy (400nm -
2500nm);

What are the factors that constitute X:
1. Atotal of 14 input parameters;

How to simulate Y using X?

Step 1: know the distribution of X;

Step 2: obtain samples {Xi| i=1,..,N} based on the
distribution of X;

Step 3: use {Xi| i=1,..,N}as input to Prosail and
generate {Yi| i=1,2,...,N}



Atmospheric

Soil reflectance Canopy structure View Paramters
Paramters

Leaf
reflectance,

transmittance

|
Calculau;d FPAR

@rameters FPAR D:;{;se Direct PAR

skyl
I
A flowchart of the coupled atmosphere — canopy model for describing the process of FPAR (fraction of photosynthetically active
radiation) simulation; PROSPECT is Leaf Optical Properties Spectra model, SAIL is the Scattering by Arbitrarily Inclined Leaves
Model, MODTRAN is the MODerate resolution atmospheric TRANsmission model, PAR is the photosynthetically active radiation,

and FPAR is the fraction of absorbed photosynthetically active radiation (Dong 2016, Sensitivity analysis of retrieving fraction of
absorbed FPAR using remote sensing data)
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Sensitivity Analysis - LAI

= LAl is dominant in NIR Region i.e. 700-
1300 nm.

= Why?

Due to the canopy structural development
and multiple scattering which s
particularly  important at  these
wavelengths.

=  When LAl increases reflectance also
increases. Why?
=  After a certain increase in LAl value the

changes in LAl spectra are very small
because of shadow effect of plant
leaves.

= Ainverse effect is noted for SWIR (2000
—2300 nm) in LAl spectra. Why?

This is because in SWIR region soil

reflectance effect is dominant and with

400 600 ®00 1000 1200 1400 1600 1800 2000 2200 2400

W ncknch increase in LAl (more coverage of ground)

[ Leef structure parmmeter, N

Chiveopinnfl cootest, C

Eqevalont water thickeem, C,

Dxy matier content, C
Yun of e contriutions o ryfiectss

the effect of soil reflectance decreases
because of canopy shadow effect.



Sensitivity Analysis for Chlorophyll

—_—1

0.45
0.4
0.35
03
0.25
0.2
015
0.1
0.05

300 400 S0 &00 T EOD D00

Wavelength (nm)

Combined effects of LAl and Chlorophyll occur
over the red edge region where LAl and
chlorophyll density increase contribute to the
shift of the red edge position.
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Chlorophyll radiation is limited
to 400 nmto 725 nm.

Chlorophyll  content derives
about 60% of reflectance
variation in visible range.

Highter chlorophyll value, lower
the reflectance and vice versa.
Why ?

Increase in chlorophyll results in

high absorption of sun light and
hence lower reflection.

Decrease in chlorophyll pigments

results in lesser absorption of
sun light and high reflectance.
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Sensitivity Analysis for Water Content (Cw)
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Sensitivity Analysis for Leaf Angle
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Sensitivity Analysis for Leaf Structure Parameter (N)
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Figure 4. The modeled reflectance generated by PROSPECT-5 with different N. (Cy, Coar, Cop, and Cyy
are fixed as 33 pg/cm?, 8.6 pg/cm?, 0.012 em, 0.005 g/cm?, respectively).
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Sensitivity Analysis for Dry Matter Content (cm)
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Sensitivity Analysis for Carotenoid
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=  When Carotenoids increases reflectance decreases.

= Spectral variation for different ranges of carotenoids has been noticed for 500nm -560nm.



Inversion of PROSAIL

There are various inversion strategies have been proposed. They are :
v Numerical optimization methods (Bicheron and Loroy, 1999; Goel and Thompson, 1984).

v Look Up Table based approaches (Combal et al, 2002; Knyazikhin et a/ 1998; Weiss et al,
2000)

v Artificial Neural Networks (Atgberger et a/ 2003a ; Baret et aj 1995; Weiss et al, 2000,
https://step.esa.int/docs/extra/ATBD_S2ToolBox_L2B V1.1.pdf)

v Principal Component Inversion technique (Satapathy and Dadwal, 2005)
Vv PEST algorithm
v Support vector machines regression: (Durbha et al., 2007).

v Genetic Algorithm (GA): Jin and Wang, 1999.


https://step.esa.int/docs/extra/ATBD_S2ToolBox_L2B_V1.1.pdf

Questions?
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